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Abstract: Members of the Cinnamomum genus have been utilized for medicinal treat-
ment for millennia. In recent years, particular attention has been given to the bioactive
metabolites involved in the medicinal properties of natural products and their extracts.
Cinnamon is particularly interesting due to the presence of both terpenoid and polyphenol
moieties, both of which have been extensively studied for their medicinal applications in
the treatment of a wide range of conditions, from bacterial infection, obesity and diabetes
to cancer and cardiovascular pathologies. Here, we reviewed some of the properties of
cinnamon and its derivatives cinnamic acid, trans-cinnamaldehyde and beta-caryophyllene.
In addition, recent advancements in the application of cinnamon and its derivatives in
cancer, particularly focusing on gynecological and breast cancers, which present unique
challenges to treatment due to late diagnosis, have been discussed. Current advancements
to further enhance the delivery of cinnamon and its derivatives through nanoencapsulation
and nanoparticulate strategies as well as the development of novel conjugates and hybrids
are also discussed. Additionally, the use of cinnamon and its derivatives as adjuvants
with chemotherapeutics that can work synergistically was also touched upon. Overall,
biotechnological innovations have enhanced the delivery of natural products such as cinna-
mon and its derivatives and may pave the path for novel therapeutic strategies with fewer
side effects and higher potency. Cinnamon represents a valuable source of developing
novel anticancer materials that warrant additional research for development as potential
interventions or combination treatments.
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1. Introduction

Natural products have been considered an enormous resource for medicinal purposes
for centuries [1]. In particular, small molecules derived from natural sources present a
veritable horde of bioactive compounds, many of which have diverse biological roles in
their native ecosystems. While the original extracts themselves are effective, the secondary
metabolites produced by these organisms, in some cases, are more effective than the pre-
cursors [2]. Many of the metabolites from terrestrial and marine organisms have been
found to display antimicrobial, immunosuppressive, antitumor or antiherbivore roles in
nature and present a phenomenal resource for the discovery of novel bioactive materials.
For example, polycyclic polyethers, such as bryostatin-1 derived from the marine species
Bugula neritina, are undergoing clinical trials as an anticancer drug [3]. It has also been
shown that certain naturally derived extracts, such as those from mesopelagic species like
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lanternfish Myctophum punctatum and the Mediterranean krill Meganyctiphanes norvegica,
exhibit both antimicrobial and anticancer properties [4,5], leading to the advent of the
target hopping approach for drug discovery. It has been reported that such dual target-
ing is likely a result of shared mechanisms and targeting features. For example, many
antibiotics function through preferential topoisomerase inhibition in bacterial cells, and
this mechanism can be carried over to tumor cells, leading to antineoplastic antibiotics [6].
In addition, the shared negative charge of bacterial cell membranes and that of mammalian
cells due to phospholipid components has led to the development of positively charged
cell-penetrating peptides that have dual antimicrobial and anticancer properties [7]. For
example, the cell-penetrating antitumor TAT-RasGAP317-326 peptide was recently shown
to demonstrate potent antimicrobial activity [8]. Such peptides derived from natural species
have garnered major traction and are being developed for a wide array of novel approaches
for targeted tumor treatments [9].

Among natural products, terpenoids and polyphenolic flavonoids are of particular
interest due to their anticancer properties. Polyphenols and their derivatives are secondary
metabolites with multiple phenolic groups, which have been extensively characterized
and explored for the development of anticancer drugs [10-16]. These include coumarins,
ellagitannins, hesperetin, rosmarinic acid and apigenin, to name a few. In addition to
antitumor activity, many display potent antioxidant and anti-inflammatory activity. The
mechanisms implicated in anticancer activity involve signaling pathway modifications,
such as p53 phosphorylation and the inhibition of MMP-2, an enzyme involved in angio-
genesis and metastasis, as well as cell cycle interference and apoptosis induction [17-22],
in addition to antioxidant activity [23-26]. It is theorized that apoptotic properties result
from the inhibition of NF-kB and activator protein (AP-1) [27,28]. Due to the presence of
multiple hydroxyl groups, polyphenols are able to act as hydrogen donors in the quenching
of free radicals, causing them to display anti-inflammatory and antioxidant properties [29].
Polyphenols are particularly attractive due to their relative biocompatibility and safety
compared to synthetic chemotherapeutics [30,31].

Over the years, researchers have also been exploring the biochemical effects of ter-
penoids as similar benefits as those of polyphenols have been observed, and thus, ter-
penoids encompass a promising area of current and future research. Terpenoids are a
class of secondary metabolites derived from plants and marine organisms that contain
multiple isoprene units with a wide range of pharmacological activities [32,33]. Several
terpenoids are also able to act as free radical scavengers yielding significant antioxidant and
anti-inflammatory properties that enhance their activity against several neuropathological
diseases as well as cancers [34,35]. The radical scavenging activity of several terpenes
has often been examined using the reagent 1,1-diphenyl-2-picrylhydrazyl-2,2-diphenyl-
1-picrylhydrazyl (DPPH), where the antioxidant activity is attributed to the presence of
conjugated 7 bonds that lead to chain cleavage in terpenes [36].

In the realm of cancer, terpenoids have shown effectiveness against numerous cancer
cell lines, from early-stage tumorigenesis suppression to cancer cell differentiation inter-
ference and apoptotic activation among cancer cells. Specifically, for disproportionately
late-diagnosed cancers such as ovarian cancer, of note is the ability of terpenoids such as
sesquiterpene lactones, as well as thymoquinone and artesunate, which have been shown
to inhibit angiogenesis and metastasis [37-39].

Among various secondary metabolites, plant-derived cinnamon and clove oil stand
out due to their extensive array of both polyphenolic and terpenoid components, leading
to their remarkable range of proposed medicinal applications [40—-42]. Both clove and
cinnamon oil and their extracts have been shown to present significant anti-inflammatory,
antimicrobial and anticancer properties [43—47]. Over the years, cinnamon and its deriva-
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tives have been used for a diverse range of medicinal applications [48-56]. Due to the
pressing need for novel treatments for cancers, there has been increasing interest in the
potential of cinnamon extracts and their metabolites for developing naturally derived thera-
peutics for combating cancer [57]. This rapidly expanding field of study is highly promising
and aims to develop innovative treatments that leverage a variety of cinnamon-derived
bioactive metabolites as a relatively untapped source of anticancer therapeutics.

2. Cinnamon Extract as an Anticancer Intervention in Breast and
Gynecologic Cancers

Of the various types of cancers, gynecological cancers as a group are disproportion-
ately diagnosed late and are often complicated due to hormonal involvement (in some
cases), making them difficult to treat and generating a pressing need for novel interven-
tions. Additionally, while breast cancer does not exclusively occur in the female populace
(male cases make up less than 1% of annual diagnoses), in general, breast cancers are also
classified as a primarily female pathology that is subject to many of the same challenges as
gynecological carcinomas [58]. Due to their multifaceted anticancer properties, cinnamon
extracts and their metabolites are a uniquely intriguing frontier for potential therapies and
adjuvants in the treatment of such cancers. Additionally, breast and ovarian cancers are
estimated to lead the incidence of new cases in the world [59]. In this review, we have
focused on current studies being carried out to investigate the efficacy of cinnamon and
its derivatives, including novel hybrid conjugates and nanotherapeutics that are being
developed for potential treatment of breast, ovarian and cervical cancers. In addition to
tumors, cinnamon and its extracts have also been shown to clinically improve symptoms
related to polycystic ovary syndrome (PCOS) by enhancing the antioxidant levels in the
serum, as well as lowering LDL cholesterol levels [60]. Several investigators aim to leverage
whole cinnamon extract (CE) or cinnamon essential oil (CEO) in targeting cancer. This ap-
proach allows for the synergistic application of multiple metabolites while also minimizing
the degree of processing required to achieve anticancer effects. However, the molecular
mechanism of action is more difficult to glean due to the lack of clarity with respect to the
active components involved in treatment.

There have been numerous investigations aiming to elucidate the anticancer ability
of cinnamon extracts. For example, in vitro experiments exploring the impacts of CE on
the proliferation of tumor cells have demonstrated 1Csy values < 1 pug/mL for both non-
Hodgkin lymphoma and HeLa cervical cancer cell lines [61], a highly promising result that
is comparable to market chemotherapeutics such as Doxorubicin [62] and Topotecan [63].
This is particularly of note, as cervical cancer is the fourth leading cause of cancer death
in women, presenting unique challenges as a gynecological carcinoma [64] and driving
the need for novel interventions. In another study, Kaul-Ghanekar and colleagues also
showed the antiproliferative activity of CE against cervical cancer, utilizing the SiHA
cell line [65]. Furthermore, they also showed that CE impeded cell migration and thus
may have potential antimetastatic benefits. Interestingly, this study identified the loss
of mitochondrial membrane potential as the key mechanism, as evaluated using a JC-1
fluorescence assay. These results show promise, particularly because CE was shown to be
active against both HelLa cells (originating from adenocarcinoma) and SiHa cells (which
originate from squamous cell carcinoma) [66].

In addition to cervical cancer, breast cancer is the most common cancer globally,
making it another pathology with a high need for novel innovations [67]. In a study
conducted by Husain and co-workers, ethanolic extracts of cinnamon zeylancium were
shown to display ICs values of 25 ug/mL against MDA-MB-231 triple-negative breast
(TNB) cancer cells. Specifically, the authors quantified the proapoptotic properties of CE
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through DNA fragmentation, identifying the degree of fragmented DNA as an indicator of
apoptosis. These authors established differential cytotoxicity against breast cancer to the
exclusion of kidney epithelial non-cancer cells [68]. This is particularly promising given
that TNBC is one of the most complex types of cancers that have very few treatments
available, particularly when detected at a late stage [69].

To further explore the activity of CE, Makinoshima and colleagues confirmed the
antimetastatic properties of CE in zebrafish embryos, complementing earlier works and
further characterizing the potential of CE [70]. Makinoshima leveraged epiboly inhibition
in zebrafish embryos as an indicator for antimetastatic properties, an interesting method
that takes advantage of the similarity in the mechanism of embryo gastrulation and cancer
metastasis [71]. Interestingly, this work further characterized a mechanism of antimetastatic
activity of CE in MDA-MB-231 TNBC cells. The authors found that glycolytic metabolism
interruption played a role in antimetastatic activity. To establish this, they utilized an
extracellular acidification rate (ECAR) experiment to quantify glycolytic activity, in tandem
with GC-MS measurements of glucose levels over time. This two-pronged approach
provided a method for validation and confirmed the comparative impacts of CE on the
rates of glycolysis. After identifying the inhibition of glycolysis by CE in cancer cells, it
was shown that hexokinase 2 expression was lowered upon CE treatment, implicating this
enzyme in the observed glycolysis inhibition. Finally, the authors were able to emulate the
observed antimetastatic properties of CE using a targeted hexokinase 2 inhibitor, thereby
confirming that the mechanism of CE was the inhibition of this enzyme and, thus, glycolysis.

Interestingly, in addition to TNBC, studies have also shown that CE extracts derived
from cassia bark are potent against the estrogen-positive breast cancer cell line (MCEF-7).
Mechanistically it was found that CE successfully inhibited the activity of caspase-9 through
stimulation of AKT1 in MCF-7 cells; however, this was not seen in MDA-MB-231 cells [72].
This study is indicative that the mechanism of activity of CE varies broadly depending on
the type of tumor cell line within the realm of breast cancer. In another study conducted, CE
was shown to reduce the proliferation of MCF-7 cancer cells through apoptosis. Specifically,
the authors demonstrated the upregulation of pro-apoptotic genes such as BAX, BAD and
BIM, while also downregulating antiapoptotic genes, including (Bcl-2 and Bcl-X1) [73].

One of the hallmarks of metastasis is the circulation of tumor cells and uncontrolled
angiogenesis, among many other traits [74]. Thus, the antiangiogenic ability of CE has also
been explored in breast cancer. In 2009, Wen and co-workers showed that CE displayed
antiangiogenic activity through the inhibition of Vascular Endothelial Factor Receptor 2
(VEGFR?2), a potent tyrosine kinase crucial to angiogenesis [75,76]. The authors established
this inhibitory activity using ELISA. More recently, in 2022, the group further character-
ized the antiangiogenic properties of CE in MDA-MB-231 breast cancer cell lines as well
as SKOV3 ovarian cancer cells, with highly promising and informative results [77]. In
addition to validating VEGF expression inhibition by CE, the authors demonstrated the
foundational mechanism of this effect. They demonstrated that CE suppressed STAT3
and AKT expression and phosphorylation, thereby suppressing HIF-1x, which in turn
inhibited angiogenesis. The authors elucidated the mechanism of inhibition by quantify-
ing the expression of HIF-1« (a positive regulator of VEGF expression) through Western
blotting, which showed a decrease in HIF-1x expression. This implicates either direct
gene suppression, protein degradation, or translation inhibition as a likely mechanism
of the antiangiogenic activity of CE. By systematically inhibiting each of these processes,
the authors were able to specify that CE inhibits HIF-1« protein synthesis as well as the
transcription of the associated gene.

Taken together, these investigations provide an overview of the potential of cinnamon
extracts against both TNBC and estrogen-positive breast cancer as well as other types of
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women-centric cancers. In addition to in vitro studies with CE, Kubataka and colleagues
evaluated the impact of dietary cinnamon powder on mouse and rat models of breast
carcinoma [78]. Their work revealed that cinnamon reduced the incidence and improved the
prognosis of mammary carcinomas in rodent models. In particular, the authors elucidated
the effect of dietary cinnamon on the Bax/Bcl-2/caspase-3 signaling pathway, observing
an increase in the Bax/Bcl-2 ratio, leading to an increase in caspase-3 expression and
thereby inducing apoptosis in tumor cells [79]. The authors also postulated that it is a likely
mechanism of the observed mitochondria-induced apoptosis in rodent tumor models. The
group additionally observed these pathway effects and proapoptotic impacts in vitro in
both MCF-7 and MDA-MB-231 breast cancer cells using flow cytometry. Additionally, the
authors confirmed the decrease in VEGF expression in vivo as found, with implications for
antiangiogenic properties in vivo.

This body of research provides robust support for a multifaceted mechanism of action
for cinnamon against breast cancer, as well as the potential to treat other cancers.

3. Cinnamon Metabolites in Gynecological and Breast Carcinomas

In addition to investigations of the holistic activity of cinnamon extract, several inves-
tigations have focused on particular metabolites derived from cinnamon. Investigating
individual metabolites allows for greater precision and is more directly transferable to
clinical applications but it lacks the possible synergistic effects of complementary natu-
ral products in whole extracts and oils. While the precise composition of CEO varies
among Cinnamomum species and is not consistent in the literature, the main characteristic
components of CEO have been found to be trans-cinnamaldehyde, cinnamic acid, and beta-
caryophyllene oxide [80-83] among others. While other molecules such as eugenol have
also been identified in CEQO, these three molecules encompass the significant constituents
of CEO and contribute to its unique bioactive properties.

3.1. Trans-cinnamaldehyde (CAL)

Of the metabolites isolated from cinnamon, trans-cinnamaldehyde (CAL) (Figure 1), is
by far the most characterized and studied. CAL has noted antimicrobial, anti-inflammatory
and anticancer properties [84], making it a highly interesting candidate for clinical ap-
plications. CAL is the major component of CEO [85]. Studies related to CAL against
gynecological and breast cancers have been reported in an array of recent works. Multi-
ple cytotoxicity evaluations have been conducted against estrogen-positive MCF-7 breast
cancer cells, showing cytotoxicity and growth inhibition [86,87]. For example, Liu and
colleagues found that CAL shows transcriptional interference abilities against 59 different
target biochemical pathways involved in breast cancer [88]. In their investigation, the
authors confirmed the cytotoxicity of CAL against the TNBC cell line MDA-MB-231, with
an ICs value of 16.9 ng/mL. Additionally, they confirmed specific proapoptotic activity
using flow cytometry and evaluated the inhibition of cell migration. Furthermore, their
computational work revealed the most likely molecular targets for the anticancer activity
of various cinnamon components, with an emphasis on CAL. They used the traditional
Chinese medicine system pharmacology database and analysis platform (TCMSP) to iden-
tify targets of CAL and other cinnamon metabolites. Subsequently, the authors limited the
targets to those related to breast cancer to identify the most important cellular pathways.
Following statistical analysis, the twenty most important pathways were listed. Pursuant to
the previously discussed works, the PI3K/AKT pathway was found to be one of the most
crucial in this analysis. The cAMP pathway, NF-kappa B pathway and HIF-1 pathway were
also among the top five pathways. These pathways align closely with analyses for CE and
CEO, emphasizing the significant role of CAL in the bioactive properties of CE and CEO.
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Taken together with strong cytotoxicity, it is clear that CAL acts as an antimetastatic and
antiproliferative agent against breast cancer cells by interfering in multiple carcinogenic
pathways, likely with a synergistic impact.

Figure 1. Chemical structure of trans-cinnamaldehyde (drawn using ChemDraw 23.1.1).

In addition to breast cancer, CAL also shows efficacy against ovarian cancer. For
example, CAL was shown to inhibit cell proliferation and migration in both SKOV3 and
A2780 cell lines in a recent work by Yue Wang and colleagues [89]. This is particularly
significant as A2780 and SKOV3 cell lines are non-serous epithelial carcinomas [90]. Fur-
thermore, non-serous carcinoma cells have a higher migratory ability and drug resistance to
traditional chemotherapeutic drugs such as cisplatin, Adriamycin and Paclitaxel [91,92]. It
was shown that CAL successfully reversed epidermal growth factor (EGF)-induced epithe-
lial/mesenchymal transition in both cell lines in vitro. Of particular note was the decreased
phosphorylation of the PI3K and AKT with the resulting inhibition of the PI3K/AKT path-
way. This corresponds well with the computational work conducted by Liu and coworkers
for breast cancer, in which this pathway was also implicated. In addition, caspase-3 cleavage
was observed following CAL treatment, implicating the associated pathway in proapop-
totic effects. This pathway was also identified for CE and CEO, once again confirming
the potential role of CAL in CE and CEO bioactivity. In addition to in vitro studies, the
authors further confirmed the anticancer activity in vivo using mouse xenograft tumor
models. Pursuant to in vitro data, decreased metastasis and decreasing tumor size were
observed with CAL treatment. Overall, this work demonstrates the anticancer activity and
mechanism of CAL in ovarian cancer. The potential of CAL in ovarian cancer treatment
in vivo has been further established by Penchalaneni and co-workers, who established a
clinically relevant dosage of CAL to re-establish hormonal equilibrium in ovarian cancer
in rats [93]. Hormonal factors play a major role in ovarian carcinogenesis and treatment
failure, making this finding especially relevant and addressing a major source of difficulty
in modern ovarian cancer treatment. The authors were able to identify effective dosages
for CAL in mouse models, a vital step toward clinical trials for this intervention.

Thus, in both breast and ovarian cancers, CAL shows high potential as a novel cancer
therapeutic. In isolation, many of the same pathways implicated in CE and CEO treatments
are shown to be impacted. By isolating this active compound, consistency and replicability
are enhanced across the extracts.

3.2. Trans-Cinnamic Acid

Trans-cinnamic acid (CA) (Figure 2), also known as 2-phenyl-2-propenoic acid, com-
prises a carboxylic acid side chain (instead of an aldehyde, as seen in CAL) formed biosyn-
thetically. Like CAL, CA has also been well characterized for its antioxidant, antimicrobial
and anticancer properties [94]. CA in particular has gained importance due to its activ-
ity against breast cancer. In 2021, Pal and colleagues examined its cytotoxicity against
the MDA-MB-231 breast cancer cell line, with the results indicating selective cytotoxicity
against the cancer cells compared to non-cancer fibroblasts [95].
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Figure 2. Chemical structure of trans-cinnamic acid (drawn using ChemDraw 23.1.1).

Subsequently, they characterized DNA damage using Comet analysis. The stages of
apoptosis were quantified using flow cytometry, confirming the proapoptotic effects of
CA. Immunoblotting studies revealed an increased expression of Tumor Necrosis Factor A
(TNFA) and TNF Receptor 1 (TNFR1), both implicated in necrosis induction. In addition,
increased levels of caspase-3 and caspase-8 were observed, confirming apoptosis induction
upon treatment. The authors concluded that the upregulation of the TNFo./TNF1 mediated
apoptotic pathway is likely a key mechanism of action for the proapoptotic properties of
CA. In a separate study, Hunke and co-workers demonstrated the anticancer activity of
CA against MCF-7 breast cancer cells as well. A unique aspect of their study was that
they also probed the activity of CA dimer molecules [96]. Cytotoxicity against both MCF-7
and MDA-MB-231 breast cancer cells was established, and the authors observed improved
cytotoxicity for 3-fluoro cinnamic acid dimer and the 3,4-difluoro cinnamic acid dimer over
the corresponding monomeric CA. Of those, the 3-fluoro cinnamic acid dimer was found to
be the most potent and induced apoptosis and cell cycle arrest. This is an interesting study
that demonstrates the potential of developing dimers of cinnamic acid and its derivatives
for possible enhancement in anti-cancer activity against breast cancer.

In addition to breast cancer, the potential of CA to target ovarian cancer was inves-
tigated by Huang and colleagues in a recent study utilizing the network pharmacology
approach [97]. This computational method utilizes databases such as the Comparative
Toxicogenomics Database and SwissTarget Prediction to identify optimal molecular targets
of the therapeutic being studied for the disease being investigated. In this case, the overlap
between ovarian cancer-associated targets and optimal CA targets was analyzed to identify
ovarian cancer targets that could be susceptible to CA. The major identified targets were
cytochrome P450 proteins, catalase and caspase-3. In addition, the authors quantified
the cytotoxicity of CA against four ovarian cancer cell lines (H08910, A2780, OVCAR3
and SKOV-3) using a Cell Counting Kit-8 assay (CCK-8), yielding ICs5, values consistently
below 10 umol/mL from 12 to 72 h after treatment. These findings are promising and im-
plicate the antiproliferative effects of CA for ovarian cancer cells through interference with
metabolism modulation and immune microenvironment regulation pathways. However,
further validation studies are needed to elucidate the particular pathways involved, as well
as any antimetastatic or antiangiogenic properties of CA.

In addition to trans-cinnamic acid, its dihydroxy derivative (3,4-dihydroxy cinnamic
acid, caffeic acid) has also shown promising results against HeLa cervical cancer cells due
to its oxidative properties in tumor cells that cause DNA damage and trigger a cascade of
apoptotic pathways. Furthermore, it has also been shown to lead to an increase in lipid
peroxidative markers in HeLa cells [98]. Caffeic acid has also been functionalized with
long-chain ester groups to enhance its potency. For example, the tri-hydroxycinnamic acid
decyl ester developed by Imai and co-workers was found to be more potent compared to
cinnamic acid against both the MCE-7 breast cancer cell line and PC3 prostate cancer cells
through cell cycle arrest as a result of apoptosis [99]. Another derivative of caffeic acid,
caffeic acid phenethyl ester (also known as CAPE), has been shown to be highly effective
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against SKOV-3 ovarian tumor cells both in vivo and in vitro. The work conducted by
Liu and co-workers [100] showed that CAPE not only inhibited SKOV-3 cell proliferation,
migration and invasion but also reduced the expression of ki67 and PCNA in mouse
models. Additionally, CAPE also repressed the NF/kB pathway along with NF-kB-p65
DNA binding activity. These results are promising and may provide a new strategy for
developing therapeutics against ovarian tumors.

3.3. Caryophyllenes

Beta-caryophyllene oxide (BCPO) has been identified as a minor component of cer-
tain CEOs [101,102]. This compound is of particular interest due to its unique targeting
mechanism compared to other cinnamon metabolites, particularly involving cannabinoid
receptors. BCPO and its reduced form, trans-f3-caryophyllene (BCP), are sesquiterpenes
that have recently been investigated for anticancer properties in various cancers. Sesquiter-
penes are a remarkably wide family of natural products consisting of a 15-atom backbone,
often with a cyclic moiety [103] generating an enormous diversity of structures (Figure 3)
and biological properties. BCPO has been found in plants in a diverse range of families out-
side of Lauraceae, such as Cannabaceae and Myrtaceae, among others [104]. While BCPO
belongs to the cannabinoid family, it has selective activity as an agonist of Cannabinoid
receptor 2 (CBR-2) to the exclusion of Cannabinoid receptor 1 (CBR-1), preventing any
psychoactive properties shared by other cannabinoids.

H

/
/
——

Figure 3. Chemical structures of three sesquiterpenes: (a) trans-caryophyllene, (b) beta-cis-
caryophyllene and (c) beta-caryophyllene oxide.

Compared to the reduced form, BCPO possesses stronger anticancer activity, partic-
ularly owing to the methylene and epoxide functional groups, which allow for covalent
binding with DNA and proteins [105]. In breast cancer, BCPO alone is not as highly cyto-
toxic as it has been shown to be in other cancer types [106]. Nonetheless, it has been shown
to demonstrate antiproliferative activity associated with intracellular ROS generation and
the loss of mitochondrial membrane potential, leading to apoptosis [107]. For instance,
Park and colleagues showed the cytotoxicity of BCPO against MCF-7 breast cancer cells and
PC3 prostate cancer cells and elucidated the proapoptotic effects mediated by intracellular
ROS generation. In addition to the upregulation of this pathway, the authors observed the
suppression of the PI3K/AKT pathway as a likely contributing mechanism of proapoptotic
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activity. In addition, BCPO treatment induced the expression of p54 and p21 cell cycle
regulators, as well as active caspase-3. Finally, potential antiangiogenic properties were
indicated by interference with VEGF expression. Their work, overall, established a diverse
range of mechanisms of anticancer activity against MCF-7 and PC3 cancer cells for BCPO.
It is likely that this activity is due to the synergistic inhibition of several pathways involved
in cell proliferation.

In addition to its use as an isolated treatment, BCPO has been investigated as a
chemo-sensitizing agent. Given its relatively lower cytotoxicity against MCE-7 cells, this
application presents a potential avenue for utilizing and amplifying its biochemical impacts.
In their study, Hanusova and coworkers treated both MDA-MB-231 and MCEF-7 breast
cancer cells in in vivo mice models with a combination of BCPO and the chemotherapeutic
drug Doxorubicin, identifying strong synergistic effects [108]. The authors utilized a neutral
red uptake test to measure cytotoxicity in both cell lines, observing significant increases in
cytotoxicity particularly against the MDA-MB-231 cell line. In addition, while tumor size
in vivo was not significantly altered with combination treatment, BCPO with Doxorubicin
was shown to increase apoptosis in tumor samples, nonetheless.

In addition to breast cancer, BCP has been studied with ovarian cancer cell lines with
highly promising results. In a study conducted by Shahwar and colleagues, the activity
of multiple cinnamon alkaloids against A2780 ovarian cancer cells was explored. Their
studies noted an ICsg value for BCP of 8.94 pug/mL [109]. More recently, Arul and coworkers
confirmed the cytotoxicity of BCP against PA-1 (from primary peritoneal serous papillary
carcinoma) and OAW 42 (from serous cystadenocarcinoma) ovarian cancer cell lines. In
addition, they further established proapoptotic properties using flow cytometry. Based on
protein expression evaluations, they further characterized the upregulation of caspase-3 as
the likely mechanism of proapoptotic properties. There is further work to be conducted
in developing BCP as an anticancer therapeutic, especially given these strong in vitro
results. However, current studies to date look promising. The potency of BCP against
HB8 cervical cancer cells [110] was also confirmed, particularly noting the proapoptotic
and antiproliferative properties of BCP. The authors further characterized the molecular
mechanism of apoptosis induction, identifying Wnt/beta-catenin pathway inhibition. This
pathway is involved in inducing cell proliferation and is often abnormally activated in
cervical cancer [111].

Overall, BCPO and BCP represent highly promising cinnamon metabolites for the
treatment of gynecological carcinomas and breast cancer. While some work has been
conducted to characterize the cytotoxicity and mechanism thereof in these cancers, there is
a need for further characterization and in vivo examinations of anticancer activity.

4. Nanoformulations of Cinnamon Extract and Its Derivatives

While the medicinal properties of cinnamon extract and its derivatives are highly desir-
able, often, their bioavailability may not be as high due to poor solubility, making it difficult
to utilize them as a drug. Thus, nanoformulations have been developed to enhance the
delivery of these materials for treatment. In a study conducted by Khalifa and coworkers,
trans-cinnamic acid was encapsulated in poly(lactic-co-glycolic acid) (PLGA) nanoparticles
to optimize delivery and distribution to MDA-MB-231 breast cancer cells [112]. Further-
more, it was shown that the CA-loaded nanoparticles showed a 6-fold decrease in the
ICs5g value compared to free CA, as well as improved antimetastatic activity. Additionally,
CA-loaded nanoparticles also demonstrated a reduction in tumor size in the mouse tumor
models studied (Figure 4).
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Figure 4. Schematic diagram showing the methodology for developing CA-PLGA nanoparticles
and the results summarizing their in vitro and in vivo activity. Schematic was created based on the
methodology given in reference [112].

In a separate study, the CA derivative sinapic acid (SA) (3,5 dimethoxy-4-hydroxycinn-
amic acid) was loaded into PLGA nanoparticles in order to enhance the solubility of
SA. The nanoparticles were found to show a significant drop in PCNA levels in MCF-
7 cells, concomitant with increased apoptosis. Furthermore, no cytotoxicity was seen
for MCF-10A (non-tumorigenic) cells under the concentrations tested (100-200 pug/mL).
Interestingly, the levels of malondialdehyde (MDA) were found to increase in the first
24 h after treatment, but after 48 h, a significant decrease in MDA levels was observed,
implying an increase in ROS levels within 24 h, causing lipid peroxidation, followed by a
decrease. The authors also found that after 48 h of incubation with the SA-loaded NPs at
concentrations between 100 and 200 pg/mL, the cells showed an increase in the activity of
the enzyme catalase [113]. In addition to polymeric nanoparticles, citrate-stabilized gold
nanoparticles have been tethered with cinnamic acid and have shown greater efficacy in
inhibiting the proliferation of MCF-7 breast cancer cells and improved apoptosis compared
to free CA, once again proving the effectiveness of nanoformulations in drug delivery
to breast tumor cells [114]. In another study, taking advantage of the antitumorigenic
properties of the spice saffron, Hassan and co-workers developed a nanoformulation
consisting of cinnamon/saffron extracts, which resulted in decreased cell migration and
promoted apoptosis in oral squamous cell carcinoma [115]. Although the authors did
not study ovarian or breast cancer cells, this formulation may potentially be applied for
treatment against ovarian or breast cancer cells.

More recently, the disruption of redox and thermal balances in cancer cells was inves-
tigated for enhancing delivery to HeLa cervical cancer cells. To do so, Li and co-workers
developed a novel lipid-based nanoparticle encapsulated with cinnamaldehyde (CAL)
and indocyanine green (IG) dye. The goal was to simultaneously increase the formation
of ROS (due to the presence of CAL), while IG would cause photothermal damage to
cancer cells upon irradiation with near-infrared light. Their results were promising, and
the nanoparticles successfully reduced the viability of HeLa cells through oxidative and
thermal stress caused in the cancer cells [116].

In an innovative study by Zhao and co-workers, the authors developed an acid-labile
ferrocene-modified CAL (Fc-CAL) pro-drug molecule in order to blend the characteristic
properties of the Fenton catalyst ferrocene with the ROS-generating properties of CAL. They
then entrapped the hydrophobic Fc-CAL pro-drug in hydrophilic cyclodextrin-modified
hyaluronic acid nanoparticles, which rendered the hybrid nanoparticles both pH and
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redox-responsive. Their results showed that not only were the nanoparticles highly stable
but the drug-loaded nanoparticles accumulated primarily in tumor tissues of mice via an
EPR effect and were endocytosed through CD44 receptor. Both in vivo and in vitro results
showed that this strategy to enhance the Fenton reaction, thereby increasing the generation
of cytotoxic amounts of hydroxyl free radicals to upsurge the effects in cancer cells, was
promising. A scheme depicting this strategy is shown in Figure 5 [117].

Acid-labile hydrazone bond

_N . N_:
Fenton catalyst + ROS generator _ +
=
Cyclodextrin-hyaluronic acid ‘
HN-

Host-guest

Interactions

ROS

pHiredox dual-responsive
Redox-mediated size disassembly Acid-activated size expansion supramolecular nanoreactor

Figure 5. Scheme showing the preparation of tumor-targeted dual-responsive hyaluronic acid-
cyclodextrin/ferrocene-modified CAL nanoparticles. Adapted from Zhao et al. (reference [117]).
Reproduced with permission from Elsevier.

Chang and co-workers developed a new CAL derivative by reacting CAL with an-
thraniloyl hydrazine, which was then conjugated with BSA (bovine serum albumin) to form
CAL-derivative BSA nanoparticles that were found to penetrate cancer cells and inhibit
the growth of laryngeal cancer cells [118]. We believe that given the composition of these
nanoparticles, they may also be tested against breast, cervical or ovarian cancer cell lines.
In a separate study, Barrera-Martinez and co-workers loaded chitosan microparticles with
trans-CAL in combination with either the chemotherapeutic Paclitaxel (PTX) or the natural
antitumor polyphenol curcumin (CUR). The group utilized an “in situ” entrapment method
for encapsulating CAL, a schematic for which is shown in Figure 6. Although the group
observed a burst release, the cytotoxicity was found to be selective and the results showed
that the pH-responsive microparticles demonstrated preferential cytotoxicity toward HeLa
cervical cancer cells in comparison to non-cancer cells [119]. Overall, a significantly higher
release was observed for PTX compared to CUR. The authors attributed the lower release
of CUR to its hydrophobicity and its tendency to crystallize. In a pioneering study by
Zong and co-workers, a thioacetal/CAL/DOX/PEG amphiphilic polymer was synthesized
and self-assembled into nanoparticles under aqueous conditions. Those nanoparticles not
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only accumulated in the tumor tissue but it was also found that endogenous ROS from
the cancer cells acted as a triggering agent that promoted the cleavage of thioacetal and
the release of CAL, which produced more ROS through mitochondrial dysfunction and
polymer degradation and resulted in the further release of DOX that allowed for enhanced
chemo-immunotherapy in mice [120].
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ICsg = 344+3.02 CAL/PTX or CAL/CUR
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Figure 6. Scheme showing the methodology for developing CAL/chitosan microparticles loaded
with Paclitaxel (PTX) or curcumin (CUR) and the results summarizing pH-sensitive drug release and
preferential cytotoxicity toward HeLa cells. Diagram was created based on methodology explained
in reference [119].

In addition to CAL and CA, Khojah and colleagues have reported the investigation
of the potential of CEO nanosuspensions to act as a nanocarrier for the chemotherapeutic
bleomycin, with results indicating the enhancement of cytotoxicity for the CEO nanosuspen-
sion [121]. CEO nanosuspensions present a novel method of cancer targeting that leverages
the biophysical properties of CEO nanosuspensions as well as the bioactivity of associated
terpenoids and polyphenols. However, further studies are necessary to characterize the
bioactivity and properties of cinnamon-based nanomaterials. In another particularly inter-
esting recent study, CEO was loaded into chitosan nanoparticles for drug delivery in breast
cancer cells [122]. This work revealed an ICs) value of 52 pg/mL for CEO nanosuspensions,
an enhancement over the CEO alone when compared. Antiproliferative and pro-apoptosis
properties were noted; through a mechanism of upregulation of the expression of caspase-3
and Apoptosis-Inducing Factor, proteins that were involved in cell cycle regulation and
apoptosis induction. This finding corresponds with the discussed work by Kubataka and
co-workers in which increased caspase-3 expression was also implicated as a mechanism of
pro-apoptotic properties.

To increase cytotoxicity and decrease the effective dosage, a liposomal BCPO formula-
tion using soy phosphatidylcholine (SPC) was developed by Di Sotto and colleagues [123].
Liposomes are a well-established drug delivery material utilized to improve the solubil-
ity and distribution of hydrophobic drug molecules. Due to their amphiphilic nature,
liposomes allow for increased membrane permeability and therefore increased cell pen-
etrance. With BCPO-loaded liposomes, the authors examined cytotoxicity against the
triple-negative MDA-MB-468 breast cancer cells. The results showed a decreased ICs( value
for loaded liposomes compared to free BCPO against MDA-MB-468 breast cancer cells,
which is also another line of TNBC [124]. The effect is theorized to be a result of increased
cell penetrance. Furthermore, nanoliposomes were also developed by co-encapsulating
zein hydrosylate, a storage protein obtained from corn seeds with cinnamon extracts that
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were derived from cinnamon bark. The resultant nanoliposomes demonstrated enhanced
antioxidant activity [125]. While the authors did not conduct anticancer studies, such
co-loaded nanoliposomes may potentially be further developed for drug delivery and
anti-tumor studies.

In addition, Sabouri and co-workers recently developed water-soluble cinnamon
nanoparticles directly using hydrothermal methods. While the authors did not conduct
tests with tumor cells, they found that the formed nanoparticles demonstrated antidiabetic
properties and glucose-lowering effects in HepG2 cells [126]. Their study opens a new
avenue where self-assembled cinnamon-based nanoparticles may be further probed for
anticancer applications.

5. CE and Its Derivatives as Adjuvants

In recent years, marked attention has also been paid to the potential application of
CEO, CE and their derivatives as chemotherapy adjuvants, allowing for enhancement
of anticancer activity while leveraging the anti-inflammatory and antioxidant properties
of cinnamon to reduce non-target toxicity. For example, two recent works showed the
ability of CE and CEO to act as co-chemotherapeutics with Doxorubicin (DOX) treatment,
thereby reducing off-target impacts and improving treatment impacts [127,128]. Aliyah and
coworkers targeted 4T1 cells from BALB/c mice, which are known to closely mimic human
breast tumors and metastatic spread using a combination of CEO and DOX. In addition to
increased cytotoxicity against the cancer cells with an IC5q value of 25 ug/mL, the authors
also showed that the coupled use of CEO with DOX improved antimetastatic activity. It is
well known that long-term treatment with Doxorubicin may induce cardiotoxicity [129],
thus making the antioxidant characteristics of CEO especially important and potentially
useful. The authors also investigated the impacts on Matrix Metalloproteinase-9 (MMP-
9) as metrics for antimetastatic activity. MMP-9 has a complicated regulation pathway
for expression, synthesis and activation, and it has high homology with beneficial and
necessary MMP proteins, making it difficult to target despite its noted contributions to
carcinogenic processes, including metastasis [130]. The authors demonstrated a reduction
in MMP-9 expression using a gelatin zymography assay, revealing that the combination
treatment successfully inhibited MMP9 expression.

In another study, folate-functionalized monoolein cubosomes encapsulated with
poly(ethyleneimine) PEIL cinnamic acid and DOX were utilized for targeted delivery, specif-
ically to KB tumor cells, which are known to originate from the cervix and overexpress
the folate receptor. Furthermore, the cubosomes were stabilized with a hydrophobically
modified gelatin/folate conjugate and Pluronic F127. The results demonstrated higher
delivery into the KB tumor cells compared to free DOX [131].

In a fascinating study conducted by Kasparkova and co-workers, a new cisplatin-based
Pt (IV) complex containing oleate and trans-cinnamate as axial ligands, cis, trans, cis-[Pt-
(NH3), (t-cinnamate)(oleate)Cl,] (Figure 7) [132] was developed efficiently for potential
treatment against aggressive HER2-positive breast tumor cells. The results showed a
significantly higher accumulation of the complex in tumor cells compared to free cisplatin
due to its higher lipophilicity. In addition, the complex was found to be significantly
more sensitive and selective toward SKBR-3 breast cancer cells, which are HER2-positive,
compared to MCF-7 cells, which are HER2-negative. Furthermore, the complex was also
found to show promising results against SKBR-3 cells by cancer stem cells, thus showing
its potential activity to curb recurrence and drug resistance. The authors also successfully
showed that the complex demonstrated increasing antiproliferative effects in 3D spheroid
models with higher HER2 expression.
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Figure 7. Scheme showing the components of Pt (IV) complex containing oleate, cisplatin and trans-
cinnamate as axial ligands. The formed complex is shown within the circle. Reproduced and adapted
with permission from Wiley (reference [132]).

In addition to CAL, CE and CEO, another bioactive component of cinnamon, eugenol,
a phenylpropanoid derived from guaiacol, was recently examined as an adjuvant with the
chemotherapeutic drug cisplatin against two ovarian cancer cell lines (SKOV3 and OV2774)
and in mouse models. The authors reported that the inclusion of eugenol with cisplatin
worked synergistically to inhibit tumor growth through the initiation of apoptosis. A
critical finding of their work was that, biochemically, it was shown that while levels of Hes1
in the Notch/Hes1 signaling pathway were increased, resulting in increased resistance
to neat cisplatin treatment, the cisplatin/eugenol combination inhibited the Notch/Hes1
pathway and downregulated the drug resistance ABC transporter genes, thereby indicating
that eugenol as an adjuvant with chemotherapeutic drugs may aid in targeting ovarian
cancer stem cells, and may potentially improve prognosis [133]. Additionally, it has been
reported that 3-caryophyllene and 3-caryophyllene oxide are efficient chemosensitizers
and reverse drug resistance in tumor cells [134]. Other studies have shown that hepato-
toxicity induced by DOX can be mitigated upon treatment with cinnamaldehyde-narigin
(a natural flavonoid) co-encapsulated zein nanoparticles that were coated with lactoferrin
and sodium caseinate. The authors found that the nanoparticles demonstrated stability and
hemocompatibility in mice, in addition to significantly reducing oxidative stress induced
by DOX [135].

6. Hybrid Scaffolds of Cinnamic Acid and Its Derivatives

More recently, hybrids of cinnamon and its derivatives with additional bioactive
molecules have been developed. In a pioneering study, taking advantage of the anti-cancer
properties of curcumin, a naturally occurring polyphenol, Regasini and co-workers synthe-
sized a series of cinnamaldehyde/curcumin hybrids through aldol condensation reactions
and examined their antiproliferative effects on a wide variety of breast, ovarian, vulvar and
cervical cancer cell lines. Their results indicated anti-neoplastic effects and higher efficacy
against breast, cervical and vulvar cancer cells compared to non-tumorigenic cells. The au-
thors attributed the higher efficacy of the formed hybrids to the presence of the electrophilic
[-carbon in the compounds [136]. In a recent study by Sreekanth and co-workers, substi-
tuted N-(4)-substituted thiosemicarbazones that were derived from cinnamaldehyde were
prepared with ruthenium (II)-(m6-p-cymene)/ (n6-benzene) complexes for targeting cervical
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(HeLa) and breast cancer (MDA-MB-231 and MCEF-7) cells. They found that the complexes
successfully generated apoptosis in the cancer cells selectively due to the bioactivity of
the thiosemicarbazones [137]. In a separate study, Bulakowska and colleagues developed
novel N—(4—chloro—2-mercapto-5-methyl phenylsulfonyl) cinnamamide derivatives, con-
taining cinnamic moiety and benzene sulfonamide as the two specific pharmacophores.
They demonstrated that the designed compounds not only showed antimicrobial activity
and antioxidant activity but also showed potent activity against cervical (HeLa), ovarian
(SKOV-3) and breast MCF-7 cancer cell lines. In particular, two of the derivatives of N—{[4-
chloro-5-methyl-2—-(naphthalen—1-ylmethylthio)phenyl]sulfonyl}cinnamamide showed
selective high potency against SKOV-3 ovarian cancer cell proliferation [138]. Hybrids
of CA and artemisinin, a natural compound that contains an endoperoxide bridge, have
also been developed [139]. For example, mono and disubstituted dihydroartemisinin-
cinnamon acid ester hybrids have been developed by Yu and co-workers [140]. However,
dihydroartemisinin hybrids were found to show significantly higher activity against four
different cancer cell lines. The authors showed that apoptosis was induced by ROS and fer-
rous ion accumulation, resulting in significant anticancer activity against A549 cells. In an
interesting study by Abourehab and co-workers, pyrrolizine/indolizine/cinnamaldehyde
Schiff bases were developed through condensation with CAL. The authors found that
two of the compounds in particular showed high cytotoxicity against MCF-7 cell lines.
Molecular docking studies revealed that the compounds showed high binding affinity
toward p38 MAP kinase as well as COX-2 proteins [141].

Natural products such as plant-derived triterpenoids like oleanolic acid (OA) and
glycyrrhetinic acid (GA) have also been conjugated with cinnamic acid to develop cinnamic
acid ester derivatives. The combination of OA or GA with cinnamic acid allows for the
incorporation of two antioxidant and antitumor compounds within the same molecule for
enhancing potency against MCF-7 tumor cells. The authors indicated that the IC5 values
obtained for the conjugates were close to the known FDA-approved drug gefitinib, which
is promising [142]. In a study conducted by Rao and co-workers, cinnamyl sulfonamide
hydroxamate derivatives (Figure 8) were developed that were found to be potent histone
deacetylase (HDAC) inhibitors and demonstrated strong cytotoxicity against MCF-7 breast
cancer cells as well as A549 lung cancer cells. Furthermore, the derivatives showed antian-
giogenic activity (as demonstrated through the reduction in the expression of HIF-1«x) as
well as antimetastatic activity (as shown by reduction in cell migration and inhibition of
MMP-2 and MMP-9 expression) [143].

In another interesting study, the 8-amino quinoline-derived primaquine (a known
antimalarial drug) was conjugated with various derivatives of cinnamic acid, such as
including «-methyl cinnamic acid or methoxy, dimethoxy, trimethoxy, methylene dioxy,
chloro, fluoro, trifluoromethyl and bis-trifluoromethyl cinnamic acid and tested against
HeLa, MCF-7 and the SW 620 cell lines. The authors found that all of their designed
compounds showed high potency against breast MCF-7 cell lines. However, the (E)-3-(2-
fluorophenyl)-N-(4-(6-methoxyquinolin-8-ylamino) pentyl) acrylamide compound showed
significantly high selectivity and cytotoxicity against HeLa and MCF-7 cell lines, as well
as the SW 620 cells [144]. Studies have also shown that the conjugation of cinnamic acid
with amino acid building blocks such as those with leucine, alanine, glycine and me-
thionine can enhance cytotoxicity against various tumor cells, including the MCF-7 cell
line. Furthermore, the authors found that the potency of the derivatives induced DNA
damage in the tumor cells [145]. In a recent study, a series of chimeric compounds of the
naturally derived chalcone 2’,4’-dihydroxychalcone derivatized with cinnamic acid were
examined by Ventura-Salazar and co-workers using QSAR modeling studies, and then
the most optimal compounds were synthesized. Of those, the 2’-hydroxy, 4’ cinnamate
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chalcone was predicted to show highly potent cytotoxicity against MCF-7 cancer cell lines
in addition to activity against lung A-549, cervical (CasKi) and liver (HepG2, Hep3B) can-
cer cells [146]. In an interesting study by Ogunalakin and collaborators, acrylhyrazone
cinnamate derivatives were designed and synthesized. Molecular docking and simula-
tion studies revealed that the lead compounds demonstrated molecular interactions with
the kinase domain of HER2 and human aromatase cytochrome P450. Furthermore, the
compound N’-(2,4-dichlorobenzylidene)-3-(4-methoxyphenyl) acrylohydrazide (which con-
tained two chloride ions on the aromatic system) inhibited the proliferation of both CHO-I
cancer cells (ICsg value of 4.2 + 0.6 pg/mL) and HelLa cervical cancer cells (ICsq value of
21.4 £ 2.1 pg/mL), while N’-(2, 6-dimethoxybenzylidene)-3-(4-methoxyphenyl) acrylohy-
drazide showed slightly lower inhibition, demonstrating an ICsg value of 18.4 & 4.1 pg/mL
with CHO-1 cells and an ICsq value of 22.4 £ 1.5 ug/ mL with HeLa cell lines [147]. Overall,
these studies suggest that while there have been a wide variety of cinnamoyl conjugates
that have been synthesized and shown to be viable as potent anticancer agents, the field
still remains wide open, where there is a potential to develop more potent anticancer
agents toward gynecological cancer treatment by combining multiple bioactive motifs
(both natural and synthetic) within a single molecule.
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Figure 8. Chemical structures of bioisosteres of sulfonylamide/hydroxamate derivatives of cinnamic
acid (compounds a—c). Compound b was found to exhibit the highest potency against MCF-7 and
Ab549 cells on par with the known HDAC inhibitor Vorinostat (adapted from reference [143] with
permission from Elsevier).

7. Conclusions and Future Challenges

The molecular mechanisms involved in the antioxidant, antimetastatic and antian-
giogenic properties of cinnamon extract and its derivatives continue to be an important
topic of current research. Because CE and CEO contain multiple bioactive plant metabo-
lites, it is likely that several synergistic mechanisms are involved in the cumulative effects
observed. The research indicates that CE, CA, CAL and CEO impact numerous pathways
at multiple cell cycle stages, from alteration of gene expression to pathway inhibition [148].
The potential of CE and CEO, as well as other major constituent compounds, as novel anti-
cancer therapeutics has been investigated in numerous studies. In particular, the ability of
these cinnamon-based compounds to treat gynecological and breast cancers is a promising
area of ongoing research that has been discussed in this review. These materials exhibit
antimetastatic, antiangiogenic and proapoptotic properties that make them particularly
valuable in the treatment of such cancers. Despite the progress in this area, there are several
challenges that remain to be resolved. As oil components, most of these metabolites are
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hydrophobic and face solubility challenges. To enhance bioavailability, nanoscale delivery
methods are being pursued. Additionally, CE and CEO-based nanoparticles or nanoemul-
sions and hybrids are also being explored. Furthermore, these nanoparticles can be further
utilized for targeted therapeutics through appropriate functionalization. A particularly
promising approach is the synthesis and development of novel hybrid drug compounds
with cinnamon derivatives and other bioactive components that can synergistically enhance
the anti-cancer effects. While most of the work reported in this study focused primarily on
breast, cervical and ovarian tumor cells, cinnamon and its derivatives have been found to
be effective against a multitude of other types of cancers. An aspect of CE that needs to be
addressed includes the standardization of CE and CEO, which remains a gap, as noted by
the differences in measured CEO composition across the literature. Future works should
focus on the further development of hybrid materials and nanoscale-targeted therapeutics
either directly with CA and its derivatives or as adjuvants. In addition, further in vivo and
patient-specific studies will be necessary.
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