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Acetoxychavicol acetate (ACA) is a promising natural compound with an extensive spectrum of medicinal
properties. This study aimed to provide bibliometric mapping to evaluate the ACA trends in publishing and original
research. We conducted a targeted search on the Scopus database for relevant literature and examined the acquired

data using VOSviewer to determine the citation and keyword patterns. A total of 135 articles were examined. Over
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several years, research on the ACA has revealed a fluctuating pattern. Currently, Japan and Malaysia are the most
prolific countries in studies related to ACA, and they also demonstrate the most extensive collaboration networks.
Co-occurrence analysis of keywords revealed that anticancer phrases ranked the highest. This study provides a
comprehensive overview of the current research landscape and outlines future expectations for the development of

. 2. ACA as a drug candidate.
pharmacological activity,
anticancer.
INTRODUCTION
Originally ~ derived  from  Alpinia  galanga,

acetoxychavicol acetate (ACA) (Fig. la) has recently drawn
much interest as a bioactive constituent [1,2]. Historically, A.
galanga has been utilized for the treatment of various diseases,
including digestive disorders, such as indigestion and bloating;
respiratory conditions, including cough and asthma; and
infections, owing to its antibacterial and antifungal properties [3].
Moreover, it has attracted interest due to its prospective anticancer
properties, particularly due to its active component, ACA,
which has demonstrated cytotoxicity against multiple cancer
cell lines [4]. Additional therapeutic applications encompass its
anti-inflammatory, antioxidant, and neuroprotective properties,
making it pertinent for ailments such as arthritis, metabolic
disorders, and neurodegenerative diseases [1,3,5]. Alpinia
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galanga, especially for ACA, has been recognized for its
multifaceted pharmacological activities, supporting its use in
traditional medicine, particularly in Southeast Asian herbal
treatments [3,6,7]. Following the advancement of science and
technology, ACA has been effectively isolated, purified, and
isolated for future investigation into its bioactive properties,
including its anticancer, anti-inflammatory, and antimicrobial
effects [5,8]. In a wide range of scientific fields, ACA has been the
subject of substantial research because of its possible anticancer
properties, as well as its function in modifying immunological
responses [9]. Multiple studies have emphasized the anti-
inflammatory [10], antioxidant [11], and antibacterial [12,13]
properties of this compound. Recent studies have demonstrated
that the antimicrobial substance ACA targets the cell membrane,
reducing its stability and initiating bacterial defense mechanisms
by altering the expression of crucial membrane proteins [13].
These molecular mechanisms not only support the use of ACA
as a naturally preserving food but also show a promising interest
in the development of novel therapies and health supplements.
Multiple studies have extensively examined the
anticancer properties of ACA, revealing potent cytotoxicity
against various human cancer cell lines, including breast
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Figure 1. Chemical structure of ACA (a) and study flowchart (b).

cancer (4T1, T47D, MDA-MB-231, and MCF-7), cervical
cancer (HeLa), colon cancer (WiDr), hepatocellular carcinoma
(HepG2), lung cancer (A549), and prostate cancer (PC-3) [8,14].
ACA has been shown to induce apoptosis, a controlled signaling
pathway of cell death that is critical for inhibiting cancer cell
proliferation in HeLa and T47D cells [15]. Acknowledged for
its anticancer properties, ACA exhibits immunomodulatory
effects [9]. Furthermore, the antioxidant properties of ACA
are crucial for its wide range of pharmacological benefits,
including anti-inflammatory, antidiabetic, neuroprotective, and
gastroprotective properties [1]. The unsaturated double bond
and acetyl groups of ACA play significant roles in activating the
AMP-activated protein kinase (AMPK) pathway, highlighting
its pivotal role in signal transduction and mitigating the
aforementioned diseases [16]. Ongoing research into the
mechanisms of action and potential applications of ACA
continues to highlight its therapeutic potential, positioning
it as a significant player in the field of natural products and
pharmacology.

There is still a lack of bibliometric studies on the ACA
despite the growing research interest and several published
review articles on this topic. Using the extensive Scopus
database, this study methodically examines the current state
of ACA research, including publishing trends, collaboration
networks, citation patterns, topic areas, and future directions.
This study aimed to provide evidence-based approaches to
extend our understanding of the use of ACA in medicine and
other disciplines by elucidating the related research dynamics.

METHODS

Search strategy

A comprehensive literature search was conducted, and
data were obtained from Scopus on August 1, 2024. The search
phrase “ACA” yielded a total of 198 articles. Using a screening

Article Count
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Figure 2. Publication trends by the years of “ACA” publications (n = 135).

procedure that restricted the selection to relevant articles based
on the following criteria: Document Type: Article; Language:
English; and Source Type: Journal, we obtained a total of 135
documents (Fig. 1) [17-19].

Data analysis

Citation analyses and author keywords were conducted
using VOSviewer v.1.6.18 [20]. To make the VOSviewer
analysis more accurate, we cleaned the data using a thesaurus
file that combined many different forms of the word ACA,
including A. galanga, A. galanga (1.) Willd., and 4. galangal.
A scoping review of articles related to ACA was conducted in
detail.

RESULTS

Trends in publishing articles on ACA

The Scopus database yielded 135 articles published
between 1976 and 2024 (Fig. 2). Each year’s document number
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Table 1. The top 10 journals with the most articles.

1
No. Journal IF Number lemb.er of  AC'for cach Title of latest paper (year of publication)
of papers citations paper.
1 Planta Medica 2.1 5 254 50.80 1'-ACA from A. galanga represses proliferation and invasion and
induces apoptosis via HER2-signaling in endocrine-resistant breast
cancer cells (2022)
2 Chemico Biological 5.192 5 62 12.40 1'-ACA ameliorates age-related spatial memory deterioration by
Interactions increasing serum ketone body production as a complementary
energy source for neuronal cells (2016)
3 Carcinogenesis 33 5 259 51.80 1’-ACA suppresses angiogenesis-mediated human prostate tumor
growth by targeting VEGF-mediated Src-FAK-Rho GTPase-
signaling pathway (2011)
4 Bioorganic and Medicinal 2.5 5 236 47.20 Halogenated analogs of 1'-ACA, Rev-export inhibitor from A.
Chemistry Letters galanga, designed from mechanism of action (2010)
5 Bioorganic and Medicinal 33 5 114 22.80 Melanogenesis inhibitory activity of a 7-O-9’-linked neolignan
Chemistry from A4. galanga fruit (2016)
6 Japanese Journal of Cancer 1.9 4 238 59.50 Inhibitory effects of 1’-ACA on N-nitrosobis (2-oxopropyl)-amine-
Research induced initiation of cholangiocarcinogenesis in Syrian Hamsters
(2000)
7 Chemical and 1.5 4 247 61.75 Structural development of benzhydrol-type 1'-ACA analogs as
Pharmaceutical Bulletin human leukemia cell-growth inhibitors based on quantitative
structure—activity relationship (QSAR) analysis (2008)
8 Plos One 2.9 3 77 25.66 The apoptotic effect of 1'S-1"-ACA enhanced by inhibition of
noncanonical autophagy in human nonsmall cell lung cancer cells
(2017)
9 Journal of 4.8 3 265 83.33 Antimicrobial compounds from Alpinia conchigera (2013)
Ethnopharmacology
10 Journal of Agricultural and 5.7 3 146 48.66 Identification of dihydrogalangal acetate in galangal [4. galangal
Food Chemistry (L.) Swartz] extracts (2009)

was a single digit, with the highest number of documents
published in a single year being 9. The number of documents
experienced fluctuations from 1996 to 2023, culminating in
2017 at its highest level. We accessed the Scopus database in
the middle of the year (August), which partially accounts for
the limited number of documents obtained in 2024. We used
a number of important bibliometric indicators, such as impact
factor (IF), H-index, and citation analysis, to identify the most
important papers and authors in ACA research. These metrics
are necessary to understand the landscape of ACA research,
identify the best journals and authors, and determine how
certain studies will affect future research.

Planta Medica had the most publications, with the
most recent being in 2022 (Table 1) [4]. However, the Journal of
Ethnopharmacology had the highest average number of citations
(AC=283.33)[21], followed by the Chemical and Pharmaceutical
Bulletin (AC = 61.75) [22] and the Japanese Journal of Cancer
Research (AC=159.50) [23]. The Journal of Agricultural and Food
Chemistry had the highest IF (Table 1). Since the IF measures
the average citations per article in a journal, it indicates the
Journal of Agricultural and Food Chemistry’s overall influence
within the ACA’s research. The 135 articles were published from
38 different countries, with Japan (n = 71), Malaysia (n = 22),
the United States (n = 20), India (» = 17), Thailand (n = 16),
China (n = 8), Indonesia (n = 4), Saudi Arabia (n = 4), South
Korea (n = 4), and the United Kingdom (n = 3) having the top
10 publications (Table 2). Nonetheless, the United Kingdom
placed the first rank in terms of citations per article published,

Table 2. Top 10 countries with the highest number of publications in

Scopus journals.
No. Country Number of Nl?mb'er of AC'! for each

papers. citations paper.
1 Japan 71 2,849 40.12
2 Malaysia 22 391 17.77
3 United States 20 593 29.65
4 India 17 308 18.11
5 Thailand 16 426 26.62
6 China 8 169 21.12
7 Indonesia 4 4 1
8 Saudi Arabia 4 24 6
9 South Korea 4 66 16.50
10 United Kingdom 3 460 153.33

'AC: average number of citations.

followed by Japan and the United States. Table 3 shows the
top 10 institutions by publication count, with Japan (Kyoto
University, Kinday University, Osaka Metropolitan University,
Kyoto Pharmaceutical University, and Gifu University) and
Malaysia (University Malaya, Institute of Biological Sciences,
and Universiti Sains Malaysia) dominating. Gifu University
published the most cited paper (AC = 69.83) in 2009, focusing
on research on the genetic connection of Thai galangal using
Random Amplified Polymorphic DNA [24]. Houghton et al.’s
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Table 3. The top 10 institutions with the most articles.
1
No. Institutions Country Number of Nl}mb.er of AC'for each Title of latest paper (year of publication)
papers citations paper.
R 1'-ACA-induced cytotoxicity is accompanied by a rapid
I Kyoto University Japan 26 1,358 52.27 and drastic modulation of glutathione metabolism (2009)
ACAGT-007a, an anti-cancer compound that modulates
. . . ERK MAPK signaling, induces nuclear enrichment of
2 Kinday University Japan 23 1165 30.65 phosphorylated ERK in T3M4 pancreatic cancer cells
(2023)
Development and validation of a reversed-phase HPLC
3 Universiti Malaya Malaysia 20 356 17.80 method for quantification of 1’- ACA content in an NLC
formulation (2022)
. . . 1'-ACA Increases Proteasome Activity by Activating
4 Osaka Metropolitan University Japan 16 275 17.18 cAMP-PKA Signaling (2018)
Development and validation of a reversed-phase HPLC
5 Institute of Biological Sciences Malaysia 10 189 18.90 method for quantification of 1’-ACA content in an NLC
formulation (2022)
Acetoxybenzhydrols as highly active and stable analogs of
6  Kyoto Pharmaceutical University Japan 7 441 63 1'S-1"-acetoxychavicol, a potent antiallergic principal from
A. galanga (2009)
7 The University of Texas MD Texas 6 209 34.83 .CytOtO).(IC and apoptqtlc effect of citrus flavonoid naringin
Anderson Cancer Center in treating pa-1 ovarian cancer cells (2020)
. L Genetic relationship of galangal (4. galanga Willd.) in
8  Gifu University Japan 6 419 69.83 Thailand by RAPD analysis (2009)
Secondary metabolites of 4. galanga induce toxic effects
. . in polyphagous lepidopteran pest, Spodoptera litura
9 National Ins.tltute of India 5 82 16.4 (Fabricius) | Sekundare Metaboliten von 4. galanga
Pharmaceutical . . . . . .
induzieren toxische Wirkungen bei Spodoptera litura
(Fabricius) (2020)
Antimicrobial and drug-synergistic potential of Alpinia
10 Universiti Sains Malaysia Malaysia 4 21 5.25 conchigera Griff.-derived phenylpropanoids against
Mycobacterium smegmatis (2020)
Table 4. Top 10 most-cited articles.
First Number
No. Authors  author’s of Title Brief overview of the studies
H-index.  citations
The sulphorhodamine (SRB) Aims: To assess sulphorhodamine B (SRB) assay as a novel approach to
Houghton assay and other approaches to validate the anticancer activity of extracts.
1 eta lg[Z 5] 67 281 testing plant extracts and derived ~ Results: Extracts of Alpinia officinarum induced glutathione-S-transferase
' compounds for activities related ~ (GST) activity in cultured hepatocytes, and this was traced to the
to reputed anticancer activity phenylpropanoids present, especially 1-ACA.
Aims: To evaluate the ethanol extracts of the Zingiberaceae family (galangal,
- . . ginger, turmeric, and krachai) for antimicrobial action on Staphylococcus
Oonmetta- Antimicrobial properties and o . . e
. aureus 209P and Escherichia coli NIHJ JC-2 using an agar disk diffusion assay.
2 areeetal 2 193 action of galangal (4. galanga L .
[27] Linn.) on Staphylococcus aureus Results: Galangal extract exerted the strongest inhibitory effect against
' phy S. aureus. The major compound of the extract was d,l-1-ACA which was
identified using GC-MS and NMR.
Aims: To screen extracts and isolated constituents of some traditional medicinal
. plants from Malaysia and Thailand against two human cancer cell lines, COR L23
Lee et al Cytotoxicity of plants from lung cancer and MCF7 breast cancer cell lines, and the noncancer MCF5 cell line.
3 ' 3 177 Malaysia and Thailand used
(28] traditionally to treat cancer Results: The Malaysian 4. galanga showed weak activity compared with the
Thai sample, and this was shown to be due to the relatively high amounts of
1’-ACA present in the Thai sample.
isnlg:r:;s;?(? d(;tfi:;l;n;;ressr(;?;ter_ Aims: To observe pretreatments and pretreatment with ACA in the activation
Nakamura . . phase suppressed double TPA application-induced H,O, formation in mouse skin.
4 64 133 inflammatory responses in mouse Results: ACA significantly inhibited mouse e idermazll t2hi0barbituric acid-reactin,
et al. [29] skin by a superoxide generation ) g Y P J

inhibitor 1’-ACA

substance formation, which is known as an overall oxidative damage biomarker.

Continued
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First Number
No. Authors author’s of Title Brief overview of the studies
H-index. citations
A;lzzllzfgslfrﬁzltﬁi;ﬁﬂf: flri(;znmli-nts Aim: To examine the antiallergic properties of A. galanga.
Matsuda if h:; '1 ropanoids f?)r Results: 1'S-1'-ACA and 1’S-1'-acetoxyeugenol acetate inhibited ear passive
5 et al. [26] 89 121 inhIi)bitignp o fl()ie ranulation and cutaneous anaphylaxis reactions in mice and antigen-IgE-mediated TNF-a and
' release of TNF—%L and 1L-4 in IL-4 production, both of which participate in the late phase of type I allergic
RBL-2H3 cells reactions, in RBL-2H3 cells.
Aims: To examine the effects of seven chemopreventive agents on combined
it;fflc(t:;2;2?:3235321:2:2115 lipopolysaccharide- and interferon-y-induced IkB degradation in RAW264.7
Murakami on combined lipopolysaccharide- murine macrophages. . .
6 et al. [30] 67 121 and interferon-y-induced IxB Results: ACA, ZER, and BITC suppressed iNOS/COX-2 gene expression
' dearadation in 31; AW264.7 mainly by attenuating IkB degradation, whereas other chemopreventive agents
magcro haoes ' used alternative pathway(s) to suppress the expression of proinflammatory
phag genes.
. Aims: To investigate the effects of 1’S-1-ACA and related phenylpropanoids
G;::Olpizte:r?;z:gzistii isolated from the rhizomes of A. galanga on ethanol-induced gastric lesions in
7 Matsuda 89 117 fhizo}r/nis (E)f A. galanga in rats: rats.
et al. [26] Structural re iligremefts and ' Results: The gastroprotective effects of 1'S-1'-ACA were attenuated by
mode of actign pretreatment with indomethacin and N-ethylmaleimide, and 1'S-1'-ACA
significantly increased the glutathione levels of the gastric mucosa in rats.
Fulﬂ'ler' investigation Of_ the Aims: To investigate the effects of ACA on the induction of apoptosis and/or
Zheng n;odlfymg effect of various inhibition of DNA synthesis in human colorectal cancer cell lines.
8 5 113 chemopreventive agents on
etal. [31] apoptosis and cell proliferation in Results: CA, NOB, and ACE may exert tumor-preventive effects through
human colon cancer cells apoptosis- and/or cell proliferation-dependent mechanisms.
1'prime;- ACA, a Aims: To examine ACA in a two-stage carcinogenesis experiment in
superoxide anion generation ICR mouse skin using 7,12-dimethylbenz[a]anthracene (0.19 umol) and
0 Murakami . 06 inhibitor, potently inhibits 12-O-tetradecanoylphorbol-13-acetate (TPA; 1.6 nmol).
etal. [32] tumor promotion by Results: ACA potently inhibited TPA-induced superoxide (O,) generation in
l2-O-te.tradecanoylphorl?ol-13- differentiated HL-60 cells (IC50 = 4.3 uM) and suppressed lipid hydroperoxide
acetate in ICR mouse skin formation by 42% (p < 0.001) in the ethyl linoleate autoxidation test.
Mitsui Constituents from Seeds of A. Aim: To evaluate the antiulcer activity of 4. galanga.
10 etal [33] 3 96 galanga Wild and Their Anti- Results: 4. galanga methanolic extract showed inhibitory activity against Shay

ulcer Activities

Ulcer in rats.

[25] 2007 paper, which investigated the anticancer action of
ACA, placed first among the top 10 most referenced publications,
with antimicrobial and anti-allergy subjects close behind (Table
4). Conversely, Matsuda et al. [26], affiliated with Kyoto
Pharmaceutical University in Japan, emerged as the most prolific
author, as evidenced by an H-index of 89, consistent with Japan’s
status as the most productive country. The H-index is a metric
that indicates both the productivity and citation influence of a
researcher or institution, offering a comprehensive evaluation of
research-based contributions [19]. We also studied the average
citation count for each characteristic to illustrate the impact and
distribution of certain papers (Tables 1-3) while also revealing
major patterns in ACA’s research into influential works. The
results showed that ACA possesses a range of pharmacological
properties and has been extensively studied, with a specific focus
on its anticancer properties.

Co-occurrence of author’s keyword related to ACA
publications
Graphical representation co-occurrence keyword

analysis is a precise tool that provides a valuable understanding
of the most common subjects in publications within a certain

Table 5. Top 10 authors’ keywords with the most co-occurrences.

No. Keywords Co-occurrences
1 ACA 73
2 Alpinia galanga 33
3 Apoptosis 13
4 Galangal 10
5 Phenylpropanoid 10
6 Antimicrobial 9
7 Cytotoxic 8
8 Nuclear factor kb 8
9 Zingiberaceae 7
10 Alpinia conchigera 6

study landscape, as well as fluctuations in their frequencies over
time [8]. Figure 3 used size coding to represent the frequency of
node recurrence, and the lines connecting these nodes indicated
their co-occurrence within the same publication. The more
frequently two keywords appeared together, the smaller the gap
between the two distinct nodes. The analysis revealed a total
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Figure 3. Network visualization (a) and overlay visualization (b) of authors’ keywords co-occurrence of “ACA” publications (n = 135).
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Figure 4. Visualization of cancer-type associations in ACA studies.

of 294 items, 35 clusters, 1,051 linkages, and 1,205 overall
link strengths. The data presented in Table 5 revealed three
keywords: ACA (n = 73), A. galanga (n = 33), and apoptosis
(n = 13). Furthermore, it is important to emphasize the
pharmacological properties of ACA, including its anticancer,
antibacterial, anti-TB, and antidiabetic effects. Moreover, the
researchers focused on specific subjects from 2015 to 2020
(Fig. 3b). The purple nodes in the graph represent earlier terms,
whereas the yellow nodes represent more current keywords.
Keywords, including apoptosis, antimicrobial, cervical cancer,
NF-kB, and breast cancer, occurred with greater frequency
between 2015 and 2020. Figure 4 highlights the relationships
between ACAs and various cancer types. ACAs serve as the
central node in this network, underscoring their pivotal role in

the analyzed studies. Visualization reveals direct associations
of 61 connections between ACAs and different cancer types
with varying connection strengths. Strong links, indicated by
thick edges, suggest high research intensity or strong evidence
of ACA’s anticancer effects. Notable cancer types with
significant connections include breast, prostate, and cervical
cancers, which are likely driven by ACA’s known mechanisms,
such as apoptosis induction, cell cycle arrest, and pathway
inhibition [e.g., NF-kB and vascular endothelial growth factor
(VEGF)]. Moderate connections, such as those with lung and
colon cancers, highlight areas for further exploration. This
visualization reflects key research trends, demonstrating that
ACA has garnered the most attention in breast and prostate
cancers, where its cytotoxic and antiangiogenic effects have



Waulandari et al. / Journal of Applied Pharmaceutical Science 2025;15(04):001-012 007

ANTICANCER
NEUROPROTECTIVE @ GASTROPROTECTIVE
e LG

. B
ANTIOXIDANT * ANTIALLERGY
X 4
o Top 10 ACA A
pharmacological
e activities C——
X9 ANTI-
ANTIMICROBIAL ' M tuBercuLOsIS
@ i
£ B »
¢ 8 e
ANTIFUNGAL M ANTI-
INFLAMMATION
ANTIDIABETIC
(a)

Enhance Inhibition of
cytokine STAT2 and
expression SHP-1
Antioxidant X . Cell cycle
activity Y > arrest at G2/M
o = phase
‘:’:\s ‘_ é
Activation of
cAMP/ Protein Proteasome
Kinase A ANTICANCER activity
Signaling MECHANISMS
OF ACA

%> Inducing
senescence,

Inhibiting
nuclear _% »

apoptosis,
factor kb and DNA
Inhibition of _Inhibition of - fragmentation
i is MMP-mediated

g

pathway
(migration and
metastasis)

(b)

Figure 5. Top 10 ACA pharmacological activities based on the Scopus database (a) and the most common anticancer mechanisms (b) (n = 135).

been well-documented. These findings emphasize the need
for continued exploration of the underexplored applications
of ACA, particularly in cancers with limited data. Researchers
have also identified an emerging keyword associated with
compound limitations and formulations as well as the
underlying anticancer mechanisms. The documented change in
the simultaneous presence of the author’s keywords over time
probably indicates the changing patterns and research focus in
ACA.

DISCUSSION

Within the field of anticancer research, the bibliometric
study of 1’-ACA indicates a number of significant discoveries
and developing trends. Publications have increased significantly
in recent years, indicating a rising interest in natural chemicals
as potential anticancer agents. However, one limitation is that
our bibliometric analysis relies solely on the Scopus database,
which may miss relevant literature from non-English sources
or less prominent journals, and the analysis only reflects trends
up to August 2024, which means that ongoing research could
change these trends. This analysis only included original
research articles to maintain the comprehensiveness of the
research that has been conducted and to map the research
pattern. Acknowledging these limitations is crucial for gaining
a comprehensive understanding of the dynamics of ACA
research.

The study of ACA’s mechanisms of action is
increasingly interdisciplinary, integrating insights from
pharmacology, molecular biology, and phytochemistry. There
is a growing emphasis on the potential of ACA to target critical
molecular pathways, including apoptosis, metastasis, and
AMPK signaling, which are essential for cancer progression and
treatment. Preclinical research is increasingly using computer
modeling, with emphasis on the use of in silico methods to
predict the therapeutic potential of ACA and optimize its use.
In addition, recent research has investigated the synergistic
effects of ACAs when used in conjunction with conventional

chemotherapy, which has the potential to improve treatment
efficacy and minimize adverse effects.

The relevance of ethnomedicine in the process of
influencing modern scientific inquiry is demonstrated by
the fact that a significant amount of research emanates from
locations where 4. galanga, the source of ACA, is traditionally
used locally. Furthermore, the increasing interest in ACAs,
as evidenced by patents and agreements with pharmaceutical
firms, suggests their potential for development into innovative
cancer therapeutics. Despite these advancements, obstacles,
such as limited clinical trials and gaps in translational research,
persist, indicating the need for more studies to establish ACA’s
safety and effectiveness in people. Overall, these results show
that ACA research is expanding and that natural product-based
cancer therapies are becoming increasingly popular. They also
provide a solid foundation for future research that aims to
improve ACA’s therapeutic role in oncology.

Most of the studied ACA pharmacological activities

The pharmacological activities of ACA among
135 articles were multifaceted, of which the top 10 included
anticancer, antimicrobial, anti-allergy, anti-tuberculosis, anti-
inflammation, anti-diabetic, antifungal, gastroprotective,
antioxidant, and neuroprotective (Fig. 5). The most prominent
research on ACA’s anticancer activity of ACA appeared in the
Scopus database. Antioxidants are among the most extensively
influential antioxidants, and they reveal several mutually
supportive pharmacological activities. As an antioxidant,
ACA inhibits xanthine oxidase, an enzyme involved in purine
metabolism that generates reactive oxygen species (ROS) as a
by-product, thereby reducing oxidative stress and enhancing
its anti-inflammatory, anticancer, antimicrobial, antidiabetic,
gastroprotective, and neuroprotective activities [11,26,34-36].
A recent study found that ACA increases Nuclear factor-
erythroid-2-related factor (Nrf2) [37,38], a transcription factor
that controls the activity of antioxidant enzymes, such as
glutathione and NADPH quinone oxidoreductase 1 (NQO1).
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By targeting these enzymes, ACA can simultaneously mediate
ROS detoxification and maintain cellular redox balance [39,40].

ACA inhibits NF-kB activation, a transcription factor
implicated in inflammatory reactions, resulting in the reduced
production of proinflammatory cytokines, including TNF-a
and IL-1p [30,41,42 ]. This effect sheds light on its anticancer
capabilities because inflammation is one of cancer’s hallmarks
[43]. ACA also improves the immune system by reducing the
production of cytokines associated with allergic responses and
by lowering the levels of Th2 cytokines (IL-4 and IL-13) and
Thl cytokines (IL-12a and interferon-y) in mice with asthma
caused by ovalbumin [30,41]. Cytokines contribute to the
development of asthma and other allergies [44]. Thus, there
might be any potential association between anti-inflammatory,
anticancer, and antiallergic capabilities in the emergence of
immunotherapy medicines.

Numerous studies on ACA have reported that this
compound effectively combats bacterial, mycobacterial, and
fungal infections [45-47], highlighting its effectiveness as a
natural antibacterial agent. Alpinia galanga acetone extract,
which contains ACA, kills Salmonella typhi and Escherichia
coli, as well as vancomycin-resistant bacteria [48]. ACA’s
activity has also been demonstrated against a variety of fungi,
including dermatophytes like Trichophyton mentagrophytes
[46,49]. The antimicrobial characteristics of ACA are attributed
to its capacity to disrupt cellular processes and structures,
thereby affecting the bacterial shape and compromising the cell
membrane integrity, which is essential for bacterial survival
[12,21,50]. One of ACA’s antibacterial mechanisms is its
ability to inhibit important cellular activities. ACA inhibits the
generation of ROS in the mitochondria, thereby preventing the
activation of the NLRP3 inflammasome [51], a key player in
inflammatory reactions. This inhibits the release of oxidized
mitochondrial DNA, which activates the inflammasome and
reduces inflammation, leading to improved microbial resistance.
A recent investigation on ACA’s anti-TB properties found
substantial antimycobacterial activity against Mycobacterium
tuberculosis strains H37Ra and H37Rv [52—54]. These broad-
spectrum antimicrobial effects highlight the efficacy of ACA
for treating microbial infections.

Beyond its anti-inflammatory and anticancer
properties, ACA has also been investigated for its therapeutic
benefits on obesity and metabolism [55]. It stops the formation
of fat by decreasing the activity of GPDH and the levels
of PPARy, C/EBPa, and phosphorylated AMPK [56]. This
adipogenesis suppression decreases visceral fat accumulation
in animal models, suggesting its potential in treating metabolic
illnesses associated with obesity. Furthermore, researchers
have recognized the gastroprotective characteristics of
ACA, indicating its potential to shield the gastrointestinal
system from various types of injury [26]. ACA reduces ROS
production in mitochondria and stops the release of oxidized
mitochondrial DNA. This prevents caspase-1 activation and
IL-1 production, thereby reducing inflammation in the digestive
tract [51]. Combining ACA with other constituents enhances its
gastroprotective properties [56,57]. A recent study showed that
the combination of ACA and sodium butyrate has a synergistic

effect on triggering apoptosis in cancer cells [57], suggesting its
possible use in preventing gastrointestinal malignancies.

In terms of neuroprotection, ACA regulates cell
signaling pathways, increases proteasome activity, and
provides alternative energy sources. Proteasome activity in
PC12 cells that have differentiated into neurons is increased
by ACA [58], which maintains protein homeostasis and halts
neurodegenerative processes. Proteasome activity is facilitated
by stimulation of the cAMP-PKA signaling pathway [59].
The neuroprotective properties of ACA are also shown by the
decreased cell viability of amyloid protein, which is a critical
factor in the development of Alzheimer’s disease [60]. Its
neuroprotective effects are attributed to its antioxidant and
anti-inflammatory properties. Although the ACA has promise
in these areas, it is critical to consider the entire context of
its pharmacological activities. Additional confirmation of
the compound’s efficacy and safety through toxicological
investigations and clinical trials is necessary. It is also critical
to understand the molecular processes responsible for its
multiple benefits to further develop it as a therapeutic agent.
Implementing this comprehensive research will ensure the
advancement of ACA’s potential in treating numerous diseases.

Mechanism underlying ACA’s anticancer

Given the main areas of research on ACA in the field
of anticancer, particularly breast, cervical, colon, head and
neck, and prostate cancers, this study aimed to shed light on
the intricate mechanisms involved. Almost all targets associated
with the ACA cancer hallmarks have been studied. ACA is an
effective cytotoxic agent against a variety of human cancer cells
by inducing cellular senescence and apoptosis by enhancing
cleaved PARP, p53, and Bax expressions while reducing Bcl-
2 and Bcl-xL expression [4,61-63]. ACA also inhibits cancer
cell proliferation and migration by interrupting the integrin-1
signaling pathway and preventing the production of adhesion
molecules like ICAM-1 [4,16,63]. As a result of inhibiting
NF-«B activation, ACA increases apoptosis and minimizes
cellular invasion. Inactivation of this pathway by ACA leads to
a decrease in the expression of pro-tumorigenic factors, such as
the chemokine receptor CXCR4 and VEGF, which are linked
to tumor growth and metastasis [64—66]. Induction of apoptosis
via oxidative stress pathways is another mechanism by which
ACA exerts its anticancer effects. ACA induces oxidative stress
that exacerbates pro-apoptotic effect. Antioxidants mitigate
stress, emphasizing the interplay between oxidative stress and
apoptosis in anticancer mechanisms. ACA may also trigger
apoptosis and cell death in cancer cells by regulating ROS
generation over the threshold, inducing cellular senescence, and
activating autophagy pathways [67]. Therefore, it is necessary
to validate the effects of ACA as a dual antioxidant for cancer
treatment.

ACA regulates the cell cycle to trigger G1 and G2/M-
phase arrest [15,68,69] by altering the phosphorylation status
of Rb and p27kipl. In tumor cells, the enantiomers of ACA,
(S)-ACA and (R)-ACA, demonstrate distinct mechanisms. (S)-
ACA induces G1 phase arrest by decreasing phosphorylated Rb
and increasing p27kipl, whereas (R)-ACA induces G2 phase
arrest by increasing hyperphosphorylated Rb and p27kipl
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phosphorylation. ACA also inhibits angiogenesis-mediated
tumor growth by targeting the Src-FAK-Rho GTPase signaling
pathway mediated by VEGF. This inhibition results in decreased
cell viability and angiogenic factor production, which, in turn,
contributes to the arrest of the cell cycle and inhibition of tumor
growth.

Controlling the protein balance is an essential
component of the initiation of cancer, and the proteasome is
a key part of the system that breaks down proteins [70]. The
involvement of proteasomes in biochemical processes, such as
cell cycle control, apoptosis, and protein degradation, highlights
their significance in cancer [71]. Cancer cells often exhibit
increased proteasome activity compared with normal tissues,
promoting the accelerated breakdown of proteins that control
cell growth and survival [19]. Specifically, this increase occurs
in the chymotrypsin-like function of the proteasome, which has
the potential to function as a biomarker for the diagnosis and
prognosis of cancer [43,72,73]. It has been shown that ACA
enhances proteasome activity by activating the cAMP-PKA
signaling pathway [59,74]. The function of proteasomes in
cancer is further confounded by their interaction with cancer
stem cells, which are believed to be responsible for promoting
tumor development and recurrence. Furthermore, these
cells often exhibit modified proteasome activity, which may
enhance their resistance to traditional treatments. Although the
anticancer potential of ACAs is substantial, their effects may
differ based on specific cancer types and cellular environments.

Challenges in ACA development

The complexity of ACA’s biological activities and
physicochemical attributes creates several obstacles that limit
its therapeutic potential. Low water solubility complicates the
distribution of drugs, particularly in vivo, where absorption
and bioavailability are critical for therapeutic efficacy [16].
To increase the solubility and bioavailability of ACA, a recent
study reported that the formulation of ACA-nanostructured lipid
carriers (NLCs) improved solubility and absorption, making it
more effective as a treatment for prostate cancer models [75].
Another concern is the lack of specificity of the ACAs and
other anticancer drugs. Given the lack of specificity, large doses
may cause systemic toxicity and immunosuppression. The
clinical use of ACA as a medicinal agent requires balancing the
effectiveness and safety.

Formulating the ACA into an efficient delivery method
remains a challenge. The development of NLCs is improving
ACA’s pharmacokinetic profile, but these formulations
require extensive validation and testing. ACA must undergo
extensive preclinical and clinical research to determine its
safety and effectiveness, similar to any novel drug candidate.
The procedure is lengthy and expensive, and negative results
may postpone or halt development. In addition, plant-derived
chemical licensing regulations could potentially slow down
market entry. Although ACA has the potential to become an
anticancer drug candidate, its solubility, specificity, formulation,
regulatory barriers, and research gaps impede its development.
To advance ACA’s clinical applicability as an innovative drug
candidate, innovative formulation methodologies and rigorous

research are needed. Further research is needed to improve
these approaches and ensure the safety and efficacy.

CONCLUSION AND FUTURE DIRECTIONS

Our bibliometric study reveals that ACA has promising
potential as an anticancer agent, with growing research
interest in its mechanisms of action, molecular pathways, and
therapeutic efficacy. However, the current research landscape is
limited by a lack of clinical trials and comprehensive studies on
bioavailability, pharmacokinetics, and long-term safety. Moving
forward, focused efforts on clinical validation, improving drug
delivery systems, and exploring personalized approaches will be
crucial to fully realizing ACA’s potential in clinical applications,
especially cancer treatment. These findings underscore the need
for continued interdisciplinary research and collaboration in
order to translate ACA from preclinical success into effective
clinical application.

The co-citation patterns showed the main study
groups and topics, such as molecular pathways, drug discovery,
and personalized medicine. These findings may guide future
research directions and clinical applications. Our investigation
revealed shortcomings in the incorporation of cutting-edge
technologies, such as Al and machine learning, into cancer
research. Future studies might examine how these technologies
help accelerate drug development and improve treatment
options. Furthermore, the low cocitation of developing themes,
such as immunotherapy and nanomedicine, indicates the need
for further multidisciplinary cooperation and attention to these
potential areas.

ACA’s preclinical success is not being translated
into concrete clinical benefits, and the lack of evidence from
clinical trials indicates that this is a crucial gap. Well-designed
clinical studies are required to establish ACA’s safety and
effectiveness in humans. These studies would also assist in
identifying appropriate doses and treatment regimes, paving the
way for their use in clinical cancer. Developing innovative drug
delivery methods is critical for improving drug absorption and
stability, which may increase the usefulness of drugs in clinical
settings. Targeted delivery techniques, such as nanoparticles
or conjugates, may be very useful for decreasing toxicity and
enhancing the selectivity of ACAs for cancer cells, resulting
in greater therapeutic effectiveness and fewer adverse effects.
Furthermore, interest in changing the structure of ACAs to
generate more effective molecules has increased dramatically.
Addressing these challenges and concentrating on these
research areas might help ACA’s drug candidate development,
perhaps leading to its approval and usage in clinical settings to
treat various malignancies.
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