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Abstract

As cancer continues to rise globally, there is growing interest in discovering novel methods for prevention and
treatment. Due to the limitations of traditional cancer therapies, there has been a growing emphasis on investigating
herbal remedies and exploring their potential synergistic effects when combined with chemotherapy drugs. Cinna-
maldehyde, derived from cinnamon, has gained significant attention for its potential role in cancer prevention and
treatment. Extensive research has demonstrated that cinnamaldehyde exhibits promising anticancer properties by
modulating various cellular processes involved in tumor growth and progression. However, challenges and unanswered
questions remain regarding the precise mechanisms for its effective use as an anticancer agent. This article aims to
explore the multifaceted effects of cinnamaldehyde on cancer cells and shed light on these existing issues. Cinna-
maldehyde has diverse anti-cancer mechanisms, including inducing apoptosis by activating caspases and damaging
mitochondrial function, inhibiting tumor angiogenesis, anti-proliferation, anti-inflammatory and antioxidant. In addi-
tion, cinnamaldehyde also acts as a reactive oxygen species scavenger, reducing oxidative stress and preventing DNA
damage and genomic instability. This article emphasizes the promising therapeutic potential of cinnamaldehyde in
cancer treatment and underscores the need for future research to unlock novel mechanisms and strategies for combating
cancer. By providing valuable insights into the role and mechanism of cinnamaldehyde in cancer, this comprehensive
understanding paves the way for its potential as a novel therapeutic agent. Overall, cinnamaldehyde holds great promise
as an anticancer agent, and its comprehensive exploration in this article highlights its potential as a valuable addition to
cancer treatment options.
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1. Introduction

C ancer is a pressing global health issue that

continues to present formidable challenges [1].
It is a multifaceted disease characterized by the
uncontrolled growth of abnormal cells [2], exerting a
profound impact on individuals, families, and soci-
eties [3]. In clinical treatment, radiotherapy and
chemotherapy often have severe side effects [4],
seriously affecting the physical and mental health of
patients [5]. Given that cancer stands as a prevalent
cause of death and disability worldwide [6], it is
imperative to explore alternative approaches for

both prevention and treatment of this devastating
ailment.

Cinnamon is a plant widely used in spices and
seasonings [7], there are some studies suggest it
may have some potential in the prevention of type 2
diabetes (T2DM) [8], hyperlipidemia [9], polycystic
ovary syndrome and arthritis [10,11]. Its cinnamon
extract is an important oil containing bioactive
compounds such as cinnamaldehyde (cinnamic
aldehyde, CA) [12], cinnamyl alcohol, cinnamic acid
[13], and has antioxidant, anti-cancer and anti-in-
flammatory effects [14,15]. CA is an aromatic alde-
hyde compound, constituting approximately 65% of
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cinnamon extract [16]. As a food additive, CA is
widely utilized in the manufacturing of flavors and
seasonings. However, its various biological activities
have also captured the interest of researchers and
scientists due to its potential therapeutic applica-
tions [17,18]. For instance, studies have shown that
CA can enhance intracellular reactive oxygen spe-
cies (ROS) levels by inducing mitochondrial
dysfunction. This particular mechanism has
garnered attention for its potential implications in
various physiological and pathological processes
[19].

The continued deepening of research on CA,
including the discovery of new pharmacological ef-
fects such as anti-tumor and immunomodulatory
effects in vivo, as well as the further elucidation of its
mechanism of action [20], will have a significant
impact on the development of novel anti-tumor
drugs [21]. For example, Lv et al. found that CA ex-
hibits a noteworthy upregulation of B-cell ymphoma
protein 2 (Bcl-2) expression (a marker of anti-
apoptosis), while simultaneously downregulating
Bax expression (a marker of pro-apoptosis) [22].
Furthermore, Choi et al. demonstrated that CA can
significantly decrease cell viability through multiple
mechanisms, including inhibition of ROS produc-
tion, reduction of mitochondrial membrane poten-
tial, and suppression of caspase-3 activity [23].
Consequently, the objective of this study is to scru-
tinize the specific role and underlying mechanisms of
CA in cancer, with the ultimate goal of exploring its
potential as a therapeutic agent to enhance the
management of cancer.

2. Chemical properties and sources of
cinnamaldehyde

CA is an organic compound belonging to the
aldehyde family [24], which exists in the form of a
pale-yellow oily liquid in cinnamon essential oil
[25]. Structurally, CA consists of a benzene ring with
a substituted aldehyde group (-CHO) and an un-
saturated carbon—carbon double bond [26]. It exists
in both cis and trans isomeric forms, with natural
CA predominantly existing in the trans form [27].
The distinct chemical arrangement of CA contrib-
utes to its various properties [28]. In terms of solu-
bility, CA is moderately soluble in water but exhibits
higher solubility in organic solvents such as ethanol
and ether [29], making it suitable for various appli-
cations where organic solvents are involved. Due to
the presence of the electrophilic aldehyde group,
CA displays high reactivity and can participate in
various chemical reactions [30]. CA has been re-
ported to have multiple biological effects, including

anti-oxidation [31], antimicrobial [32], antifungal
and blood pressure-lowering effects [33], attracting
considerable attention in scientific research. For
example, studies have shown that oral administra-
tion of CA can mitigate the progression of athero-
sclerotic plaques by suppressing systemic
inflammatory responses and regulating blood lipid
levels [34]. The unique chemical structure and
properties of CA have led to its wide application as a
flavoring agent in the food industry, fragrance
component in perfumes [35], and potential thera-
peutic agent in the medical field [36].

CA gives cinnamon its warm, sweet, and spicy
scent that is commonly associated with the spice
[37], the amount of which can vary depending on
the variety of cinnamon and the extraction method
used [38]. For instance, cinnamomum verum (Sri
Lankan cinnamon, Ceylon cinnamon) and cinna-
momum cassia (Chinese cinnamon, cinnamon bark)
are the two most common types of cinnamon [39].
These two species have varying concentrations of
CA, reported to be as high as 85.3% and 90.5%,
respectively [40]. The cell wall is a key factor that
limits essential oil extraction, and various methods
can be employed to disrupt the cell wall and
enhance extraction efficiency [41], such as ultra-
sound treatment [42], enzymatic hydrolysis and
mechanical disruption [43]. In situ reactive hot-
breaking (RHB) is a method to break the cell wall,
facilitating the diffusion of CA into the extracting
solvent [44]. Traditional methods for extracting
compounds such as CA mainly include steam
distillation [45], hydrodistillation and soxhlet
extraction [46]. Among them, hydrodistillation is
widely used due to its simplicity, cost-effectiveness,
and absence of solvent residue [47], however, it
typically produces lower yields. Therefore, in recent
years, new extraction methods have emerged, such
as supercritical fluid CO, extraction [48], sonohy-
drodistillation [49], ultrasonic and microwave-
assisted deep eutectic solvent (DES) extraction [50],
aiming to improve the extraction rate and yield and
overcome the limitations of traditional extraction
techniques [51]. In 2018, Lee et al. conducted a
comparison study and found that microwave-assis-
ted extraction (MAE) demonstrated the highest ef-
ficiency in extracting cinnamic acid and CA from
cinnamon powder, surpassing both ultrasonic-
assisted extraction (UAE) and conventional reflux
extraction (RE), while also being more environ-
mentally friendly [38]. Natural CA derivatives
include trans-cinnamaldehyde (TCA) [52], 2-
hydroxycinnamic aldehyde (HCA) [53], 2'-methox-
ycinnamic aldehyde (MCA) and 2’-hydroxycinnamic
acid (o-Coumaric acid) (Fig. 1) [54].
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Fig. 1. The chemical structures of cinnamaldehyde and its derivatives.

3. Effects of cinnamaldehyde on specific
cancer types

Research on CA has demonstrated its anti-prolif-
erative and apoptosis-inducing activities in a variety
of tumor cell lines [55]. Previous studies have found
that CA can induce apoptosis in human leukemia
cell lines (such as HL-60 and K562) and human liver
cancer cells (such as PLC/PRF/5) [56—58]. In addi-
tion, CA also exhibited antiproliferative activity
against the human colon cancer cell and the breast
cancer cell [59]. These results demonstrate the po-
tential of CA in inhibiting tumor cell growth.
Additionally, CA can induce apoptosis of myeloid-
derived suppressor cells (MDSC) [60], which not
only inhibits anti-tumor immune reactions but also
directly stimulates tumor growth and metastasis
[61]. CA has also been investigated as a potential
adjuvant in the treatment of colorectal cancer (CRC)
in combination with 5-fluorouracil (5-FU) and oxa-
liplatin [62]. Afify et al. demonstrated that CA can
alleviate oxidative stress and inflammatory re-
sponses associated with benign prostatic hyperpla-
sia (BPH) by inhibiting xanthine oxidase and
reducing serum uric acid levels [63]. Zheng et al.
revealed that CAcan improve myocardial ischemia/
reperfusion (I/R) injury through its antioxidant and
anti-apoptotic effects both in vitro and in vivo [64],
these effects may be associated with the activation of
the Phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (AKT) signaling pathway [65].

CA has been found to trigger apoptosis in cells,
which are estrogen receptor positive (ER+) breast
cancer cells [66]. Additionally, CA shows potential
in inhibiting angiogenesis in gastric cancer by
regulating the protein kinase R-like ER kinase
(PERK)-actor C/EBP homologous protein (CHOP)
signaling [67]. In summary, CA exerts diverse

effects and mechanisms in different types of cancer.
Its ability to regulate crucial pathways involved in
cell growth, apoptosis, migration, invasion, and
angiogenesis underscores its potential as a thera-
peutic agent. Nevertheless, additional research is
required to gain a comprehensive understanding of
the precise mechanisms underlying these effects
and optimize its application for targeted cancer
therapy.

4. The role of cinnamaldehyde in cancer
prevention

Experimental results indicate that CA can induce
cancer cell apoptosis [68], arrest the cell cycle [69].
Additionally, it exhibits notable antioxidant [70],
anti-inflammatory [71] and anti-angiogenic [72],
thereby inhibiting tumor growth and metastasis
(Table 1). In terms of angiogenesis, it has been re-
ported that CA inhibits the expression and activity
of vascular endothelial growth factor (VEGF) [73], a
key regulator of blood vessel formation. In relation
to inflammatory responses, Yvonne et al. found that
CA successfully alleviated inflammatory symptoms
and reduced the expression of inflammatory
markers in a mouse colitis model by reducing the
recruitment of pro-inflammatory mediators and
neutrophil granulocytes [74]. It can inhibit the pro-
duction of inflammatory cytokines, such as tumor
necrosis factor-alpha (TNF-«) and interleukin (IL)
—6 [75]. Additionally, CA has been found to inhibit
the activation of nuclear factor-kappa B (NF-«B), a
transcription factor that plays a crucial role in pro-
moting inflammation [76]. By attenuating these in-
flammatory responses, CA creates an unfavorable
environment for tumor development. Moreover, CA
can affect immune cell function. It has been shown
to enhance the activity of natural killer (NK) cells,



Table 1. Overview of anti-tumor effects and its major mediating signaling pathways of cinnamaldehyde on various tumor types, including inhibiting tumor growth, inhibiting cell proliferation,

inducing apoptosis, etc.

Cell lines or animal models Routes of administration Dosage Anti-tumor effect Maijor related Suppressed References
signaling pathways components

A549 and NCI-H1650 cell lines Intraperitoneal 100 mg/kg once daily Induces apoptosis Caspase, NF-xB MMP-2 and MMP-9, [79,117]
(lung adenocarcinoma); by arresting VEGE, Cyclin D1
five-week-old female BALB/c cell cycle
nude mice model

Human colorectal carcinoma cells Oral 0.1% or 0.5% for the Causes a synergistic —— ERCC1, TS, BRCA1 [152,153]
HCT116 obtained duration of 5 days impact on apoptosis and TOPO1
from the ATCC (CCL-247) and inhibits the

drug-metabolizing
genes

Human ovarian cancer cell lines Intraperitoneal 50 mg/kg and 100 mg/kg Stimulates cell cycle PI3BK/AKT The phosphorylation [140]
SKOV3 and A2780; a CA every 3 days arrest at the G2/M levels of mTOR, PI3K,
subcutaneous transplantation phase and AKT
tumor model

Prostate Cancer-associated fibroblasts — - Induces cell cycle Caspase, TLR4 Bcl-2, Caspase 9, PARP, [83,125]
(PF179T); C57 arrest and apoptosis and DEF-45
mice model

Renca cells, a BALB/c-derived renal Intraperitoneal 10 mg/kg dose of CA or  Blocks tumor mTOR pathway VEGF, HIF-1a [88]
adenocarcinoma saline once a day angiogenesis
cell line; six-week-old male BALB/c for a week
mice model

Oral cancer cells (SCC-4, SCC-9, — — Induces apoptosis, NF-kB VEGF, COX-2, Bcl-2 [154]

SCC-25)

cell cycle arrest, and
autophagy

Abbreviations: VEGF, Vascular endothelial growth factor; PARP, Poly (ADP-ribose) polymerase; TLR4, Toll-like receptor 4; Caspase, Cysteine-aspartic proteases; NF-kB, Nuclear

factor-Kb; COX-2, Cyclooxygenase-2; PI3K, Phosphatidylinositol 3-kinase; AKT, Protein kinase B; MMPs, Matrix metalloproteinases; HIF, Hypoxia-inducible factor; ERCC1, Excision
repair cross-complementing 1; TOPO1, Topoisomerase 1; Bcl-2, B-cell lymphoma protein 2; mTOR, mammalian target of rapamycin.
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which are essential in eliminating tumor cells [77].
CA can also modulate macrophage function, pro-
moting their transition from the tumor-promoting
M2 phenotype to the tumor-suppressing Ml
phenotype [75]. This shift in macrophage polariza-
tion contributes to an enhanced anti-tumor immune
response. In summary, CA regulates angiogenesis,
inflammatory responses, and immune cell func-
tions. Its ability to inhibit angiogenesis, suppress
inflammatory cytokines, and modulate immune
cells highlights its potential as a therapeutic agent
for targeting cancer progression.

4.1. Cinnamaldehyde induces apoptosis in cancer
cells

Cell apoptosis is a crucial process that involves the
release of cytochrome c¢ from mitochondria. This
released cytochrome ¢ binds to apoptotic protease-
activating factor 1 (Apaf-1) and ATP, initiating the
apoptotic pathway [78]. In a study by Wu et al,, it
was demonstrated that CA enhances the effective-
ness of oxaliplatin by promoting apoptosis both in
vitro and in vivo [68]. Additionally, in A549 non-
small cell lung cancer cells, Park et al. discovered
that combined treatment with CA and hyperthermia
induces apoptosis by regulating ROS and the
mitogen-activated protein kinase (MAPK) family
[79]. In 2022, Zong et al. proposed a drug delivery
system based on self-amplifying chain-breaking
CA-based poly (thioacetal) for inhibiting tumor
growth and promoting chemoimmunotherapy. This
innovative system utilizes endogenous ROS to
release CA, triggering strand cleavage reactions and
mitochondrial dysfunction, which ultimately leads
to rapid drug release [80]. Moreover, according to Li
et al., CA exerts its effects by modulating various
factors such as Heme oxygenase-1 (HO-1), matrix
metalloproteinases (MMPs)-2, blocking the cell
cycle, and inhibiting p38 and c-Jun N-terminal ki-
nase (JNK) pathways. These actions counteract
proliferation, migration, inflammation, and foam
cell formation in vascular smooth muscle cells
(VSMCs) [69].

It has been well-established that apoptosis is a
critical process in cancer treatment. Intrinsic
apoptosis, in particular, relies on maintaining a
balance between pro-apoptotic and anti-apoptotic
Bcl-2 family members [81]. In 2020, researchers
discovered that TCA can attenuate cell apoptosis by
inhibiting the loss of MMP and cytochrome ¢
release, increasing the Bcl-2/Bax expression ratio,
and reducing the activity of caspase-3 in cells stim-
ulated with hydrogen peroxide (H,O,) [82]. After
treating cancer-associated fibroblasts with CA at a

concentration of 150 uM for a duration of 17 h, Han
et al. observed that CA has the ability to trigger
endogenous apoptosis in prostate cancer-associated
fibroblasts by disrupting the function of lutathione-
associated mitochondria [83]. Taken together, these
findings suggest that both CA and TCA have po-
tential therapeutic applications in cancer treatment
by modulating apoptosis-related pathways. Never-
theless, further research is necessary to compre-
hensively elucidate the underlying mechanisms and
evaluate the clinical significance of CA in the pre-
vention and treatment of cancer.

4.2. Inhibiting tumor angiogenesis with
cinnamaldehyde

Cancer cells are able to adapt to hypoxia and
nutritional deficiencies in the harsh tumor envi-
ronment [84]. Angiogenesis plays an important role
in tumor development by providing cancer cells
with the oxygen, nutrients, and growth factors they
need [85]. Therefore, inhibiting angiogenesis has
been identified as an effective strategy for treating
cancer. This involves regulating the hypoxia-
inducible factor (HIF)-1a-VEGF axis [73], which
plays a critical role in initiating tumor angiogenesis
and promoting tumor growth [86], which involves
the regulation of HIF-1« level by intracellular oxy-
gen concentration and various pathways such as
PIBK/AKT and extracellular signal-related kinases
(ERKs) that are also involved in modulating HIF-1«
expression and stability [87].

According to a 2015 study by Bae et al., CA has
anti-angiogenic activity, which is partly regulated by
the mammalian target of rapamycin (mTOR)
pathway-mediated inhibition of HIF-la protein
expression [88]. Other studies have demonstrated
that CA suppresses the expression of vascular
endothelial growth factor (VEGF) and HIF-« in
cancerous tissues, effectively impeding melanoma
progression [89]. This inhibition consequently in-
hibits the proliferation and migration of vascular
endothelial cells, thereby preventing the formation
of new blood vessels [90]. Additionally, the PI3K/
AKT pathway, which is crucial for promoting cell
survival, is also inhibited by CA. For example, a 2019
study further supports these findings, showing that
CA can reduce angiogenesis and metastasis by
lowering HIF-1a protein levels and inhibiting the
PI3/AKT/mTOR pathway (Fig. 2) [91]. These results
provide new evidence for the potential use of CA as
a therapeutic agent for cancer treatment. Future
studies could explore the combined application of
CA with other treatments to enhance its therapeutic
effects. In the context of myocardial ischemia/



JOURNAL OF FOOD AND DRUG ANALYSIS 2024;32:140—154 145

Cinnamaldehyde

wa Nucleus

HIF-la gene ——
Transtation

VEGF Angiogenesis

Fig. 2. The mechanism through which cinnamaldehyde exerts its anti-angiogenic effects in cancer. It demonstrates how cinnamaldehyde hinders the
formation of new blood vessels by suppressing vascular endothelial growth factor and inhibiting the proliferation of endothelial cells. This anti-
angiogenic effect is instrumental in reducing the nutrient supply to tumors, thereby impeding their growth and metastasis. The transcription factor
HIF-1 plays a crucial role in regulating angiogenesis and tumor growth during cancer progression, orchestrating gene expression in response to
hypoxia and changes in growth factors. P13K, Phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT, protein kinase B; mTOR, mammalian target of
rapamycin; HIF, Hypoxia-inducible factor; VEGF, vascular endothelial growth factor.

reperfusion (I/R) injury [92], CA has been demon-
strated by Zheng et al. to confer protection against
myocardial ischemia/reperfusion (I/R) injury in vitro
through its anti-oxidative stress and anti-apoptotic
effects. These beneficial effects of CA are likely
linked to the activation of the PI3K/AKT signaling
pathway [65]. The ability of CA to inhibit tumor
angiogenesis makes it a potential anti-tumor thera-
peutic value and may become a candidate com-
pound for the development of new anti-angiogenic
drugs. In addition to its direct effects on cancer cells,
CA has shown promising synergistic interactions
with different chemotherapeutic agents [93]. It en-
hances the cytotoxic effects of chemotherapy agents
and reduces drug resistance in cancer cells, poten-
tially improving the overall efficacy of cancer treat-
ments. However, further research is needed to
determine the safety and effectiveness of CA in
clinical applications. This includes determining the
appropriate dosage and potential side effects asso-
ciated with its use as an anti-angiogenic agent.
Nonetheless, the ability of CA to inhibit tumor
angiogenesis makes it a promising candidate for the
development of new anti-angiogenic drugs in can-
cer treatment.

4.3. Anti-inflammatory and antioxidant effects of
cinnamaldehyde

It has been well established that inflammation is
closely associated with all stages of cancer devel-
opment, malignant progression, and the efficacy
of anticancer therapies across various types of can-
cer [94]. Various inflammatory mediators, such
as cytokines, chemokines, prostaglandins and

inflammatory transcription factors (such as NF-«B),
play a role in tumor inflammation [95]. The exces-
sive production and abnormal response of these
inflammatory mediators can lead to the enhance-
ment of tumor cell proliferation [96], survival and
invasion capabilities, inhibit the function of the
immune system, and stimulate new blood vessel
formation, etc., thus playing a key role in the
development and progression of tumors [97].
Therefore, intervention and regulation of inflam-
matory mediators may become an important direc-
tion in cancer treatment to block tumor progression
caused by inflammatory mediators and provide
more effective treatments. The antioxidant and anti-
inflammatory properties of CA have been exten-
sively studied [98], it exerts inhibitory effects on
several pro-inflammatory molecules and signaling
pathways, including NF-kB and MAPKs [99]. For
example, research conducted by Franziska et al,
2014, showed that CA can block the activation of
NF-kB in immune cells and thereby reduce the
production of inflammatory mediators [100].
Research by Chen et al. shows that CA can inhibit
renal inflammatory response and reduce renal
ischemia-reperfusion injury (IRI) through the JNK/
p38 MAPK signaling pathway [101].

According to research by Schink et al., CA has a
dependent anti-inflammatory effect [102]. The NF-
kB pathway serves as a prominent signaling cascade
for pro-inflammatory cytokine mediation, which is
triggered by the activation of Toll-like receptors
(TLRs) [103]. Furthermore, CA has also been re-
ported to directly inhibit TLR4 activation by inhib-
iting receptor dimerization [104]. For example, the
research results of Park et al., in 2021 showed that
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TCA exerted effects on Lipopolysaccharide (LPS)
-induced inflammation and antioxidant stress in
C2C12 myoblasts by acting on the TLR4/NF-«B
pathway and possibly mediated through the
NADPH oxidase 1 (NOX1) and nuclear factor-E2-
related factor 2 (Nrf2)/HO-1 pathways [105].
Through the suppression of these pathways, CA
effectively reduces the production of pro-inflam-
matory cytokines such as IL-18 [106], TNF-«, IL-6
and IL-8 [107]. For example, Mateen et al. monitored
TNF-« levels by ELISA and found that treatment
with CA improved TNF-a levels and alleviated
collagen-induced arthritis by reducing free radicals
and pro-inflammatory cytokines [98]. In 2018,
Chung et al. found that it can inhibit the expression
of pro-IL-18, caspase-1 and inflammasome compo-
nents caused by  Aggregatibacter  actino-
mycetemcomitans  stimulation by  promoting
autophagy [108]. By reducing these detrimental ef-
fects, CA may potentially lower the risk of cancer
occurrence. In addition to inhibiting the production
of pro-inflammatory factors, CA has also been
demonstrated to increase the production of anti-
inflammatory cytokines IL-10 and transforming
growth factor-8 (TGF-g) [109].

In addition, CA has been found to inhibit the
expression of adhesion molecules on endothelial
cells [110]. This mechanism contributes to the
overall reduction of inflammation and prevents
excessive infiltration of immune cells [111]. Specif-
ically, CA down-regulated the expression of adhe-
sion molecules Intercellular adhesion molecule-1
(ICAM-1) and Vascular cell adhesion molecule-1
(VCAM-1), thereby enhancing the inhibitory effect
on TNF-a-induced interactions between monocytes
and endothelial cells [110].

CA scavenges free radicals and enhances the ac-
tivity of endogenous antioxidant enzymes [112], for
example, Ismail found that CA enhances cardiac
antioxidant activity through the reduction of malon-
dialdehyde (MDA) levels and the increase in activ-
ities of glutathione S-transferase (GST), superoxide
dismutase (SOD), catalase, reduced glutathione
(GSH), and glutathione peroxidase (Gpx) [113],
which play crucial roles in cellular defense against
oxidative damage [114]. Recently, Ma et al. per-
formed fluorescence-activated cell sorting (FACS)
and cytokine production through enzyme-linked
immunosorbent assay (ELISA) and found that CA
inhibited the cytokine storm induced by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
open reading frame 3a (ORF3a) protein by elimi-
nating ROS in activated T cells [115]. The primary
antioxidant mechanism of TCA involves the inhibi-
tion of ROS production and the activation of crucial

oxidative stress defense systems, including Nrf2 and
the thioredoxin signaling pathways [116].

4.4. Cinnamaldehyde show anti-tumor effects via
affecting different of tumor signaling pathways

In 2020, Chen et al. used whole-transcriptome
sequencing technology to explore the anti-tumor
mechanism of CA. The results showed that CA can
effectively inhibit the activity of multiple pathways,
including JAK/STAT3, NF-«B and RNA degradation
signaling pathways [117], these pathways play an
important role in tumor growth, proliferation, and
metastasis, and inhibiting their activity can effec-
tively inhibit tumor occurrence and development.
For example, Chu et al. found in 2022 that CA re-
duces osteosarcoma invasion and urokinase-type
plasminogen activator (u-PA) expression by down-
regulating the FAK signaling pathway [118]. Aggar-
wal et al. demonstrated that treatment with CA
downregulates various components of the p PI3K/
AKT/mTOR pathway in oral cancer cell lines [55].
The PIBK/AKT pathway is an important intracellular
signal transduction pathway and participates in a
variety of cellular physiological processes [92]. In
conditions such as ischemic cardiomyopathy, this
pathway is activated and participates in regulating
protective mechanisms in the body, exerting anti-
oxidative stress and anti-apoptosis effects [119].

Increasing research evidence shows that cancer-
associated fibroblasts (CAFs) also play an important
regulatory role in regulating the tumor immune
microenvironment [120]. They can inhibit the ac-
tivity of immune cells and reduce the display and
recognition of tumor antigens, thereby helping tu-
mors evade attack by the immune system [121,122].
Multiple studies have also shown that CAF regu-
lates prostate cancer cell proliferation and migration
and antagonizes drug-induced prostate cancer cell
death [123]. Therefore, targeted treatment strategies
targeting CAFs have become a new direction to
enhance the effect of immunotherapy [124]. Mei
et al. employed protein immunoblotting and quan-
titative real-time polymerase chain reaction (qRT-
PCR) techniques to quantitatively evaluate the
levels of proteins and mRNA associated with the
TLR4-dependent signaling pathway. The study
findings unveiled that CA exerts its effects on the
activation of downstream factors, including p-JNK,
p-transforming growth factor-G-activated kinase 1
(TAK1), and p-c-Jun (Fig. 3), altering the function-
ality of CAFs, thus providing a potential avenue for
enhancing T cell responses in cancer therapy [125].

The transcription factor Nrf2 plays a crucial role in
cellular cytoprotection by regulating multiple genes
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Fig. 3. The mechanism by which cinnamaldehyde exerts its anti-inflammatory effect in cancer. It has been demonstrated that cinnamaldehyde
effectively inhibits inflammatory responses in cancer cells by modulating several signaling pathways, including ERK, AKT, Nrf2/Keap1-ARE, and
JNK. By mitigating inflammation, cinnamaldehyde contributes to reducing the promotion of tumor development associated with inflammatory
processes. NF-«B is indeed considered as the main target involved in the anti-inflammatory effects of cinnamaldehyde. TAK1, transforming growth
factor-B-activated kinase 1; INK, c-Jun N-terminal kinase; TLR4, Toll-like receptor 4; ERK, Extracellular signal-related kinase; Nrf2, Nuclear factor
erythroid-2-related factor 2; Keap-1, Kelch-like ECH-associated protein 1; HO-1, heme oxygenase-1; VCAM-1, vascular cell adhesion molecule-1; IL-
18, interleukin-16; TGF-(, transforming growth factor-@3; AKT, Protein kinase B.

in response to internal or external stressors [126].
Wondrak et al. have demonstrated that CA treat-
ment upregulates cellular protein levels of Nrf2
[127]. Under normal conditions, Nrf2 and Keapl
bind and are ubiquitinated and degraded by the
proteasome [128]. However, when subjected to
oxidative stress or treated with Nrf2 activators, Nrf2
will be released from the Nrf2-Keapl complex,
migrate to the nucleus and combine with other
factors to participate in antioxidant responses
(Fig. 3) [129]. This chain reaction leads to the
expression of detoxifying enzymes such as NADH-
quinone oxidoreductase 1 (NQO1) and heme oxy-
genase 1 [130]. NQO1 prevents the generation of
ROS by catalyzing the two-electron reduction of
substrates [131]. This antioxidant effect is essential
for maintaining the cell's oxidation-reduction bal-
ance [132]. Therefore, by stabilizing p53 and up-
regulating NQO1 associated with the Nrf2-Keapl
pathway, the cell's coping ability and maintenance
of mitochondrial function can be promoted, thereby
effectively treating cancer [133].

5. The role of cinnamaldehyde in modulating
the tumor microenvironment

Immune suppression stems from interactions be-
tween glioma cells, tumor microenvironment
(TME), Tregs, and lymphocytes [134]. Recent find-
ings highlight the essential roles of the immune
system and surrounding TME in cancer biology
[135]. The TME includes tumor stroma, micro ves-
sels, immune cells, and factors [136], which is
recognized as a crucial determinant in promoting
malignant metastasis [137]. The establishment of a
hypoxic niche in the TME can be attributed to
various factors, such as accelerated tumor growth,
abnormal neovascularization, insufficient oxygen
supply, limited nutrient availability, and accumula-
tion of acidic metabolites [138]. Hypoxic tumor cells
generate HIFs to activate a cascade of effector mol-
ecules, ultimately leading to metastasis [139]. CA
has been found to exert regulatory effects on the
tumor microenvironment. It can inhibit tumor
growth and metastasis by suppressing angiogenesis,
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inhibiting the recruitment and polarization of im-
mune suppressive cells, and reducing the produc-
tion of pro-inflammatory factors [140].

Additionally, the presence of immunosuppressive
cells in the TME negatively affects the activity of
immune effector cells [141]. CA has shown the ability
to decrease the infiltration of immune-suppressive
cells such as MDSCs and regulatory T cells (Tregs)
into the tumor microenvironment. This inhibition of
immune-suppressive cells enhances anti-tumor im-
munity by promoting the activation of effector T cells
[142]. Within the TME, immunosuppressive cells like
MDSCs and tumor-associated macrophages (TAMs)
can release an abundance of ROS. These ROS exert
various effects, including the inhibition of immune
effector cell activity [143]. By utilizing CA-based poly
(thioether-aldol) polymers, reactive oxygen species-
responsive nanoparticles can be generated. These
nanoparticles possess the ability to respond to reac-
tive oxygen species, thereby providing a potential
strategy for targeting and regulating the excessive
ROS within the TMEs [144].

6. Therapeutic applications in cancer:
exploring the potential of cinnamaldehyde

It is crucial to address other important aspects
related to CA's use in anti-tumor applications. These
include its bioavailability, potential limitations in
research, and information regarding its toxicity in
animal studies [145]. The bioavailability of CA plays
a significant role in determining its effectiveness as
an anti-cancer agent in clinical settings.

Another important aspect to consider is the po-
tential limitations of CA in anti-cancer research.
Despite its promising properties, CA may face chal-
lenges due to its chemical instability and adverse
effects on the regulation of intestinal flora. Under
certain conditions, CA can undergo degradation or
transformation, which can impact its stability and
potentially reduce its effectiveness. For instance, in
Fischer 344 rats, it was observed that CA exhibited
instability in blood. Following intravenous adminis-
tration, a significant portion of CA was rapidly
oxidized to cinnamic acid. The estimated oral
bioavailability of CA was found to be less than 20%
for both the 250 and 500 mg/kg doses [146]. These
findings indicate the necessity for additional research
to enhance the delivery and stability of CA for po-
tential therapeutic uses. For instance, solid lipid
nanoparticles for oral delivery could improve uptake
and bioavailability of CA [147]. Additionally, studies
have suggested that CA might alter the composition
of the gut microbiota, which could have implications
for its anti-cancer effects. However, there are also

studies that indicate otherwise. For instance, in mice
that were fed with CA, the presence of Lactobacillus
sp. was not detected, and there was no increase in the
abundance of potential beneficial bacteria such as
Bifidobacteria, Roseburia sp., and Akkermansia mucini-
phila [148]. Microencapsulation, on the other hand,
has the potential to enhance the bioavailability of CA
and modulate the structure of intestinal flora by
altering phase solubility and regulating its release.
Studies have shown that microencapsulation of CA
led to an increase in the B/F ratio, as well as the
abundance of Lactobacillus and Bacteroides and the
content of butyric acid in fecal matter [149]. It is
important for researchers to be aware of these limi-
tations and develop strategies to overcome or mini-
mize them in order to maximize the potential
benefits of CA in anti-cancer research and therapy.
Understanding the toxicity profile of CA is crucial
for assessing its safety and potential side effects in
anti-cancer applications [150]. For example, Singh
et al. conducted a study to investigate the impact of
increasing concentrations of CA on various types of
cell lines, including HT1080, A431, Neuro2a, and
primary cells. The researchers found that certain
cancers like osteosarcoma may require higher con-
centrations of CA to induce cell death. However, it
was also observed that such elevated concentrations
could be toxic to primary cells [151]. These findings
suggest that the concentration of CA needed to exert
cytotoxic effects may differ between cancer cells and
normal primary cells. This highlights the need for
careful consideration when determining the optimal
dosage regimen for CA-based therapies. Striking a
balance between effective anti-cancer activity and
minimizing potential harm to healthy cells is para-
mount in achieving successful therapeutic outcomes.
In conclusion, addressing the bioavailability of
CA, potential limitations in anti-cancer research,
and its toxicity profile in animal studies are impor-
tant considerations in understanding the full scope
of CA's anti-cancer applications. By examining these
aspects, we can further enhance our knowledge and
contribute to the development of more effective and
safe therapeutic strategies for cancer management.

7. Discussion and outlook

CA is a natural compound derived from cinnamon
that has shown promising anticancer effects through
various mechanisms. Studies have demonstrated
that CA exhibits anti-proliferative, anti-inflamma-
tory, antioxidant, and anti-angiogenic properties, all
of which play crucial roles in cancer development
and progression. CA has been found to inhibit the
growth and division of cancer cells, induce
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apoptosis, and suppress the production of inflam-
matory mediators, thus preventing uncontrolled cell
proliferation and tumor growth. Additionally, its
antioxidant activity protects cells from DNA damage
caused by oxidative stress, which may help prevent
genetic mutations and reduce the risk of cancer
development. Moreover, CA has shown potential as
an anti-angiogenic agent, inhibiting the formation of
new blood vessels required for tumor growth and
metastasis, thereby restricting the nutrient supply to
tumors and suppressing their growth and spread.

Despite these promising findings, further research
isneeded to fully understand the specific mechanisms
of action of CA and explore its potential as an
adjunctive therapy in combination with standard
cancer treatments. Future research should focus on
determining the optimal dosage and treatment dura-
tion to maximize its efficacy and exploring potential
synergistic effects with conventional cancer therapies
such as chemotherapy and radiation. Furthermore,
preclinical and clinical studies are necessary to eval-
uate the safety and effectiveness of CA as a standalone
or adjunctive therapy for different types of cancer. If
further research confirms the anticancer properties of
CA, it could be developed as a novel therapeutic agent
or as part of a comprehensive integrative approach to
cancer treatment. However, it is crucial to conduct
rigorous studies to assess its safety, long-term effects,
and potential interactions with other medications
before considering its widespread clinical use. In
conclusion, the potential of CA as an anticancer agent
presents exciting possibilities for cancer treatment.
Nonetheless, there is still much to learn about its
precise mechanisms of action and clinical feasibility.
With further exploration and research, CA could offer
a new and effective approach to cancer treatment.

8. Conclusion

CA plays a significant role in cancer treatment due
to its diverse mechanisms of action. This compound
exhibits potent anti-proliferative properties, effec-
tively inhibiting the uncontrolled growth of cancer
cells. Moreover, it demonstrates anti-inflammatory
effects, reducing inflammation that often fuels tumor
progression. Additionally, CA acts as an antioxidant,
scavenging free radicals and safeguarding cells
against oxidative damage, which can contribute to
the development of cancer. Another vital mechanism
is its ability to hinder angiogenesis, impeding the
formation of new blood vessels that supply nutrients
to tumors. The combined effects of CA make it a
promising candidate for cancer therapy. It targets
multiple aspects of tumor development and pro-
gression by inhibiting proliferation, promoting anti-

inflammatory responses, preventing oxidative stress,
and limiting angiogenesis. However, further
research is necessary to unravel the precise molec-
ular pathways through which CA operates in cancer
cells. Such investigations will yield valuable insights
into its potential clinical applications and may lead to
the development of innovative therapeutic strategies
for combating cancer.

The key findings and research results related to CA
are of significant importance in expanding our
comprehension of its possible clinical implications.
The identification of CA's mechanisms of action, such
as its anti-proliferative, anti-inflammatory, antioxi-
dant, and anti-angiogenic properties, provides a solid
basis for ongoing research. These discoveries under-
score the potential of CA as a promising therapeutic
agent in cancer treatment. Additionally, the exami-
nation of its synergistic effects when combined with
conventional therapies highlights new prospects for
combination treatments that may boost overall effi-
cacy. Moreover, the safety and effectiveness displayed
in preclinical and clinical studies emphasize the
possible translational significance of CA in managing
various types of cancer. These important research
outcomes not only aid in the development of CA as a
novel treatment option but also pave the way for its
integration into comprehensive cancer treatment ap-
proaches. Consistent investigation into the charac-
teristics of CA and comprehensive evaluation of its
long-term effects are vital stages towards realizing its
complete clinical potential.
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Abbreviations

AKT Protein kinase B

Apaf-1  Apoptotic protease-activating factor 1
CA Cinnamaldehyde

CHOP  C/EBP-homologous protein

COX-2 Cyclooxygenase-2

ER+ Estrogen receptor positive
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ERK Extracellular signal-related kinase
FDA Food and Drug Administration

GST Glutathione S-transferase

HIF Hypoxia-inducible factor

HO-1 Heme oxygenase-1

H,0, Hydrogen peroxide

ICAM-1 Intercellular adhesion molecule-1

IL Interleukin

JNK c-Jun N-terminal kinase

Keap-1 Kelch-like ECH-associated protein 1
LPS Lipopolysaccharide

MAE Microwave-assisted extraction
MAPKs Mitogen-activated protein kinases
MDSCs Myeloid-derived suppressor cells
MMPs  Matrix metalloproteinases

mTOR Mammalian target of rapamycin
NF-«kB  Nuclear factor-kappa B

NOX NADPH oxidase

NQO1 NADPH dehydrogenase quinone 1
Nrf2 Nuclear factor erythroid-2-related factor 2
PARP  Poly (ADP-ribose) polymerase
PERK  Protein kinase R-like ER kinase
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
ROS Reactive oxygen species

SOD Superoxide dismutase

TAK1  Transforming growth factor-g-activated kinase 1
TAMs  Tumor-associated macrophages
TCA trans-cinnamaldehyde

TGF-3  Transforming growth factor-g

TLR4 Toll-like receptor 4

TNF-a  Tumor necrosis factor «

T2DM  Type 2 diabetes

VCAM-1 Vascular cell adhesion molecule-1
VEGF  Vascular endothelial growth factor
VSMCs Vascular smooth muscle cells
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