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Abstract

Alkaloids, the major secondary metabolite compounds identified in the genus Uncaria, exhibit the ability to induce apoptosis in oral squa-
mous cell carcinoma (OSCC). Various potential alkaloids in herbal medicine have been explored and provided promising results, one of
which is the potential to induce apoptosis. This study aims to provide a more comprehensive review of the mechanism of alkaloids derived
from Uncaria in inducing apoptosis in OSCC. In the systematic search conducted, the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines were adhered to conduct this review through the databases, including PubMed, ScienceDirect,
Wiley and a manual search using Google Scholar. According to the findings, this review states that several types of alkaloids derived from
Uncaria that have been reviewed, such as hirsutine, rhynchophylline, isorhynchophylline, and hirsuteine, have different mechanisms in in-
ducing apoptosis in OSCC, both through intrinsic and extrinsic pathways. The evidence presented in the present study provides an oppor-
tunity for future research to determine the appropriate therapeutic dose based on the specific alkaloid, duration of therapeutic administration,
and in vivo and/or in human testing.
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1. Introduction

Cancer is a pathological condition characterized by the dysregulation of cellular processes involved in cell survival, proliferation, and
differentiation [1]. Squamous cell carcinoma is the dominant type of cancer found in the head and neck, with oral squamous cell carcinoma
(OSCC) representing the predominant subtype, comprising approximately 90% of all oral cancer cases [2 - 4]. OSCC is a common type of
cancer that is widely observed across worldwide, with an annual occurrence of over 350,000 new cases and resulting in over 177,000
mortality [5], and is often found in low-income communities with 90% occurring among people aged over 45 years who are exposed to
risk factors [6]. The etiology of OSCC is multifactorial and many widely studied risk factors have been associated with oral cancer. The
most studied risk factors for OSCC are tobacco or betel use and regular consumption of alcoholic beverages [3]. Additionally, several risk
factors that also increase the incidence of OSCC include human papillovirus (HPV) infection, radiation exposure [7], immune defects such
as in transplant patients, chronic immune disorders or HIV/AIDS, drugs such as marijuana, Li Fraumeni syndrome, dyskeratosis congenita,
Fanconi anemia, xeroderma pigmentosum, discoid lupus erythematosus, scleroderma, diabetes [2], and consumption of low amounts of
fruits and vegetables which can be associated to an unhealthy lifestyle characterized by excessive intake of fat and/or sugar [8].

The pathogenesis of OSCC is a complex and progressive process involving the accumulation of multiple genetic mutations and subsequent
changes in cellular function, commonly referred to as oncogenesis, and is impacted by both the patient's genetic predisposition and the
impact of various risk factors [9]. The aforementioned alterations might manifest as mutations or modifications in the sequence of the DNA
code, removal of specific segments of the DNA, amplification of DNA, or as epigenetic changes [10]. Tumorigenic genetic changes en-
compass two primary categories, specifically tumor suppressor genes that facilitate tumor progression upon inactivation, and oncogenes
that facilitate tumor progression upon activation [11]. The initiation of cancer cell growth commences with the occurrence of DNA damage,
leading to the subsequent failure of DNA repair and consequent genomic changes in somatic cells, leading to the oncogene growth trigger
activation, tumor suppressor genes inactivation, and alteration in genes regulating apoptosis, resulting in uncontrolled cell proliferation and
reduced apoptotic activity [12]. Apoptosis is defined as a programmed cell death mechanism, wherein cells with DNA damage undergo
elimination, is distinguished by three primary biochemical characteristics associated with apoptosis, including activation of caspase, frag-
mentation of DNA and proteins, and alteration in the cell membrane. Consequently, cells experiencing DNA damage can be identified and
engulfed by phagocytic cells [13]. Nevertheless, cancer cells possess the capability to evade the apoptotic mechanism, hence enabling
uncontrolled proliferation [14].
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The primary therapeutic approach for OSCC depends on various factors, including disease stage, disease location, and the patient’s overall
health status, but surgical intervention remains the mainstay of multimodal treatment, despite the existence of other therapies such as
radiotherapy and chemotherapy [15], [16]. Post-surgical treatment, in general, is radiotherapy approximately six weeks following surgery
with a total dose usually around 60 Gy because it is difficult to remove radiated tissue surgically, because the tissue becomes fibrous and
exhibits delayed healing abilities [16]. In addition, chemotherapy is also used as an additional modality for the treatment of advanced
OSCC [17]. However, the utilization of chemotherapy and radiotherapy can result to the developing adverse effects, which greatly decrease
the overall well-being of patients, as a result, there has been a growing interest in exploring the potential of natural products containing
bioactive components and pure compounds derived from plants and herbal formulations, in order to explore their efficacy in both preventing
and treating cancer. Several studies have indicated that natural products had the potential to reduce many adverse effects such as oral
mucositis resulting from chemotherapy and radiotherapy, gastrointestinal toxicity, nephrotoxicity, hematological system injury, neurotox-
icity, mobility abnormalities, hepatotoxicity, cardiotoxicity, and cognitive impairments [18], [19]. Therefore, currently, there is an increas-
ing demand for the concept or approach of herbal medicines as a supplementary and alternative modality to modern medicine in the
treatment of cancer [20]. Several strong lines of evidence from studies suggest the importance of plant-derived compounds, phytochemicals,
to inhibit the tumors progression and spread in pre-clinical studies [21].

The Uncaria genus has around 34 species that are geographically spread in tropical regions, specifically Asia, Africa and Southeast Amer-
ica [20], [22]. Recently, many studies have been conducted regarding the genus Uncaria and reported that plants of the genus Uncaria
have various pharmacological effects [23], such as treating wounds and ulcers, fever, asthma, rheumatism, hyperpyrexia, anti-inflamma-
tory, hypertension, antioxidant, gastrointestinal diseases, antibacterial, antifungal, antiprotozoal, antiviral, anticancer, anticonvulsant, anti-
depressant, antithrombotic, antidiabetic, stroke, epilepsy and neurodegenerative diseases [24 - 30]. Based on phytochemical studies carried
out, alkaloids are secondary metabolite compounds that are proven to be the most common and found in the genus Uncaria [26], [31 - 34].
Alkaloids have been reported to offer anticancer activity by suppressing tumorigenesis, initiating apoptosis, inhibiting cancer cell differ-
entiation, inhibiting angiogenesis, and impeding metastasis through the modulation of various signaling pathways [25], [35 - 39], conse-
quently, alkaloids naturally have promising activity against various cancer cells, including OSCC, as well as drug-sensitive and drug-
resistant cancer cells [40], [41]. The aforementioned findings provide essential information for future research regarding the mechanism
of apoptosis induction in OSCC. Hence, the primary aim of this study is to conduct a review of the Uncaria-derived alkaloids which have
anticancer bioactivity, as well as the mechanism of alkaloids in inducing apoptosis in OSCC.

2. Methods

The review of published research was conducted based on the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines. A comprehensive literature search was conducted on PubMed, ScienceDirect, Wiley, and a manual search using
Google Scholar until October 2023 using combination keywords in the form of (“alkaloids” OR “secondary metabolites” OR “Uncaria”)
AND (“apoptosis” OR “oral cancer” OR “oral squamous cell carcinoma”). This process was conducted by three independent researchers:
FMR, KU, and IAA. We identified relevant scientific publications in the database and all literature search results using a combination of
keywords, then articles that met the criteria were grouped and any duplicate literature was removed. In this process, we limited the search
using inclusion criteria, including articles published in English and published in the last 10 years. The remaining studies were then screened
at a final stage according to their full text, and articles that did not meet the established inclusion criteria were excluded. In this process,
we document using Microsoft Excel.
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Fig. 1: PRISMA Flow Chart for the Study Selection Procedure.

3. Discussion

Alkaloids are mostly in solid form and are commonly present in many plant species belonging to families such as Rubiaceae, Apocynaceae,
Piperaceae, Amaryllidaceae, Ranunculaceae, Annonaceae, Boraginaceae, Lauraceae, Berberidaceae, Papaveraceae, Loganiaceae,
Gnetaceae, Liliaceae, Leguminoceae, Magnoliaceae, Menispermaceae, Rutaceae, Solanaceae, etc. [42]. Alkaloids, which are very preva-
lent, have been identified as the major compounds in the genus Uncaria. Basically, alkaloids are a collection of natural chemical composites
usually consisting of basic nitrogen atoms, which may also contain some neutral compounds or weak acids [43], [44]. The alkaloid
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compounds, the major secondary metabolite of the genus Uncaria, is most prevalent in hook stems with an average concentration of 0.22%
and is classified into monoterpenoid type alkaloids, indole monoterpenoid type alkaloids, isoechinulin type alkaloids, and other types of
alkaloids [28], [45]. Various studies reported the effectiveness of Uncaria-derived alkaloids in inhibiting the developing of cancer cells
through various pathways, one of which is through the apoptosis mechanism.

Apoptosis is a programmed cell death process through three main pathways, namely extrinsic, intrinsic and granzyme B (GrB) [46]. These
three pathways will trigger a proteolytic cascade involving caspase effectors and are responsible for the execution phase of apoptosis. This
results in progressive dismantling of cellular structures and eventual engulfment by phagocytic cells [47], [48]. This process is an important
component in eliminating unwanted cells as well as homeostasis of the immune system which acts as a barrier to the development of cancer
[49]. All antiapoptotic which include B-cell lymphoma-2 (BCL-2), BCL-extra (BCL-x), BCL-extra-large (BCL-xL), BCL-2-related protein
Al (BCL2A1), BCL-2-associated athano-gene 1 (BAG1), survivin, and proapoptotic which include BCL-2-antagonist/killer (BAK), BCL-
2-associated X (BAX), BCL-2 interacting mediator of cell death (BIM), BCL-2-associated death promoter (BAD), BH3 interacting-domain
death agonist (BID), p53 upregulated modulator of apoptosis (PUMA), apoptotic protease activating factor-1 (APAF-1), caspase-2, -3, -6,
-7, -8, -9, -10, second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding protein with low pl (Smac/DIABLO),
and cytochrome C (CytC) were expressed in OSCC samples [50].

Extrinsic pathway apoptosis begins with the release of a signal, a ligand, which will bind to the death receptor located on the target cell
transmembrane which induces apoptosis [13]. The death receptors, which is located on the cell surface, are the tumor necrosis factor (TNF)
receptor family, consisting of TNF receptor 1 (TNF-R1), Fas/cluster of differentiation 95 (Fas/CD95), and TNF-related apoptosis inducing
ligand receptor 1 (TRAIL-R1) and receptor 2 (TRAIL-R2). Activation of these receptors will cause trimerization of the death domain
containing Fas-associated death domain (FADD) and TNF-R1-associated death domain (TRADD) proteins into the receptor complex. The
complex formed between the ligand-receptor and the death receptor FADD is named death-inducing signaling complex (DISC). The DISC
signal complex will activate the protease caspase-8 to activate the executor. The working system of caspase-8 is to cut the BCL-2 family
members, namely BID. The downstream of the BID fragment will induce the insertion of BAX into the mitochondrial membrane and
release pro-apoptotic molecules such as CytC, Smac/DIABLO, apoptosis-inducing factor (AIF), and Omi/high temperature requirement
protein A2 (Omi/HtrA2) [13], [61]. The formation of a complex between CytC, APAF-1, and caspase-9 is called the apoptosomes. Caspase-
9 activates the caspase-3 protein to become caspase-3 which is an effector caspase for apoptosis [13], [52].

The intrinsic pathway of apoptosis is alternatively referred to as the mitochondrial pathway. Mitochondria stress will induce apoptosis in
the intrinsic pathway caused by chemical compounds, causing disruption in the mitochondria which will result in the release of CytC from
the mitochondrial intermembrane and binding to the cytoplasmic protein, namely APAF-1. Release of CytC by mitochondrial outer mem-
brane permeabilization (MOMP) stimulation and proteins release from the intermembrane mitochondrial space (IMS) along with the BCL-
2 protein family, namely proapoptotic BAX and BAK and anti-apoptotic BCL-2 [53], [54]. These proteins will activate the initiator caspase-
9 in the cytoplasm and activate caspase-3. Caspase-3 acts as a cell executor by proteolyzing cellular proteins [53], [54], [65]. Caspase-3
will breakdown various substrates such as poly (ADP-ribose) polymerase (PARP), a DNA repair enzyme, and DNA protein kinase, a
cellular and nuclear structural protein, including the nuclear mitotic apparatus, nuclear lamina, actin, and endonucleases such as inhibitor
of caspase-activated DNase (ICAD) and other components. Later, AIF and caspase-activated DNase (CAD) will be released from the
mitochondrial intermembrane and move to the nucleus and degrade chromatin to form a DNA ladder. The activation of caspase-3 can result
in the dissociation of the complex formed by CAD and ICAD, thus allowing CAD to translocate into the nucleus of cancer cells and initiate
the degradation of DNA. The cellular entities undergoing degradation are referred to as apoptotic bodies, subsequently identified by mac-
rophages through the phagocytic process [13], [56].

Apoptosis can be initiated through the perforin or GrB pathway, which is facilitated by antibodies produced by cytotoxic T lymphocytes
and natural killer (NK) cells. The oligomerization of perforin on the membrane of the target cell facilitates the activation of caspase-3 and
BID, similar to caspase-8 [46], while GrB will enter target cells where it plays an important role in cell apoptosis. GrB can trigger caspase
activation indirectly, which is achieved by activating the pro-apoptotic BCL-2 family member BH3, just like BID. The interaction of BID
with members of the BAX and/or BAK family leads to the release of pro-apoptotic mitochondrial mediators, such as CytC, into the cytosol.
The pro-caspase-9 activation occurs with the release of CytC, and by binding to APAF-1, pro-caspase-9 becomes caspase-9 which contin-
ues to form apoptosomes and activates caspase-3 downstream. Activated caspase-3 exhibits the capability to enzymatically cleave partic-
ular substrates, such as ICAD, hence facilitating the translocation of CAD to the nucleus for the purpose of DNA fragmentation. Apart
from BID, GrB can deactivate myeloid leukemia-1 (MCL-1), a member of the anti-apoptotic BCL-2 family to release the BIM protein,
which is a pro-anti-apoptotic BCL-2 family member on the outer mitochondrial membrane [57], [58].

The potential of several types of Uncaria-derived alkaloids in inducing in OSCC is demonstrated by several evidences in Table 1. below.

Table 1: Summary of the Mechanisms of Uncaria-Derived Alkaloids in Apoptosis

Compound Mechanism in Inducing Apoptosis Reference
. p . . Inactivates c-Jun, JunB, RelB, p65, and p50 subunits [59]
UG e et oI U es et oz o) Increases activation of caspase-8 and caspase-3 [60], [61]
Blocks AKT [62], [63], [64]
Decreases BCL-2 expression [45], [65], [66], [67]
Releases CytC [45], [64], [65], [66], [67]
Hirsutine Activates caspase-9 and -3 [45], [64], [65], [66], [67]
Increases ROCK1/PTEN/PI3K/AKT signaling pathways [64]
Downregulates expression of p-p65 [63]
Decreases BCL-xL expression [64]
Increases BAX expression [67]
Affects the MAPK signaling pathway [45]
Inhibits CREB, AKT, and STAT3 [45]
Rhynchophylline Increases p53 expression [38]
Suppresses the PIBK/AKT pathway [68]
Decreases CXCR4 expression [69]
Decreases BCL-2 and BCL-XL expression [70]
Increases BAX and p21 expression [71]
Isorhynchophylline Activates caspase-3 and PARP [71]
Inhibits CREB, AKT, and STAT3 [39], [71]
Affects the MAPK signaling pathway [39], [71]
Increases p-p53 signaling [39]

Hirsuteine Downregulates BCL-2 expression [72], [73], [74]
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Compound Mechanism in Inducing Apoptosis Reference
Upregulates CytC, BAX, and APAF-1 [72], [73]
Activates caspase-3, -8, and -9 [72], [73]
Involves sending AlF factor [73]
Induces PARP cleavage [74]
Decreases BCL-2 expression [73], [74]

Alkaloids extracted from Uncaria tomentosa exhibit the activity in decreasing and inactivating several subunits, including c-Jun, JunB,
p65, RelB, and p50 [59]. Inactivation of c-Jun by alkaloids has an impact on disrupting the development of OSCC which is correlated with
increasing p53 protein levels [75]. Decreased expression of p65 and p50 in OSCC leads to a decrease the activity of nuclear factor-kappa
B (NF-kB) [76], thereby activating cell death pathways such as apoptosis and necroptosis [77] (Krishnan et al., 2023). Meanwhile, oxindole
alkaloids derived from Uncaria tomentosa have the ability to increase the activity of caspase-8 and -3 [60], [61]. Activation of caspase-8
will cleave the BID and cBID proteins which will then activate the effector proteins BAX and BAK, thus allowing the executioner caspase
to induce apoptosis [78]. In addition, activation of caspase-8 will trigger the formation of DISC which will then activate caspase-3 [46].
Hirsutine dan hirsuteine are types of alkaloids that can be found in Uncaria rhynchophylla, Uncaria tomentosa, Uncaria attenuata, Uncaria
guianensis, Uncaria sinensis, Uncaria sessilifructus, Uncaria nervosa, and Uncaria kunstleri [25], [45]. Hirsutine has bioactivity in in-
ducing apoptosis in OSCC through blocking protein kinase B (PKB/AKT) [62], [63], decreasing the ratio of BCL-2 to BAX and activating
caspase-9 and -3 [45], [65], [66], increasing Rho-associated coiled-coil containing protein kinase 1/phosphatase and tensin homolog/phos-
phatidylinositol 3-kinase/AKT (ROCK1/PTEN/PI3K/AKT) signaling pathways [64], downregulating expression of p-p65 [63], increasing
BAX expression, cleavage of caspase-3 and -9, CytC, and decreasing BCL-2 protein expression [67]. Meanwhile, hirsuteine has the po-
tential to induce OSCC apoptosis by downregulating BCL-2 and upregulating CytC, BAX, APAF-1, cleavage of caspase-9 and -3 [72 -
74], reducing BCL-2 expression [73], [74], and inducing cleavage of PARP [74]. Inhibition of AKT results in the activation of proapoptotic
proteins, namely BAD and BAX, and subsequently triggers the activation of caspases, which are directly involved in apoptosis and forkhead
box protein O1 (FOXO-1) which act as a transcription factor and regulate the proapoptotic genes expression, including BIM and Fas ligand
(FasL) [79], [80]. Decreased BCL-2 expression and increased BAX expression led to a decrease in the ratio of BCL-2/BAX and increased
apoptosis in OSCC [46], [81], [82]. This will produce MOMP and the release of proapoptotic proteins, including CytC which will then
activate caspase-9. Activation of caspase-9 is also supported by hirsutine which will continue to cleave and activate caspase-3 and -7 [83].
Hirsutine results in activation of ROCK1 through cleavage via caspase and Ras homolog family member A (RhoA) during apoptosis,
leading to phosphorylation and activation of PTEN. PTEN inactivates PI3K/AKT, so that by suppressing AKT, the p38 and Jun N-terminal
kinases (JNK) signaling pathways can be activated and can induce apoptosis [64], [84], [85]. Increased ROCK1 signaling is involved in
regulating dynamin-related protein 1 (DRP1) mitochondrial translocation [86]. Upon activation, DRP1 is translocated to the outer mito-
chondrial membrane where it forms a ring structure around the mitochondria, which triggers mitochondrial fission, subsequently leading
to the release of CytC and caspase activation, ultimately leading in apoptosis [87], [88].

Rhynchophylline, a type of alkaloids found in Uncaria tomentosa, Uncaria attenuata, Uncarua macrophylla, Uncaria rhynchophylla,
Uncaria borneensis, Uncaria longiflora var. pteropoda, Uncaria acida, Uncaria africana, Ucnaria bernaysii, Uncaria cordata, Uncaria
elliptica, Uncaria kunstleri, Uncaria guianensis, Uncaria sessilifructus, Uncaria sterrophylla, and Uncaria sinensis [25], [45], provides
an impact on p38, extracellular signal-regulated kinases (ERK), JNK, cyclic adenosine monophosphate response element-binding protein
(CREB), AKT and signal transducer and activator of transcription 3 (STAT3) signaling and augmenting the phosphorylation of p53 [38],
[45], decreases C-X-C chemokine receptor 4 (CXCR4) expression [69], and activates the PI3K/AKT signaling pathway [70]. The mitogen-
activated protein kinase (MAPK) pathway, which includes p38, ERK, and JNK, is influenced by rhynchophylline by activating p38 and
JNK and inhibiting ERK, thereby inducing apoptosis [89], [90]. Furthermore, activation of p38 and JNK will release CytC and continue
caspase activation [91]. STATS, a potential cytoplasmic transcription factor, is overexpressed in OSCC and plays an essential role on the
aggressiveness of OSCC [92], [93], therefore, STAT3 inhibition is carried out in order to promote apoptosis in OSCC by reducing the
target genes expression, including BCL-2 and BCL-xL [94]. Blocking CREB by rhynchophylline leads to cell cycle arrest and apoptosis
by activating caspase-3 and decreasing BCL-2 protein expression [95]. Rhynchophylline-induced p53 activation targets p21, PUMA,
NOXA, and BAX. PUMA and NOXA are members of the BH3-only family, which play the essential function of triggering the apoptotic
process. Meanwhile, BAX and BAK are involved in mediating the release of CytC which then binds to APAF-1, thereby initiating the
caspase activation cascade and apoptosis [96], [97]. Inhibition of CXCR4 expression promotes apoptosis of OSCC cells [98], through
inhibiting PISBK/AKT/NF-kB signaling [99].

Isorhynchophylline is a type of alkaloid that can be found in Uncaria tomentosa, Uncaria attenuata, Uncaria macrophylla, Uncaria rhyn-
chophylla, Uncaria borneensis, Uncaria longiflora var. pteropoda, Uncaria acida, Uncaria africana, Ucnaria bernaysii, Uncaria cordata,
Uncaria elliptica, Uncaria kunstleri, Uncaria guianensis, Uncaria sessilifructus, Uncaria sterrophylla, and Uncaria sinensis [25], [45].
Isorhynchophylline has activity in inducing apoptosis in OSCC by reducing the expression of BCL-2 and BCL-xL [70], increasing the
cleavage of procaspase-8 and -9, caspase-3 and PARP, decreasing the level of phosphorylation such as phosphorylated STAT3, JNK, p38,
ERK, c-Jun, CREB, and AKT [39], [71], as well as decreasing p-p38 signal and increasing p-p53 signal [39]. During apoptosis, PARP
undergoes cleavage by caspase-3, leading to DNA damage and the induction of apoptosis [100], [101], [102]. In this process, isorhyncho-
phylline exhibits activity in enhancing the activation of caspase-3 and PARP, which are indications of apoptosis in OSCC. Therefore, it
may be concluded that the anticancer activity of some alkaloids, as stated in this review, is attributed to their ability to induce apoptosis.
However, additional research is required to evaluate the bioactivity of different alkaloid types derived from Uncaria that remain unidenti-
fied.

4. Conclusion

In conclusion, we can say that alkaloids derived from the genus Uncaria possess promising anticancer potential through the induction of
apoptosis in OSCC. The mechanism by which apoptosis is induced varies depending on the type of alkaloid. The findings presented in this
study offer an opportunity for future research aimed at determining the optimal therapeutic dose according to the type of alkaloid, duration
of therapeutic administration, and in vivo and/or human testing.
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