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ABSTRACT: Objectives: The phytochemical investigation of traditional herbal medicines holds significant promise
for modern drug discovery, particularly in cancer therapy. This study aimed to evaluate the cytotoxicity, apoptosis
induction, and immune-modulatory activities of extracts from three herbal medicines with historical use in traditional
medicine—Acanthopanax sessiliflorus, Phragmites communis, and Pinus densiflora, as well as their combined extract
(GMAS 01/COM), on human lung cancer cells (A549) and normal cell lines, including murine macrophages (RAW
264.7) and human keratinocytes (HaCaT). Methods: Plant extracts were prepared using aqueous extraction, sonication,
and rotary evaporation. The total phenolic and flavonoid contents were quantified using the Folin-Ciocalteu and AlCl;
colorimetric methods, respectively. Antioxidant potential was evaluated via 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
scavenging and reducing power assays. Cytotoxicity was assessed using an MTT assay, while reactive oxygen species
(ROS) generation was quantified using a 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) assay. Anticancer
properties, including colony formation inhibition and migration suppression, were examined using colony formation
and wound healing assays. The expression of apoptotic and inflammatory mediators was analysed through qPCR.
Results: GMAS 01 selectively induced apoptosis in A549 cells without cytotoxic effects on RAW264.7 and HaCaT cells.
Mechanistically, it elevated intracellular ROS and activated the intrinsic mitochondrial apoptotic pathway, evidenced
by p53 upregulation, increased Bax, and decreased Bcl-2 expression. GMAS 01 also significantly inhibited colony
formation and migration in A549 cells. In RAW264.7 cells, it reduced nitric oxide (NO) production and downreg-
ulated iNOS, COX-2, IL-6, and IL-8, indicating strong immunomodulatory activity. Conclusion: GMAS 01 exhibits
potent antioxidant, anti-inflammatory, and anticancer effects, likely mediated through ROS-induced mitochondrial
apoptosis. However, mechanistic interpretations are limited by the absence of protein-level validation and pathway
inhibition studies. Upcoming studies should aim to verify the underlying mechanisms and evaluate their potential for
real-world application.
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1 Introduction

Lung cancer remains a formidable adversary to global health, ranking among the leading causes of
cancer-related mortality worldwide [1]. Its two primary subtypes, small-cell lung carcinoma and non-
small-cell lung carcinoma, pose significant therapeutic challenges, especially in advanced stages where
the prognosis remains bleak despite treatment advancements [2]. Traditional cancer therapies, including
chemotherapy, radiation, and surgery, while instrumental in extending survival, often fall short due to drug
resistance and debilitating side effects [3]. In the quest for more effective and tolerable treatments, attention
has turned to natural remedies, with plants emerging as promising reservoirs of therapeutic agents [4].

This growing interest in plant-based interventions aligns with the foundational principles of Ayurveda,
which emphasizes holistic and individualized treatment strategies based on centuries of empirical knowl-
edge. Ayurveda, the traditional system of Indian medicine, offers a rich pharmacopeia of botanicals with
multi-targeted therapeutic properties that can complement and enhance modern molecular approaches.
Integrating Ayurvedic principles with contemporary biomedical tools allows for a systems-level understand-
ing of disease processes, particularly in complex conditions like cancer, where inflammation, oxidative stress,
and immune dysfunction are intertwined [5]. This integrative framework not only leverages the preventive
and curative strengths of herbal medicine but also facilitates the identification of novel bioactive compounds
for drug development [6,7].

The modulation of cellular oxidative stress and inflammation represents a key route through which
plant-based bio-actives provide health benefits. In the intricate landscape of cellular biology, ROS serve as
double-edged swords [8]. These oxygen-centered free radicals, generated as natural byproducts of metabolic
processes, play indispensable roles in cellular signaling and homeostasis [9]. However, when their production
surpasses the body’s antioxidant capacity, a state of oxidative stress ensues [10]. This imbalance jeopardizes
cellular integrity and sets the stage for the development of various chronic diseases [I1]. Inflammation
is a fundamental aspect of the innate immune response, which triggers adaptive immune mechanisms
and ensures immune system balance [12]. The immune system is a sophisticated network designed to
defend the body against pathogens and cancer cells [13]. A shift in the oxidant-antioxidant balance can
destabilize this system, leading to oxidative stress. This condition activates nuclear factor kB (NF-xB), a
central player in innate immunity, which subsequently drives the expression of inflammatory mediators and
contributes to a prolonged inflammatory state [14] with signs of rubor, tumor, calor, and dolor, not only
exacerbates existing pathological conditions but also contributes to the onset and progression of diseases
such as cardiovascular ailments, cancer, and autoimmune disorders [15]. Among the myriad afflictions
influenced by chronic inflammation, cancer stands as a formidable adversary to global health. The GMAS
01 complex, comprising Acanthopanax sessiliflorus, Phragmites communis, and Pinus densiflora, embodies
the synergy of botanical wisdom and modern scientific inquiry. Rooted in traditional medicinal systems
across various cultures, each botanical component contributes a unique profile of bioactive molecules
exhibiting antioxidant, anti-inflammatory, and anticancer activities. In particular, Pinus densiflora (family
Pinaceae), widely referred to as the Korean red pine, dominates approximately 87% of mountainous terrain
in Korea and is also broadly distributed across Northeast Asia [16]. Various parts of the pine tree have been
utilized as nutritional supplements and traditional remedies across East Asia. Red pine leaves, in particular,
are consumed for their purported benefits in treating hypertension, skin conditions, and liver disorders.
Moreover, volatile compounds from red pine have exhibited antibacterial and growth-inhibitory properties
against human gut microorganisms [17,18]. Acanthopanacis cortex, sourced from Acanthopanax sessiliflorus
(family Araliaceae), has been widely utilized in traditional medicine to boost immune function, relieve
symptoms of rheumatoid conditions, and support diabetes management [19]. In Lipopolysaccharide (LPS)-
stimulated RAW 264.7 macrophages, recent studies have shown that the extract suppresses the production of
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nitric oxide and prostaglandin E2, indicating notable antioxidant and anti-inflammatory effects [20]. Widely
incorporated in Oriental medicinal practices, Phragmites Rhizoma (Phragmites communis) has traditionally
served therapeutic purposes for disorders ranging from esophageal cancer and respiratory infections to
gastrointestinal distress and neurotoxin exposure [21]. Bioactive components identified in this rhizome
include S-sitosterol, vanillic acid, ferulic acid, p-hydroxybenzaldehyde, and p-cinnamic acid, many of which
exhibit lipid-lowering properties. Moreover, compounds such as serotonin, tryptophan, and tryptamine have
been detected through co-chromatographic analysis [22]. Given the diverse bioactivities of these three herbs,
their combination, with complementary bioactive properties, may enhance their overall therapeutic efficacy.
This synergy could lead to improved pharmacological effects compared to individual extracts, making the
formulation a promising candidate for further investigation.

While the historical usage of herbal remedies provides compelling anecdotes, scientific validation
remains paramount in substantiating their therapeutic claims. Hence, this study endeavors to unravel
the pharmacological intricacies of GMAS 01, delving into its phenolic composition, antioxidant prowess,
and anti-inflammatory efficacy. Furthermore, by scrutinizing its effects on human lung cancer cell lines,
particularly focusing on antiproliferative and anti-migratory activities, this research aims to shed light on
GMAS 01’s potential as a novel anticancer agent.

In essence, this study not only bridges the realms of traditional and modern medicine but also under-
scores the imperative of evidence-based exploration in harnessing nature’s pharmacopeia for combating
formidable adversaries like cancer through GMAS 01.

2 Materials and Methods
2.1 Materials

The A549 (Human lung adenocarcinoma epithelial cells, Raw 264.7 (Murine macrophage cells, and
HaCaT (Human immortalized keratinocyte cells) cell lines were provided by the Korean Cell Line Bank
(KCLB, Seoul, Republic of Korea). Penicillin-streptomycin solution (CA005-101), RPMI 1640 medium
(CMO058-050), fetal bovine serum (FBS-F0600-050) was supplied by Gen DEPOT (TX, USA), and Dulbecco’s
Modified Eagles Medium (DMEM) was supplied by Welgene-LM 001-05 (Gyeongsan, Republic of Korea).
Life Technologies (298-93-1, OR, USA) provided the 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), and other chemicals such as Folin-Ciocalteu reagent (MFCDO00132625), Dimethyl sul-
foxide (DMSO-67-68-5), LPS (93572-42-0), DCFH-DA (4091-99-0), N¢-Methyl-L-arginine, acetate salt
(L-NMMA-53308-83-1), and epinephrin (51-42-3) were purchased from Sigma-Aldrich (Saint Louis,
MO, USA).

2.2 Plant Extraction and GMAS 01 Preparation

Plant materials, namely Acanthopanax sessiliflorus, Phragmites communis, and Pinus densiflora, were
sourced from the Republic of Korea and authenticated by Prof. Deok Chun Yang. After washing thoroughly
with distilled water, the samples were shade-dried under ambient conditions. The dried plant material
was then pulverized into a uniform powder. For extraction, 1 g of the powdered material was suspended
in distilled water and subjected to ultrasonic treatment for 140 min to facilitate the release of bioactive
constituents. Post-sonication, the mixture underwent solvent removal using a rotary evaporator, yielding a
crude extract, which was then dissolved in water (Each plant extract was mixed in a 4:2:1 ratio to prepare the
GMAS 01 extract).
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2.3 Determination of Total Phenolic (TPC) and Flavonoid Contents (TFC)

The TPC was quantified using the Folin-Ciocalteu method, with gallic acid as the standard (ranging
from 0.01to 0.6 pg/mL). This procedure was adapted slightly from [23]. In brief, 30 pL of the aqueous extract
(at a concentration of 1000 ppm) was combined with 10% Folin-Ciocalteu reagent (150 uL), thoroughly
vortexed, and left to react for 5 min. Subsequently, 7.5% Na, CO; solution (160 puL) was added, and the mixture
was kept in the dark for 60 min. Absorbance readings were taken at 715 nm using an ELISA reader (Synergy
HTX, BioTek Instruments, Inc., Winooski, VT, USA). For the TFC, the AICl; colorimetric method was used
with quercetin as the standard (0.025-0.8 pg/mL). The test sample, which consisted of the plant extract (50
uL), was combined with distilled water (150 pL), 10% CH;COOK, 10% AICL;, and additional distilled water
(280 pL), homogenized, and left to incubate for 30 min. The absorbance was then measured at 415 nm.

2.4 DPPH Radical Scavenging Activity Assay

The DPPH radical scavenging activity was evaluated following established protocols with slight modi-
fications [24]. A mixture of the plant extract and 0.2 mM DPPH solution was incubated for 30 min at room
temperature in the dark. A blank solution containing 100% ethanol and a control solution consisting of DPPH
and solvent were prepared. Post-incubation absorbance was recorded at 517 nm. The calculation was done
by using the following formula:

Abscontrol - Abssample
Abscontrol

DPPHs cavenging activity = (

where Absc,nirol Tepresents the absorbance of the control (without sample) and Absyample corresponds to the
absorbance of the sample.

2.5 Potassium Ferricyanide Reducing Power Assay

A method adapted from the literature was used to measure the reducing power [25]. Different samples,
such as gallic acid (standard) and plant extracts, were mixed with phosphate buffer (pH 6.6) and 1%
K;Fe(CN)s, and the mixture was incubated at 50°C for 20 min before adding 10% Trichloroacetic acid,
centrifuged (MICRO 17R; Hanil, Republic of Korea) at 3000 rpm for 10 min. A control without extract was
prepared by mixing the supernatant with an equal volume of distilled water and 0.1% FeCl;. Measure the
absorbance at 700 nm using an ELISA reader (Synergy HTX, Bio-Tek Instruments, Inc., Winooski, VT, USA).

2.6 Cell Culture

RAW 264.7 cells and HaCaT cells were maintained in DMEM, whereas A549 cells were cultured in
a medium consisting of 89% RPMI, 10% fetal bovine serum, and 1% penicillin-streptomycin. The cells
were incubated for 24 h at 37°C in a humidified environment with 5% CO, and 95% air. All cell lines
were routinely tested for mycoplasma contamination using a mycoplasma detection kit (MycoProbe®
Mycoplasma Detection Kit-CUL001B, R&D Systems, Minneapolis, MN, USA) prior to experiments.

2.7 In Vitro Cytotoxicity Assay

The cytotoxicity of the extracts was assessed using an MTT assay on A549, RAW 264.7, and HaCaT cell
lines. Cells were plated in a 96-well plate at a density of 1 x 10* cells per well. After 24 h of stabilization,
they were exposed to varying dosages of P. densiflora (PD), A. sessiliflorus (AS), P. communis (PC), and the
combined extract GMAS 01 (COM) (12.5 to 400 pg/mL). After 24 h of incubation, 20 uL of MTT solution
was added and incubated for 3-4 h at 37°C. Viable cells produced a purple formazan product, which was
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dissolved using DMSO. An ELISA reader (Synergy HTX, Bio-Tek Instruments, Inc., Winooski, VT, USA)
was used to determine the absorbance, at 570 nm.

2.8 Evaluation of ROS Generation

The oxidative stress responses and intracellular ROS generation induced by plant extract treatments
were assessed using DCFH-DA dye. In brief, A549 cells were exposed to various dosages of extracts (25, 50,
100, 200, and 400 pg/mL) and incubated at 37°C for 24 h. Similarly, RAW 264.7 cells were exposed to different
concentrations of plant extracts (12.5 to 200 pg/mL) along with LPS (1 pg/mL) to induce inflammation.
Following the treatments, 100 uL of a 10 uM DCFH-DA solution was added to each well and incubated for
30 min. The cells were then washed twice with PBS. ROS production was quantified using a multimode
plate reader (Synergy HTX, Bio-Tek Instruments, Inc., Winooski, VT, USA) with excitation and emission
wavelengths set at 485 nm and 528 nm, respectively.

2.9 Colony Formation Assay

A549 cells were initially plated in six-well plates at a density of 1 x 10° cells per well. Once the cells had
adhered, they were exposed to varying dosages (50 and 100 pug/mL) of PD, AS, PC, and COM extracts. After
allowing time for colony formation, the wells were rinsed with PBS and then fixed with 3.7% formaldehyde
for 20 min. Following fixation, the wells were washed again with PBS and stained with 0.4% crystal violet.
The staining solution was then removed by washing the wells with PBS 3-4 times. Microscopic images
(light microscope-LeicaMicrosystems, Wetzlar, Germany) were obtained, and colony quantification was
performed using Image] software Fiji version-1.54p (NIH, Bethesda, MD, USA) [26].

2.10 Migration Assay

The wound healing assay was conducted to assess the migratory capability of A549 cells. A549 cells were
plated at a density of 2 x 10* cells per well and maintained until a confluent monolayer was established. The
monolayer was then scratched using the tip of a sterile 200 pL pipette, and the wells were washed multiple
times with PBS. Initial images of the wound were captured at time zero. Subsequently, the cells were treated
with PC, AS, PD, and COM extracts at concentrations of 50 and 100 pg/mL for 24 h. Migration of the cells
was observed and documented using a light microscope (Leica Microsystems, Wetzlar, Germany) equipped
with a 10x objective lens and a 10x eyepiece (total magnification 100x), and images were captured using
a 5.0-megapixel MC 170 HD camera. The area that separated the scratched margins of the monolayer was
determined using the Image] software.

2.11 Measurement of Nitric Oxide (NO) Levels

RAW 264.7 cells were plated at a density of 1 x 10* cells/well and allowed to grow for 24 h. Subsequently,
the cells were treated with various dosages (12.5-200 pg/mL) of PD, AS, PC, and COM extracts for 24 h,
alongside stimulation with E. coli LPS. The concentration of NO in the culture supernatant was assessed
using the Griess reagent. Specifically, an equal amount (100 pL) of the Griess reagent (215-981-2, Sigma-
Aldrich, USA) and the stimulated supernatant were mixed, and the absorbance was measured at 540 nm
using a microplate reader (Synergy HTX, Bio-Tek Instruments, Inc., Winooski, VT, USA). The NO levels
were compared against a standard curve prepared with sodium nitrite. L-NMMA, at a concentration of
50 uM, was used as a positive control in the experiment. The results were expressed as a percentage of NO
production, based on three independent experiments.
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2.12 Gene Expression Analysis

RAW 264.7 cells were plated at a density of 1 x 10* cells/mL and cultured for 24 h. The cells were then
exposed to different concentrations of the extract for 24 h. After washing the cells, twice with PBS, total RNA
was extracted using QIAzol lysis reagent (QIAGEN-79306, Germantown, MD, USA). Similarly, A549 cells
were seeded at 1 x 10* cells/mL, incubated for 24 h, and exposed to the extract under the same conditions.
After RNA extraction, total RNA (1 pg) was reversed in a 20 pL reaction volume using amphiRivert reverse
transcriptase reagent (GenDepot-A1202-100, Barker, TX, USA) according to the manufacturer’s instructions.
The conditions were: 25°C for 5 min, 42°C for 60 min, and 70°C for 15 min. The Reverse Transcriptase
PCR (RT-PCR) reaction was cycled 35 times with the following parameters: 95°C for 30 s, 60°C for 30 s,
and 72°C for 30 s. Quantitative real-time PCR (qRT-PCR) was performed on a CFX Connect real-time
PCR machine (Bio-Rad, Hercules, CA, USA) using SYBR TOPreal qPCR 2X Premix (Enzynomics-RT500S,
Daejeon, Republic of Korea). The conditions were: 95°C for 10 min, followed by 40 cycles of 95°C for 20 s, 55
to 60°C for 30 s, and 72°C for 15 s. Using GAPDH as the reference gene, the starting cycle (Ct) was calculated

2*AACt

using the method. Primer sequences used for qRT-PCR are listed in Table 1.

Table 1: List of genes and their forward and reverse primer sequences

Genes Primers 5'-3'
Mouse [L.6 F: AGGGTTGCCAGATGCAATAC
ouse 1L R: AAACCAAGGCACAGTGGAAC
Mouse I8 F: CCGGAGAGGAGACTTCACAG
R: GGAAATTGGGGTAGGAAGGA
F: CCT GAG CAT CTA CGG TTT GC
Mouse COX-2 R: ACT GCT CAT CAC CCC ATT CA
Mouse INOS F: CCT GAG CAT CTA CGG TTT GC
ouse R: ACT GCT CAT CAC CCC ATT CA
F: ACCACAGTCCATGCCATCAC
Mouse GAPDH R: CCACCACCCTGTTGCTGTAG
uman Bel.2 F: GAA GGG CAG CCG TTA GGAAA
“ R: GCG CCC AAT ACG ACC AAA TC
F: GGT TGC CCT CTT CTA CTT T
Human Bax

R: AGC CACCCT GGT CTT G
F: GAA GGA ACA CGC CAG GAA AC
R: GCA AAG TGA AAT GTA GCA CCA A
F: GCC CGA GTT TGA GAG GAA AA
R: CAC AGC CAG ACCAGG AC
F: TCT TGGGCC TGT GTT ATC TCC
R: CGC CCA TGC AGG AACTGT TA
F: TGGACCTGACCTGCCGTCTA
R: GGCCTAAGGTCCACTTGTGTCA

Human Caspase-3
Human Caspase-9
Human p53

Human GAPDH

2.13 Measurement of Antioxidant Enzyme Activity

HaCaT cells were seeded in 6-well plates at a density of 1 x 10° cells/mL and treated with PD, AS, PC, and
COM extracts at a concentration of 50 ug/mL. After 24 h, 50 uL of H,O, was introduced, followed by a 12-h
incubation period. The cells were then washed twice with PBS, treated with 1% Triton X-100, and incubated



BIOCELL. 2025;49(9) 1777

on ice for 10 min. Lysates were collected and stored at —80°C. Before analysis, samples were centrifuged at
12,000 rpm for 30 min at 4°C (MICRO 17R, Hanil, Repubic of Korea). Protein content was determined using
the Bradford method (Bio-Rad, Hercules, CA, USA).

2.14 Superoxide Dismutase (SOD) Assay

SOD activity was determined with slight modifications to the method described in [27]. The assay
mixture included 50 pg of protein, 50 mM phosphate bufter (pH 10.2), and 10 mM epinephrine. The pink-
colored adrenochrome product formed during the reaction was monitored at 490 nm for 10 min using a
microplate reader (Synergy HTX, Bio-Tek Instruments Inc., VT, USA). SOD activity was expressed in units
per milligram of protein, where one unit of enzyme is defined as the quantity needed to inhibit 50% of
epinephrine autooxidation.

2.15 Glutathione Peroxidase (GPx) Assay

GPx activity was assessed using a modified version of the procedure from [28]. The assay used 50 pg
of protein, 10 mM reduced glutathione (GSH), 1 unit of glutathione reductase, and 1.5 mM NADPH. The
mixture’s absorbance was monitored at 340 nm for 5 min to evaluate NADPH oxidation. GPx activity was
reported as units per milligram of protein, where one unit reflects the amount of enzyme that oxidizes 1 nmol
of NADPH per minute.

2.16 Catalase (CAT) Assay

CAT activity was measured following the procedure of [27], with minor adjustments. In brief, 50 pug of
protein was added to 100 mM phosphate buffer (pH 7.0) and 100 mM H,0O,. The mixture was incubated at
37°C for 2 min. The decrease in absorbance at 240 nm, corresponding to the decomposition of H,O,, was
monitored using a microplate reader. CAT activity was represented as units per milligram of protein, where
one unit is defined as the amount of enzyme required to break down 1 mM of H,O,.

2.17 Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 8.0 (GraphPad Software, San Diego,
CA, USA). Experimental results were expressed as the mean + SD. Statistical differences among groups
were assessed via one-way ANOVA followed by Dunnett’s multiple comparison test. Experiments were
independently repeated at least three times. Statistical significance was designated as follows: *p < 0.05, **p
<0.01, ***p < 0.001, and ****p < 0.0001 when compared with the control group, and *p < 0.05,**p < 0.01,**p
<0.001 when compared with the model group.

3 Results and Discussion
3.1 Evaluation of Cytotoxicity

To determine the samples’ toxicity, PD, AS, PC, and COM extracts were exposed to RAW 264.7 cells,
HaCaT cells, and A549 cells (Fig. 1). In the cytotoxicity assay, cell viability was assessed using the MTT
method. RAW 264.7 and HaCaT cells treated with extract concentrations ranging from 12.5 to 400 pug/mL
for 24 h exhibited minimal cytotoxic effects, maintaining high levels of viability across the tested doses.
All the samples showed good cell viability at the lower concentrations but showed toxicity in the higher
concentrations, especially at 400 ug/mL concentration. Therefore, to ensure cellular safety and physiological
relevance, lower concentration ranges were selected for subsequent experiments. In the case of A549 cells,
all the samples showed cytotoxicity from 50 pg/mL. Notably, the ICs, values for PD, AS, PC, and COM in
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A549 cells were calculated to be 1065.55, 943.27, 1050.24, and 764.13 pg/mL, respectively, indicating that the
COM extract demonstrated the highest cytotoxic potency among the tested samples. These results imply that
all 4 extracts are safe for the normal cells, whereas it is toxic to the lung cancer cells at the same concentration.

A ~ 150
= 150 ‘E' Em control
E control E £z 25 (ug/ml)
‘g 100 iz.s (ng/ml) < oo 50 (ue/mL)
2 25 (ng/mL) é E= 100 (pg/mL)
::' 50 (ug/mL) 5 50 77 200 (ug/mL)
E 50 ZZ 100 (pg/mL) f'é == 400 (pg/ml)
'E : 200 (ug/mL) z
ER : a T =8 400 (ngml) - 0= =
control  PD AS PC com control PD
Treatments Treatments

C

% control

‘g =3 25 (ug/mL)

s 50 (pg/mL)

8 100 (ug/mL)

g 7 200 (pg/mL)

2 3 400 (ug/mL)

-

E

control PD AS PC COM
Treatments

Figure 1: Cytotoxicity assessment of PD, AS, PC, and COM extracts (A) on RAW 264.7 cells, (B) on HaCaT cells,
and (C) on A549 cells compared to non-treated cells. The graph displays the means and standard deviations (n = 4).
A significant difference from the control set is mentioned by **p < 0.01, *p < 0.05 and NS-no significance (PD-Pinus
densiflora, AS-Acanthopanax sessiliflorus, PC-Phragmites communis, and COM-GMAS 01 complex)

3.2 Evaluation of Anti-Oxidant Activity
3.2.1 TPC, TFC, DPPH Scavenging, and Reducing Power Activity

Antioxidants play a vital role in neutralizing ROS and supporting the body’s defense mechanisms against
oxidative stress-related disorders. In this study, A. sessiliflorus was found to possess the highest flavonoid
content, while P. communis exhibited the greatest concentration of phenolic compounds among the tested
plant extracts (Table 2). Flavonoids are particularly effective in mitigating cellular damage through their free
radical-scavenging activity. Likewise, phenolic compounds are well-documented for their strong antioxidant
and anti-inflammatory functions, and their therapeutic relevance has been widely reported, including in the
prevention of chronic diseases and enhancement of skin regeneration [29-31].
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Table 2: Total phenolic contents (TPC), total flavonoid content (TFC) and in vitro antioxidant activities (DPPH
scavenging and reducing power) of PD (P. densiflora), AS (A. sessiliflorus), PC (P. communis), and COM (GMAS 01)

Samples TPC (ug GAE/mg  TFC (ug RE/mg In vitro antioxidant
Extract) Extract)
DPPH scavenging  Reducing power
(ug GAE/mg (ug GAE/mg
Extract) Extract)
PD 24.6 + 0.470™ 13.44 + 0.960° 18.93 + 0.003° 12.78 + 0.070°
AS 27.5 + 0.270™ 20.11 + 0.550? 24.27 + 0.049° 17.64 + 0.430%
PC 28.5 + 0.230™ 12.51 + 0.640° 3.64 + 0.006° 7.48 + 1.570°
COM 274 + 0.160™° 20.42 + 0.490* 32.58 + 0.017° 19.42 + 0.650%

Note: Results are presented as the mean + standard deviation (n = 3). Statistical comparisons were made using one-
way ANOVA, followed by Tukey’s post hoc test. Superscript letters (a, b, c) within each column denote significant
differences between groups (p < 0.05), while ‘ns’ indicates a non-significant difference (TPC-Total Phenolic, TFC-Total
Flavonoid Contents, PD-Pinus densiflora, AS-Acanthopanax sessiliflorus, PC-Phragmites communis, and COM-GMAS
01 complex). GAE-Gallic acid equivalent and RE-Rutin equivalent.

According to the experiment results, even though the COM extract did not show a higher amount of
TPC and TFC it showed a better antioxidant activity than that of PD, PC, and AS. Furthermore, the reducing
power assay was conducted to evaluate the electron-donating capacity of the four extracts in a redox-based
system. Among them, the A. sessiliflorus (AS) and COM extracts demonstrated notably higher reducing
activity, with values of 17.64 + 0.43 and 19.42 + 0.65 pug GAE, respectively. While higher TPC and TFC
levels are often linked to greater antioxidant capacity in the literature [32]. Our data suggest that synergistic
or complementary effects among phytochemicals in the COM formulation may contribute to its enhanced
antioxidant activity.

3.2.2 ROS Generation in RAW 264.7 Cells

ROS serve as key intracellular signaling molecules, particularly at low concentrations, where they act
as secondary messengers in pathways governing cell proliferation, differentiation, and immune function. As
illustrated in Fig. 2, exposure to LPS markedly increased ROS generation in RAW 264.7 cells compared to the
untreated control, indicating an oxidative stress response triggered by inflammatory stimulation. However,
at elevated concentrations, ROS can inflict DNA damage and cell death [33,34].

To quantify the effect of PD, AS, PC, and COM extracts on intracellular ROS levels produced by the
LPS in RAW 264.7 cells, the DCFH-DA reagent was employed. This reagent is a well-established probe
for detecting ROS within cells. The fluorescence intensity of DCF is proportional to the amount of ROS
present within the cells, providing a quantitative measure of oxidative stress [34]. Following treatment with
the extracts, a notable dose-dependent decrease in intracellular ROS production was observed in RAW
264.7 cells compared to the control group. This reduction indicates that PD, AS, PC, and particularly the
COM extract, possess significant antioxidant properties capable of mitigating oxidative stress induced by
LPS. These findings align with earlier studies that have reported the ROS-scavenging capabilities of similar
plant-derived extract, AS and PD, supporting their potential contribution to the antioxidant effect observed
in the COM extract [35,36]. The COM extract exhibited the most pronounced effect, suggesting a synergistic
action of its combined components in neutralizing ROS.
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Figure 2: Intracellular ROS scavenging activity of PD, AS, PC, and COM extracts in RAW 264.7 cells relative to LPS-
treated controls. Data are presented as mean + standard deviation (n = 3). ***p < 0.001 indicates a significant difference
compared to the untreated control group; *p < 0.01and ***p < 0.001 indicate a significant difference compared to the LPS
group and NS indicates no significance (ROS-reactive oxygen species, LPS-Lipopolysaccharide, PD-Pinus densiflora,
AS-Acanthopanax sessiliflorus, PC-Phragmites communis, and COM-GMAS 01 complex)

3.2.3 Antioxidant Enzyme Activities in HaCaT Cells

ROS plays a significant role in oxidative damage to skin cells, contributing to the aging process. The
skin is particularly susceptible to oxidative stress due to its many cellular targets for damage [37]. The body’s
primary defense against oxidative damage is the antioxidant system. This system includes intrinsic and
extrinsic antioxidants, such as SOD, CAT, and GPx, which work to neutralize free radicals and mitigate their
harmful effects [36,37]. To evaluate whether the antioxidant properties of PD, AS, PC, and COM are linked
with the induction of antioxidant enzyme activity, HaCaT cells were treated with these extracts, and the
activities of SOD, GPx, and CAT were assessed.

Fig. 3A-C shows that H,O, (100 uM) treatment reduced the enzyme activity indicating oxidative stress-
induced enzyme suppression. Treatment with the combined extract (COM) markedly restored the activity
of all three enzymes, particularly at 100 pg/mL, with statistically significant improvements, highlighting its
potent antioxidant capacity. In contrast, the individual extracts PD and AS showed modest, non-significant
trends toward enzyme restoration, suggesting limited standalone efficacy. In a previous study, Bian et al.
(2019) [38] found that AS elevates the activities of CAT and SOD enzymes in mice liver through activating
Nrf2/HO-1signaling pathways. This suggests a similar mechanism might be at play in HaCaT cells, where the
antioxidant extracts potentially activate Nrf2/HO-1 signaling, enhancing the activities of critical antioxidant
enzymes. Thus, these extracts not only compensate for the oxidative stress induced by H, O, but also promote
an overall antioxidant response, reinforcing the skin’s defense against oxidative damage.

3.3 Evaluation of Anti-Lung Cancer Activity
3.3.1 Migration Assay

An assay for wound healing was used to see if any of the extracts may influence the migration of lung
cancer cells. As shown in Fig. 4, all extracts (PD, AS, PC, and COM) significantly inhibited cell migration
in a dose-dependent manner compared to the control group. (Fig. 4). The lung cancer cell’s mobility was
considerably reduced as the quantity of COM increased compared with the control group. A549 cells treated
with 50 and 100 pg/mL COM showed wound closure/migration rates of 48.22% and 33.03%, respectively
(Fig. 4A). The quantitative analysis (Fig. 4B) confirmed this trend, indicating that each individual extract
contributed to migration inhibition, with COM exhibiting the most substantial suppression. These results
suggest that while all extracts possess anti-migratory properties, the combined formulation (COM) may offer
enhanced potential in reducing lung cancer cell migration.
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Figure 3: Impact of PD, AS, PC, and COM extracts on antioxidant enzyme activities in H, O,-stimulated HaCaT cells.
The activities of (A) superoxide dismutase (SOD), (B) catalase (CAT), and (C) glutathione peroxidase (GPx) were
evaluated. Data represent the mean + SD (n = 3). All groups, except the untreated control, were exposed to 500 uM H,O,.
*p < 0.05, **p < 0.01 indicate significant differences compared to the control; *p < 0.05, **p < 0.01 indicate significant
differences compared to the H, O,-only group and NS indicates no significance (PD-Pinus densiflora, AS-Acanthopanax
sessiliflorus, PC-Phragmites communis, and COM-GMAS 01 complex)
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Figure 4: Cell migration was evaluated 24 h post-treatment, with results expressed as a percentage relative to the
untreated control. The data represent the mean + SD (n = 3). A statistically significant decrease in migration is indicated
by **p < 0.01 and ***p < 0.001 and NS indicates ‘no significance’ (PD-Pinus densiflora, AS-Acanthopanax sessiliflorus,
PC-Phragmites communis, and COM-GMAS 01 complex)
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3.3.2 Colony Formation Assay

The colony formation assay is a widely used in vitro method for evaluating long-term cell survival and
the capacity of single cells to proliferate into colonies [39]. This assay is particularly useful for assessing the
impact of bioactive compounds on cellular growth and replication. In this study, microscopic analysis was
conducted to examine changes in colony morphology and density in A549 cells following treatment. As
shown in Fig. 5, untreated cells exhibited a higher number of colonies compared to those exposed to PD,
AS, and COM extracts at 50 or 100 pg/mL. At 100 ug/mL, the COM extract-treated cells produced fewer
cell colonies compared to the other extract-treated cells. Notably, cell rounding and loss of adherence are
particularly evident in the AS and COM groups, morphological features consistent with early apoptosis. As
a result, the anticancer properties of COM include the inhibition of colony formation.

A PD AS PC COM Control
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100 pg/mL. &2
by X0

120 ~
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Figure 5: Anti-proliferative effects of individual extracts (PD, AS, PC) and their combination (COM) on A549 colony
formation. (A) Representative images showing colony formation inhibition in A549 cells after treatment with 50 and
100 ug/mL of PD, AS, PC, and COM. Notably, AS and COM extracts showed marked inhibition. Scale bar = 100 um.
(B) Quantification of colony area using Image] software. Data are presented as mean + SD (n = 3). *p < 0.05 and **p
<0.01 indicate significant differences compared to control and NS indicates ‘no significance’ (PD-Pinus densiflora, AS-
Acanthopanax sessiliflorus, PC-Phragmites communis, and COM-GMAS 01 complex)

3.3.3 Effect on ROS Dependent p53/Apoptosis Pathways

ROS have a vital role in inducing cytotoxic effects in cancer cells, where elevated concentrations
of ROS have been observed to initiate apoptosis, cell cycle arrest, and autophagy across various human
cancer cell lines. ROS are naturally generated as byproducts of cellular processes, contributing to cellular
signaling [40,41]. However, excessive ROS concentrations can lead to DNA damage-associated cell death.
ROS levels were assessed using the DCFH-DA reagent in A549 cells treated with PD, AS, PC, and COM
extracts, revealing a dose-dependent increase in ROS production compared to the control group (Fig. 6).
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The DCFH-DA reagent is a fluorescent probe that measures reactive oxygen species within cells, providing a
quantitative assessment of oxidative stress. The COM extract exerted a significant increase in the level of ROS
compared to the individual extracts, indicating a higher potential for inducing oxidative stress. Increased
ROS formation is associated with apoptosis and a decline in mitochondrial membrane potential, suggesting
that COM extract might be more effective in triggering cell death pathways.
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Figure 6: The capability of PD, AS, PC, and COM extracts to generate intracellular ROS in A549 cells compared to the
control. The graph depicts the mean + SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 denote significant differences
across groups and NS indicated ‘no significance’ (ROS-reactive oxygen species, PD-Pinus densiflora, AS-Acanthopanax
sessiliflorus, PC-Phragmites communis, and COM-GMAS 01 complex)

Natural products can elevate intracellular ROS by disrupting mitochondrial electron transport, leading
to superoxide generation, or by impairing antioxidant systems such as glutathione, thioredoxin, and
SOD [42,43]. Cancer cells, which already maintain high baseline ROS levels due to accelerated metabolism
and oncogenic stress, are particularly susceptible to further oxidative damage [44]. This imbalance may cause
mitochondrial depolarization, DNA damage, and apoptosis. Additionally, some phytochemicals modulate
ROS-regulating enzymes like NADPH oxidases or influence redox-sensitive transcription factors such as NF-
kB and Nrf2, further shifting redox homeostasis in cancer cells [45,46]. Our findings highlight the selective
ROS-modulating effects of the extracts, where they mitigate oxidative stress in normal cells (RAW 264.7)
while inducing ROS accumulation in cancer cells to exert cytotoxic effects. This dual functionality suggests
that these extracts can potentially serve as therapeutic agents with antioxidant benefits in inflammatory
conditions and pro-oxidant effects for targeted cancer therapy. The ability to differentially regulate ROS
depending on the cellular context underscores their potential for further pharmacological development.

Moreover, ROS accumulation may trigger p53 activation, a crucial tumor suppressor protein that
responds to cellular stress by promoting apoptosis [47]. The activation of p53 leads to the induction of
apoptosis via modulation of pro-apoptotic (Bax) and anti-apoptotic (BCL-2) mitochondrial proteins [48],
highlighting the role of the mitochondrial pathway in cell death. Previous studies provide additional context
for these findings. Thamizhiniyan et al. (2015) [49] discovered that the n-hexane extract of AS triggers
non-apoptotic cell death in human breast cancer cells through mitochondrial mechanisms, involving both
ROS-dependent and ROS-independent pathways. Furthermore, research by Jo et al. (2012) [50] revealed that
PD leaf essential oil induces oxidative stress by generating ROS in YD-8 human oral cancer cells, resulting
in apoptosis. By comparing the activity of PD, AS, and PC extracts, we can infer that while each extract
contributes to ROS production, the COM extract exhibits a synergistic effect, leading to a more pronounced
induction of oxidative stress and apoptosis. This highlights the potential benefits of using a combination of
extracts to achieve a more robust therapeutic outcome.
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Caspase triggering, which requires protein breakdown at the aspartic acid residues, is critical in
the energy-dependent chain of molecular events that results in apoptosis. Caspases engaged in apoptotic
pathways are classified into two types: executioners or effectors (caspase-3, -6, and -7) and initiators (caspase-
2, -8, -9, and -10) [51-53]. Apoptosis is caused via intrinsic and extrinsic pathways, which are begun by
caspases 9 and 8, respectively. The activation of initiator caspases is followed by the activation of executioner
caspases, among which, caspase-3 is widely regarded as the most important. This cascade causes significant
cytomorphological changes, including chromatin condensation, cell shrinkage, and the development of
apoptotic bodies, which are ultimately phagocytosed [54,55]. Phytochemicals that promote apoptosis via
intrinsic pathways can activate a range of intracellular signals. ROS generated by mitochondria are essential
for redox signaling, and the tumor suppressor protein p53 becomes redox-active in response to ROS, leading
to apoptosis in cancer cells [56,57]. p53 modulates the expression of both pro-apoptotic and anti-apoptotic
genes, namely Bax and Bcl-2, respectively. The Bcl-2 family of proteins, which includes 25 genes, tightly
regulates the mitochondrial events that initiate and terminate apoptosis [58]. The pro-apoptotic protein Bax
facilitates the release of cytochrome ¢ from mitochondria into the cytosol by promoting its dimerization
and translocation to the outer mitochondrial membrane, while anti-apoptotic proteins like Bcl-2 inhibit this
translocation [59,60].

Given the critical involvement of the Bax family proteins and caspase activation in apoptotic signaling,
the anticancer effects of the four extracts were further explored in A549 cells. Cells were treated with 50 and
100 pg/mL concentrations of PD, AS, PC, and the COM extracts for 24 h. Quantitative PCR was employed to
evaluate mRNA expression levels of key apoptotic markers, including p53, Bax, Bcl-2, caspase-3, and caspase-
9 (Fig. 7). Treatment with the COM extract, especially at 100 pug/mL, led to a significant upregulation of the
pro-apoptotic gene Bax and a concurrent downregulation of the anti-apoptotic gene Bcl-2. Furthermore,
COM-treated cells exhibited elevated transcript levels of p53, caspase-3, and caspase-9 compared to the
untreated control, indicating activation of the intrinsic apoptotic pathway.
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Figure 7: (Continued)
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Figure 7: Effects of PD, AS, PC, and COM extracts on the mRNA expression of apoptosis-related genes in A549 cells.
Cells were treated with each extract at 50 and 100 pg/mL concentrations for 24 h. Transcript levels of (A) caspase-3,
(B) caspase-9, (C) Bax, (D) Bcl-2, and (E) p53 were analyzed by qPCR following RNA isolation. Data are presented
as mean + SD (n = 3). Statistical significance versus the untreated control was determined by ¢-test (*p < 0.05, **p <
0.01, ***p < 0.001, ***p < 0.0001, and NS-no significance) (PD-Pinus densiflora, AS-Acanthopanax sessiliflorus, PC-
Phragmites communis, and COM-GMAS 01 complex)

The COM exhibited significantly higher anticancer activity compared to the individual plant extracts
(PD, AS, and PC), suggesting a synergistic effect among their phytochemical constituents. This observation
aligns with previous studies demonstrating that mixtures of herbal extracts often outperform single-extract
treatments. For instance, a combination of Smilax corbularia and Phellinus linteus showed enhanced cytotox-
icity against breast cancer cells compared to individual extracts [61]. Similarly, a mixed herbal formula (H3)
exhibited stronger antiproliferative effects against pancreatic cancer cells than its separate components [62].
In another study, a multi-herbal aqueous combination developed through principal component analysis
showed significantly improved anticancer potential in HepG2 liver cancer cells, underscoring the role of
synergistic interactions in herbal mixtures [63].

ROS-dependent apoptosis, likely involving the mitochondrial pathway, is implicated in COM extract-
treated A549 cells, as indicated by increased ROS production and reduced proliferation. This mechanism
is further validated by alterations in apoptotic markers, particularly the elevation of Bax and suppression
of BCL-2 expression. These molecular responses are consistent with reports that Ayurvedic herbs modulate
key cellular pathways. For instance, compounds in traditional formulations have been found to influence
acetylcholine and G-protein coupled receptor signaling, supporting their neuro-modulatory potential [64].
Such interactions demonstrate the mechanistic basis behind classical traditional medicine knowledge, now
increasingly validated by cellular and molecular biology. The combined action of these molecular events
indicates that COM extract not only induces oxidative stress but also effectively initiates the intrinsic pathway
of apoptosis, making it a promising candidate for further investigation in cancer therapy.
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3.4 Evaluation of Inmune-Modulatory Activity
3.4.1 NO Production

As a crucial signaling molecule, NO contributes to numerous biological processes, including those
within the immune, vascular, and nervous systems. In inflammatory research, NO is commonly used to
assess the therapeutic potential of natural extracts due to its involvement in immune regulation. It functions
by modulating cytokine expression, thereby shaping both innate and adaptive immune responses, either by
promoting or inhibiting inflammation [65]. Infected macrophages produce NO as part of the host defense
mechanism, contributing to antimicrobial and anti-tumor activities. On the other hand, the overproduction
of NO can cause inflammation and tissue damage [66]. The immunomodulatory effects of PD, AS, PC,
and COM extracts were evaluated by quantifying nitric oxide (NO) levels in LPS-stimulated RAW 264.7
macrophages. The extracts were tested across a concentration range of 12.5-200 ug/mL to assess their ability
to suppress NO production. At 100 ug/mL, both AS and COM extracts markedly inhibited LPS-induced
NO release by 48.3% and 47.3%, respectively, demonstrating a dose-dependent effect. Consistent with these
findings, Kim et al. (2021) [67] reported that a 1:1 mixture roasted Schisandra chinensis and Lycium chinense
reduced the LPS-induced NO and ROS generation in in RAW264.7 and thereby reduced inflammation. These
findings indicate that the extracts studied can enhance the immune system by regulating nitric oxide (NO)
production in RAW 264.7 macrophages, compared to the control media. In this study, L-NMMA was used
as a positive control to limit NO production (Fig. 8).
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Figure 8: Inhibitory effects of PD, AS, PC, and COM extracts on nitric oxide (NO) production in RAW 264.7 cells
stimulated with 1 pg/mL LPS. Data are expressed as mean + SD (N = 3). **p < 0.01 indicates significant differences
compared to the untreated control group, “p < 0.05,"*p < 0.01, and ***p < 0.001 indicate a significant difference compared
to the LPS group and NS indicates ‘no significance’ (NO-Nitric oxide, LPS-Lipopolysaccharide, LNMMA-N¢-Methyl-
L-arginine, acetate, PD-Pinus densiflora, AS-Acanthopanax sessiliflorus, PC-Phragmites communis, and COM-GMAS
01 complex)

3.4.2 Effect on Pro-Inflammatory Mediators

An imbalance in immune homeostasis may arise from the excessive release of proinflammatory
mediators like iNOS, COX-2, and IL-6, which are upregulated during macrophage activation, potentially
contributing to inflammatory disease pathogenesis [68]. To determine whether the plant extracts PD, AS, PC,
and COM have immune-modulatory activities, specifically, anti-inflammatory qualities, we examined how
they affected the levels of iNOS, COX-2, IL-6, and IL-8 mRNA expression in RAW 264.7 cells. The findings are
displayed in Fig. 9. Compared to the elevated levels observed in the LPS-stimulated group, the control group
maintained baseline expression of inflammatory mediators. Administration of the COM extract significantly
downregulated mRNA levels of iNOS, COX-2, IL-6, and IL-8 in macrophages.



BIOCELL. 2025;49(9) 1787

A
B
4H Ll
g B control H . control
] E31 LPS (Ipg/mL) 23 3 B3 LPS (lpg/ml)
¥ o = = 99
25 350 (pg/mlL) £E o 50 (pg/mL)
44 - -
- E 77 100 (pg/mL) 5 2 2 T 4 100 (pg/mL)
Z e 3 I |
2.z z Z |
E= s L E 1
%% ZE!
z S
0
control LPS  PD AS PC  COM
D Treatments
C & e
Em control = B control
-] - ] . -
_g § N]S .\]5 881 LPS (Ipg/ml) _E 3 ‘{ xs '.\'.S'- B8l LPS (lpg/mL)
gL ; i = a iy | NS 3 50 (ugh
£ E 3 M £ 50 (ug/ml) E.E ]._\5 1 ‘]S# . 3 50 (pg/mlL)
®o i # b . e .1 ; It " ZZ 100 (pg/mL)
2e ss | ¢ & wz 100 (pgml) £ S _ é L l L4
P #FE L f & | e = = Fole i k
£ sl Ll E 5 % | é by 1
E= I Fir t £ e E4 i I
if 21y 1A
2 b2 12 9 G Z 7 'z |7
: 4 FtA 74 " T T T T
T T T T control LPS  PD AS PC coM
control LPS  PD AS PC  COM
Treatments
Treatments

Figure 9: Modulatory effects of PD, AS, PC, and COM extracts on the expression of pro-inflammatory mediators—(A)
iNOS, (B) COX-2, (C) IL-6, and (D) IL-8—in RAW 264.7 cells following LPS stimulation. mRNA levels were quantified
via qPCR. Results are presented as mean + SD (N = 3). Statistical significance is indicated as **p < 0.01 and ***p <
0.001 compared to untreated control group, “p < 0.05, **p <0.01, and ***p < 0.001 compared to the LPS group and NS
indicates ‘no significance’ (LPS-lipopolysaccharide, PD-Pinus densiflora, AS-Acanthopanax sessiliflorus, PC-Phragmites
communis, and COM-GMAS 01 complex)

The COM demonstrated superior anti-inflammatory effects, notably in reducing NO production and
proinflammatory cytokine levels, compared to individual extracts. This observation aligns with previous
studies where combinations of plant extracts exhibited enhanced anti-inflammatory activities. For instance,
the synergistic effect of Ganoderma lucidum and Chlorella vulgaris extracts resulted in a more significant
suppression of NO and TNF-«a production than either extract alone [31]. Likewise, certain compound
combinations in Ginkgo biloba leaf extracts were more effective in reducing NO production, likely due to
their influence on key inflammatory signaling cascades [69]. The SC-E3 herbal formula also exemplifies how
multi-component herbal combinations can effectively attenuate inflammatory responses through synergistic
interactions [70]. This suggests that the plant extract can modulate the immune system, potentially providing
therapeutic benefits in conditions associated with chronic inflammation or overactive immune responses.

The divergent effects of GMAS 01 extract observed in RAW264.7 and A549 cells underscore the
importance of cell-type-specific molecular responses. RAW264.7 cells, as macrophage-like immune cells,
possess a high capacity for inflammatory mediator production and are inherently responsive to redox
modulation. The observed decrease in LPS-induced ROS and NO levels, along with the downregulation
of COX-2, iNOS, IL-6, and IL-8, suggests that GMAS 01 exerts anti-inflammatory effects by suppressing
pro-oxidant and inflammatory signaling cascades, potentially via NF-kB or Nrf2-related pathways. In
contrast, A549 lung carcinoma cells responded to GMAS 01 treatment with an increase in intracellular ROS,
consistent with oxidative stress-induced apoptosis. This effect involved enhanced expression of apoptosis-
promoting markers (p53, Bax, caspase-3, caspase-9) and downregulation of anti-apoptotic Bcl-2, suggesting
mitochondrial-mediated apoptosis activation. These contrasting responses reflect not only the dual bioac-
tivity of GMAS 01 but also the distinct redox homeostasis and signaling environments of immune versus
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cancer cells. The context-dependent modulation of ROS thus appears to be a critical mechanism underlying
the therapeutic versatility of the complex extract.

The pharmacological activities observed with GMAS 01, particularly its anticancer, antioxidant, and
anti-inflammatory effects, are in line with growing evidence supporting the therapeutic relevance of
polyherbal Ayurvedic formulations. Recent studies have demonstrated that Panchavalkala, a traditional
formulation, exerts anti-cancer and anti-HPV activities in cervical cancer models, highlighting the potential
of classical combinations in modern oncology [71]. Similarly, Triphala and Hinguvachadi Churnam have
shown promising anticancer and antimicrobial effects, suggesting that synergistic interactions among plant
constituents can lead to enhanced bioactivity [72]. These findings strengthen the rationale for exploring
scientifically informed combinations of traditional herbs such as those used in GMAS 01.

This study aligns with the objectives of Ayurveda Biology, a research domain that aims to interpret
traditional principles through the lens of contemporary science. One such effort includes the field of Ayurge-
nomics, which correlates Prakriti-based classifications with distinct genomic and biochemical profiles [73].
In this context, GMAS 01 exemplifies how herbal formulation can demonstrate reproducible effects on
cellular and molecular targets relevant to inflammation, oxidative stress, and cancer biology. This supports
the growing consensus that traditional knowledge systems can contribute to evidence-based biomedical
research when rigorously evaluated.

Despite the promising bioactivities observed in studies like the current investigation of GMAS 01,
significant challenges hinder the full integration of Ayurvedic formulations into modern biomedical practice.
Key barriers include the lack of standardized protocols, regulatory ambiguity, and insufficient mechanistic
clarity [74,75]. Many traditional remedies are poorly characterized in terms of pharmacokinetics, safety
profiles, and active constituents, resulting in inconsistent therapeutic outcomes. To bridge this gap, it is
essential to adopt Good Manufacturing Practices (GMP), implement robust quality control measures, and
employ advanced analytical tools such as High-Performance Liquid Chromatography (HPLC) and Liquid
Chromatography-Tandem Mass Spectrometry (LC-MS/MS) for phytochemical profiling [76]. Continued
scientific validation using established models can help substantiate traditional claims and facilitate the global
acceptance of Ayurveda-based therapeutics through harmonized regulatory frameworks. A conceptual
framework illustrating the integration of Ayurvedic principles with modern biology is provided in Fig. Al.

Although this study highlights GMAS 01’s promising dual effects against inflammation and cancer, it
simultaneously presents multiple opportunities for additional research. The mechanistic insights derived
from in vitro systems offer a valuable starting point, yet the complexity of in vivo biological environments
necessitates deeper investigation to confirm these effects within physiological contexts. Moreover, the
contribution of individual bioactive constituents and their possible synergistic interactions remain to be
fully elucidated. Future studies employing pathway-specific assays, targeted molecular probes, and animal
models will be instrumental in refining our understanding of GMAS 01’s therapeutic scope and translational
relevance. These ongoing efforts will be essential to substantiate and expand the biomedical integration of
traditional polyherbal systems such as those represented by GMAS 01.

4 Conclusion

This study discovered that the GMAS 01 (complex extract combination) from PD, AS, and PC species
showed stronger antioxidant, immune-modulating, and anti-lung cancer activity in RAW 264.7, HaCaT, and
A549 cell lines via inflammatory mediator modulations, and ROS and p53 signaling pathways than each
extract. In the current investigation, the complex extract contained more phenolic and flavonoid content,
as well as stronger antioxidant activity, than individual plant extracts. Furthermore, the complex extract
effectively decreased oxidative stress in H,O,-induced HaCaT cells by upregulating antioxidant enzyme
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expression levels. The complex extract does not exert high cytotoxicity to RAW 246.7 cells and inhibits pro-
inflammatory mediators such as COX-2, iNOS, IL-6, and IL-8. It also reduces NO generation and intercellular
ROS formation. Surprisingly, our anticancer tests demonstrate that the complex extract is highly cytotoxic
to A549 lung cancer cells by increasing ROS levels, preventing cell migration, and inducing apoptosis. The
complex extract increased the expression of genes like p53, Bax, caspase 3, and caspase 9, while decreasing
the expression of anti-apoptotic genes like Bcl-2.

Traditional herbal medicine presents a holistic and individualized approach to healthcare that resonates
strongly with modern trends in personalized medicine. Its core principle of Prakriti-based classification,
alongside personalized dietary and lifestyle interventions, parallels omics-driven stratification in contem-
porary biomedical science. This convergence provides a promising framework for developing integrative
therapies targeting complex chronic conditions such as cancer, metabolic disorders, and autoimmune
diseases. Future research should focus on validating Ayurvedic principles through systems biology and
high-throughput platforms like genomics, transcriptomics, proteomics, and metabolomics. By bridging
traditional knowledge with cutting-edge biomedical tools, Ayurveda can be systematically translated
into evidence-based, mainstream clinical practice. In summary, GMAS 01 emerges as a promising can-
didate for complementary cancer therapy, leveraging the synergistic bioactivity of traditionally valued
herbs—Acanthopanax sessiliflorus, Phragmites communis, and Pinus densiflora. The study underscores how
phytomedicine, when substantiated with molecular and cellular evidence, can bridge ancient wisdom with
modern therapeutic strategies. This convergence not only validates classical formulations but also opens
avenues for novel multi-targeted drug development.
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GMAS 01/COM  Combined extract

AS Acanthopanax sessiliflorus

PC Phragmites communis

PD Pinus densiflora

HaCaT Human keratinocytes

A549 Human lung cancer cells
RAW 264.7 Murine macrophages

DPPH 2,2-Diphenyl-1-picrylhydrazyl

DCFH-DA 2',7'-Dichlorodihydrofluorescein diacetate
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DMSO
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B-cell lymphoma 2

Nuclear transcription factor kb
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fetal bovine serum
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Dulbecco’s Modified Eagle’s Medium
Dimethyl sulfoxide

Enzyme linked immunosorbent assay
Phosphate-Buffered Saline

Nitric Oxide

Superoxide dismutase

Glutathione peroxidase
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Nicotinamide Adenine Dinucleotide Phosphate
Total phenolic contents

Total flavonoid content

Gallic acid equivalent

Rutin equivalent

Nuclear factor erythroid 2-related factor 2
Heme oxygenase-1

Good Manufacturing Practices
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Appendix A
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Figure Al: Schematic representation of Ayurveda’s integration with modern biology. This diagram outlines the
holistic integration of Ayurvedic concepts—such as dosha theory, prakriti-based phenotyping, and traditional herbal
therapeutics—with modern systems biology, genomics, pharmacology, and clinical research
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