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Abstract

Triterpenoids are a powerful group of phytochemicals derived from plant foods and herbs. Many
reports have shown that they possess chemopreventive and chemotherapeutic effects not only in
cell lines and animal models but also in clinical trials. Because epigenetic changes could
potentially occur in the early stages of carcinogenesis preceding genetic mutations, epigenetics are
considered promising targets in early interventions against cancer using epigenetic bioactive
substances. The biological properties of triterpenoids in cancer prevention and in health have
multiple mechanisms, including antioxidant and anti-inflammatory activities, cell cycle regulation,
as well as epigenetic/epigenomic regulation. In this review, we will discuss and summarize the
latest advances in the study of the pharmacological effects of triterpenoids in cancer
chemoprevention and in health, including the epigenetic machinery.
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Introduction

Cancer has become one of the major global health problems and rank as leading killers
around the world in the 21st century [1, 2]. In 2018, there were an estimated 18.1 million
new cases and 9.6 million cancer deaths worldwide [2]. Carcinogenesis is a complex,
multistep process starting from tumor initiation, promotion to progression that includes a
continuous accumulation of transformative events driven by genetic mutations and
epigenetic changes that affect major cellular processes and pathways, such as cell growth,
and survival, differentiation, metastasis, migration, and invasion [3]. Inflammation is one of
the mechanisms and drivers that can cause cancer development, through processes that
involve genotoxicity, aberrant tissue repair, proliferative responses, invasion and metastasis
[4]. Fortunately, it is estimated that from one-third to two-fifths of new cancer cases can be
prevented through lifestyle changes by eliminating or reducing exposure to known
environmental risk factors [5-7]. The risk of specific cancers has been reported to be
negatively correlated with higher vegetables and fruit intake [8].

Phytochemicals are often used to describe plant compounds that are not scientifically
defined as essential nutrients [8]. Many phytochemicals derived from plants have been
reported to play a role in the prevention and treatment of cancer [3, 8, 9]. The latest
advances in phytochemical research also implicate the health benefits not only in the biology
of tumor cells but also in the nervous system [10, 11], diabetes [12, 13], cardiovascular
diseases [14, 15], anti-aging [16], and obesity [17-19]. Triterpenoids are terpenoid
derivatives of triterpene molecules including oleanolic acid (OA) derived from garlic, java
apple, ursolic acid (UA) found in apples, bilberries, cranberries, lavender, moronic acid
derived from mistletoe, and betulinic acid [20]. More than 20,000 triterpenoids have been
found in nature [21]. Triterpenoids are potent phytochemicals that are beneficial to many
human diseases, including different types of cancer [20-22].

Epigenetics/epigenomics has been hypothesized as one of the major mechanisms linking
phytochemicals and cancer development [23-25]. Epigenetic modifications ranging from
DNA methylation, histone modification to microRNA-mediated modification contribute to
changes in gene regulation and expression [26, 27]. The dysregulation of epigenetic
processes is often found to be a driving factor in cancer [28]. Many bioactive dietary
ingredients including triterpenoids have been gaining attention because their activities on
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epigenetic modifications and epigenome profiles may play a role in preventing cancers [29].
However, the studies on interactions between phytochemical and epigenetic/epigenomic
machinery in cancer prevention and in health are still at its early stage of research. In this
review, we will summarize recent advances in the potential mechanisms exerted by
triterpenoids in chemoprevention and in health by mainly focusing on the epigenetic/
epigenomic regulation of triterpenoids in lung, breast, colon, prostate, skin cancers and other
diseases.

2. Epigenetic Modifications as A Bridge Between Phytochemicals and

Diseases

Cancer development is based on the crosstalk between the genome and the epigenome which
is influenced by lifestyle factors, such as environmental pollutants and diet. Dietary factors
affecting epigenetic modification to turn on/off gene expression and signaling pathways is a
new strategy to prevent cancer, cardiovascular disease, and other diseases. It has been
reported that plant-based compounds target epigenetic modifications and show great
potential in the prevention and treatment of cancers and various chronic diseases [3, 30, 31].
For instance, curcumin, a bioactive polyphenol from turmeric, has been shown to remodel
chromatin through histone modifications, modulate transcription via alteration in DNA
methylation and undergo post-transcriptional regulation by microRNAs (miRNAS)
modifications [32, 33].

Other phytochemicals including polyphenols [quercetin, apigenin, epigallocatechin-3-gallate
(EGCQG), genistein, resveratrol, and curcumin], organosulfur compounds [sulforaphane
(SFN), phenethyl isothiocyanate (PEITC), diallyl disulfide (DADS)], and indoles
[diindolylmethane (DIM)] may play a significant role in chemopreventive effects through
targeting multiple anticancer pathways as well as epigenetic mechanisms [3, 30, 34].
Compared to conventional single-targeted chemotherapeutic drugs with high toxicity, regular
intake of multifunctional and relatively non-toxic phytochemicals would be logical in early
prevention and long-term treatment of various chronic diseases. Furthermore, the
combination of bioactive phytochemicals with chemotherapies has shown a synergistic
effect [35].

Triterpenoid biosynthesized from squalene is one of the most potent types of phytochemicals
targeting anti-oxidative, anti-inflammatory and anti-tumor pathways in which nuclear factor
erythroid-2-related factor 2 (Nrf2), nuclear factor kappa B (NF-xB), signal transducer and
activator of transcription 3 (STAT3) are some of the major regulators [36]. The cytotoxic
effect of triterpenoids in cancer cells, as well as antitumor efficacy in animal models and
human trials, have been investigated widely [21, 22]. The cancer prevention mechanisms by
which triterpenoids inhibit cell proliferation and migration, induce apoptosis, regulate cell
cycle progression, and inhibit angiogenesis vary with different cancer models (Table 1).

Recent evidence suggests that triterpenoids modulate epigenetic mechanisms in exerting
cancer preventive effects as summarized in Figure 1 and Table 1. Triterpenoids can be
classified into two main categories including tetracyclic and pentacyclic triterpenoids, with
ursane, oleanane, lupane are the three major families in pentacyclic triterpenoids [37].
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Cucurbitacin, ginsenoside Rg3, ginsenoside Rh2, ginsenoside compound K, which are
tetracyclic triterpenoids, have shown to induced global hypomethylation, enhance promoter
hypermethylation/hypomethylation of oncogenes and tumor suppressor genes, and modify
miRNA by targeting DNA methyltransferase 1 (DNMT1) [38-42]. The epigenetic
modifications can contribute to growth inhibition and apoptosis induction in lung cancer,
breast cancer, colorectal cancer, and glioma. Ursane family of pentacyclic triterpenoids,
including UA and corosolic acid (CRA), can modulate histone modification, miRNA, and
CpG methylation in the promoter of transcription factors including (specific protein 1) Sp1,
Nrf2 through regulating DNMTS, histone deacetylases (HDACSs) and histone
methyltransferases (HMTSs) [43-49]. These epigenetic mechanisms lead to the inhibition of
malignant transformation at an early stage as well as suppression of tumor survival, growth,
migration, and invasion at the promotion and progression stages in non-small cell lung
cancer (NSCLC), breast cancer, colorectal cancer, skin, prostate cancer, and acute myeloid
leukemia. Oleanane type of pentacyclic triterpenoids including OA and bardoxolone methyl
(CDDO-Me) activate reactive oxygen species (ROS), induce cell cycle arrest, suppress
tumor growth through histone modifications, promoter demethylation of human telomerase
reverse transcriptase (nTERT) and miRNA regulation via inhibiting DNMT1 and DNMT3a
in lung and pancreatic cancers [50-52]. In the following sections, we will address the
triterpenoids-regulated epigenetic mechanisms and signaling pathways in various diseases in
more detail.

3. Triterpenoids Structure Consideration

Triterpenoids represent a large and diverse group of organic compounds characterized by the
basic backbone of a 30-carbon isoprenoid molecule and consists of six isoprene units [53].
Triterpenoids share a similar carbon skeleton with triperpene, the pentacyclic structure with
different bioactive subgroups [54]. Most of the triterpenoids are secondary metabolites
naturally synthesized in the plant and distributed widely in fruits and vegetables such as
apple, cranberry, and blueberry [55-58]. The bioavailability of triterpenoids is low due to
high first-pass metabolism [59-63]. Several studies have shown that triterpenoids
significantly suppress various cellular processes including chronic inflammation by
modulating proinflammatory mediators, cell cycle arrest, apoptosis, phase Il detoxifying
enzymes. [64]. Studies on biological functions of triterpenoids extracted from plants are
conducted but remain not fully understood [65, 66]. Among the numerous triterpenoid
derivatives, several compounds such as UA (3-beta-3-hydroxy-urs-12-ene-28-oic-acid), OA
(3/3-hydroxy-olea-12-en-28-oic acid) and CDDO (2-cyano-3,12-dioxooleana-1,9(11)-
dien-28-oic acid), and maslinic acid, lupeol, botulin and betulinic acid show strong
pharmacological and medical properties in the prevention and treatment against chronic
diseases, particularly on cancers [20, 67, 68]. UA exhibited strong antioxidant, anti-
inflammatory and anticancer activities through multiple molecular mechanisms including
free radical scavenging, cell cycle regulation, cell apoptosis induction, and some signaling
pathways such as NF-xB pathway [59]. OA is the isomer of UA shows a protective effect in
leukemia and colon carcinogenesis [69, 70]. The synthetic oleanane triterpenoid CDDO and
CDDO derivatives such as methyl ester and ethyl amide also show cancer-preventive effects
against various cancers such as lung and prostate cancer [71-73]. Based on these findings,
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an important structure and activity relationship is revealed. For example, CDDOQ’s structure
of 2-cyano-1-en-3-one subgroup and 9(11)-en-12-one subgroup presented on the specific
ring location is highly associated with its strong bioactivity [20]. Besides, the keto group at
C-16, I-rhamnose group at R5 and acetyl group at OH-6 of the glucose shows significantly
increasing cytotoxicity on human adenocarcinomic alveolar basal epithelial A549 cells and
human ileocecal colorectal adenocarcinoma HCT-8 cells, and decreasing cytotoxicity on
human papillomavirus-related endocervical adenocarcinoma Bel-7402 cells [74]. The
angeloyl group at C-21 or C-22 is also associated with triterpenoid cytotoxic activity and
potentially bounds to enzymes such as human DNA topoisomerase | [75]. Multiple
functional groups at one carbon location on the same triterpenoid skeleton also reveal the
various bioactivity of triterpenoids. For instance, the acetyl group at C-3 and amine group at
C-28 shows a combined structure-activity relationship in regulating cell cycle [76]. Other
groups such as carboxylic acid, ester of hydroxymethyl propanediol at these carbon
locations would also affect the bioactivity of triterpenoids. To sum up, the chemical
structure-activity relationship reveals important evidence and provides details for elucidating
the molecular mechanism of anticancer activities in human cancers.

4. Triterpenoids in Cancer Prevention: Regulation of signaling pathways

and epigenetic modifications

4.1 Lung Cancer

The use of natural and synthetic triterpenoids in lung cancer prevention studies is increasing
annually. From the pharmacokinetic aspect, triterpenoids including UA has shown rapid
absorption and elimination as well as better distribution to lung compared with other tissues
[61]. In NSCLC lines and a human lung adenocarcinoma cell line, UA has been shown to
induce the release of apoptosis-inducing factor and Endo G through mitochondrial
dependence pathway, thus causing apoptosis [77-80]. UA can also exert lung cancer
prevention activities by weakening the DNA damage protection induced by vaccinia related
kinase 1 [81], inhibiting epithelial-mesenchymal transition by downregulation of astrocyte-
elevated gene-1 [82] and inducing stress-activated kinase/c-Jun N-terminal kinase (SAPK/
JNK) pathway [43]. SAPK/INK-mediated suppression of Sp1 by UA leads to the
downregulation of epigenetic modifiers DNMT1 and EZH2 which contributes to inhibition
of NSCLC growth in H1299 and A549 cells [43]. The synthetic triterpenoids CDDO-Me and
CDDO-Ea (ethyl amide) can inhibit the expression of malignant phenotypes during the
development of lung cancer induced by vinyl carbamate in A/J mouse [72, 83]. CDDO-Ea
with HDAC inhibitor vorinostat (SAHA) demonstrated a synergistic effect in the inhibition
of expression of cyclin D1 and lung carcinogenesis in VC-1 lung cancer cells and A/J mice
[84]. It can also enhance the acetylation of histone H3 when combined with SAHA in VC-1
lung cancer cells. The synthetic triterpenoid CDDO-Im (imidazolide) inhibits
phosphorylation of transcription factor STAT, suppresses proliferation and induces apoptosis
in lung cancer cells [85]. CDDO-Me, CDDO-Im, and various amide derivatives of CDDO
are strong inducers of Nrf2/ARE signaling in various organs, including the lung [86, 87].
CDDO-Me has been shown to induce rapid apoptosis involving cytochrome c-triggered
caspase activation pathways in an array of human NSCLC cells [88]. Betulinic acid is
another plant-derived pentacyclic triterpenoid with a strong anticancer ability and targets the
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mitochondrial apoptosis pathway [89]. In in vitro and in vivo lung cancer models, betulinic
acid induces cell cycle arrest through increasing the sumoylation of Sp1, thereby reducing
the level of Sp1 and inhibiting cyclin A2/Rb signaling [90]. Another study suggests that the
protective effect of betulinic acid on the lungs is related to inflammatory cytokine responses
[91]. Recent reports have suggested that underexpression of miR-126, miR-200c, and
overexpression of miR-21 contribute to the malignancy of NSCLC [92-95]. Ginsenoside
Rh2 has been shown to modulate an array of miRNA to reduce lung cancer cell A549
growth [38]. Restoration of miR-148a and miR-196b and inhibition of miR-100, miR-23b
and miR-21 appear to be the most significant modifications (more than 2-fold changes)
observed during ginsenoside Rh2 treatment. OA also exhibits anti-tumor effects through
miRNA regulation. OA induces miR-122-regulating transcriptional factors hepatocyte
nuclear factors (HNF)1a, 3B, 4a, and 6 to activate the miR-122/Cyclin G1/Cyclin G1
(CCNG1)/Myocyte Enhancer Factor 2D (MEF2D) axis [96]. These mechanisms contribute
to inhibition of proliferation induced by cell cycle arrest pathway in vitro as well as
suppression of tumor volume in lung carcinoma xenografts. Santos et a/. showed that OA
improves lung morphology and function by regulating the release of inflammatory mediators
and oxidative stress in experimental acute lung injury [97]. In summary, triterpenoids are
promising lung cancer prevention compounds through regulating DNA and histone
methylation via DNMT and HMT as well as modifying miRNAs.

4.2 Breast Cancer

It is widely recognized that the accumulation of genetic mutations contributes to the
development of breast cancer, the most common cancer in women worldwide [98]. A
genome-wide study has revealed 189 genes that are frequently mutated in breast and
colorectal carcinomas, and DNA methylation and chromatin remodeling have been
implicated in the gene dysregulations [99]. Increasingly many studies have established that
gene dysregulations induced by global and loci-specific epigenetic modifications play a
crucial role in human breast carcinogenesis [100]. The application of multifunctional
phytochemicals such as triterpenoids could be an effective and less cytotoxic approach for
the prevention and treatment of breast cancers. Ginsenoside Rg3, an anticancer triterpenoid
saponin, has induced global hypomethylation in MCF-7 breast cancer cells in a dose-
dependent manner (0-50 pM) as examined by bisulfite PCR of long interspersed nucleotide
elements (LINE)-1 [42, 101]. Gene-specific methylation profile has suggested the
methylation of NOX4 and demethylation of KDM5A as a key epigenetic mechanism
regulated by Rg3 to suppress MCF-7 cell proliferation. The expression of NOX4 and
KDMB5A altered by Rg3 were validated by PCR and western blot. The inhibitory effect of
Rg3 on cell proliferation was enhanced when NOX4 is downregulated by siRNA and was
decreased via silencing of KDM5A by siRNA. Dittharot et a/. showed that triterpenoid
cucurbitacin B suppressed the survival and the anchorage-independent growth of MDA-
MB-231 and MCF-7 cells through inversion of CpG methylation status in the promoter
regions into hypermethylation in oncogene c-Myc, cyclin D1, and survivin [39]. The
enhanced methylation of oncogenes was elucidated by increased RNA and protein
expression of DNMT1 by cucurbitacin B as an epigenetic regulatory mechanism. UA can
sensitize paclitaxel-resistant MDA-MB-231 breast cancer cells through the upregulation of
miR-149-5p while silencing of the miR-149-5p gene by shRNA abrogated the effects of UA
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on paclitaxel resistance. Upregulated by UA, miR-149-5p can further suppress the
expression of the MyD88 gene through direct binding to its 3’UTR and then inhibit MyD88-
dependent Akt signaling pathway in paclitaxel-resistant MDA-MB-231 cells [44].
Inflammatory cytokines can attract tumor-associated macrophages (TAMSs) to the tumor
microenvironment to promote the production of various inflammatory and angiogenesis
mediators, such as inducible nitric oxide synthase (iNOS), matrix metalloproteinases (MMP)
and vascular endothelial growth factor (VEGF) [102]. Tran et al. demonstrated that CDDO-
Me and CDDO-Ea downregulate the expression of M-CSF and MMP-9 to prevent the
infiltration of TAMSs and thereby suppress ER-negative mammary tumor development in
PyMT mice [84, 103]. The effect of infiltration of TAMSs on tumor growth is associated with
various epigenetic mediators including DNMTs, HMTs, histone demethylases (HDMs) and
HDACSs [104]. The combination of CDDO-Me or CDDO-Ea with HDAC inhibitor SAHA
presented the synergistic effect in mammary tumor prevention [84]. Eades et a/. have
reported that miR-200a is significantly inhibited in breast cancer cell lines MDA-MB-231
and Hs578T in comparison with the non-tumorigenic MCF-10A cell line by profiling
expression of 88 miRNAs [105]. SAHA as the epigenetic regulator can restore miR-200a
expression and thus destabilizing Keapl to activate Nrf2-ARE signaling, contributing to the
suppression of anchorage-independent growth of breast cancer cells. In conclusion,
triterpenoids are potential epigenetic modulators for breast cancer prevention which can
regulate global and gene-specific DNA methylation via DNMT as well as modify miRNAs.

4.3 Colorectal Cancer

Accumulating evidence indicates that triterpenoids can prevent colon cancer through
epigenetic modifications. It’s well recognized that miRNAs play important roles in the
pathogenesis of colitis-associated cancer (CAC). Chen et al. showed that triterpenoid-rich
fraction extracted from llex rotunda Thunb attenuates upregulation of miR-31-5p and its
target LSTS2/YAP genes, and reduce iNOS, interleukin (IL)-11, and IL-17A in
azoxymethane/dextran sodium sulfate model of CAC [106]. The mechanism results in
rescued of dysplasia, shortened colon length and the thickened muscle layer, and improved
survival rate in vivo. The parallel in vitro study suggests that the extract inhibits miR-31-5p
expression via down-regulating tumor necrosis factor (TNF)-a and IL-6 in both thpl and
Caco?2 cells. Another triterpenoid in nature, UA, regulates several pathways to prevent colon
cancer. At the early stage of colorectal cancer, the epithelial-mesenchymal transition (EMT)
plays an important role in promoting proliferation and metastasis. In HCT116 and SW620
cells, UA significantly restores E-cadherin expression for maintaining epithelial morphology
and decreases the expression of EMT-promoting genes, such as integrin, Vimentin, Twist,
Zebl [107]. A study by Zhang et al. further showed that UA inhibits migration and invasion
through the downregulation of TGF-p1/Smad and TGF-B1/FAK signaling pathways and its
target gene Zeb1 in human colon cancer cells HCT116 and HCT-8. The mechanism is
associated with increased miR-200a/c expression which is negatively controlled by CpG
methylation of the miR-200 promoter [45, 108]. Choi et al. showed that oral administration
of the synthetic triterpenoid CDDO-Me notably decreases the expression of
proinflammatory cytokines (iNOS, IFN-y, TNF-a, IL-6, and IL-1B), STAT1/3 as well as
NAD-dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH) in mice with
SMADA4-deficient T cells. 15-PGDH induction effect by CDDO-Me was not presented in
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Smad3 KO mice and reversed by TGF- signaling inhibitors. Thus, the authors conclude
CDDO-Me can prevent colitis-associated cancers through the 15-PGDH/(SMAD2/3)/TGF-B
pathway [109]. Another review by Bai et al. further investigate the relationship between
TGF-p signaling and epigenome. Activation of the transcription factor of TGF-p, SMAD2/3,
can recruit a variety of epigenetic regulators [110]. Recruitment of SMAD-BRG1 SWitch/
Sucrose Non-Fermentable (SWI/SNF) complex or SMAD-KDM6B complex to the promoter
as well as acetylation of SMAD by P300/CREB binding protein (CBP) can increase the
expression of TGF-f signaling target genes, whereas recruitment of HDACs has the opposite
effect. Kang et al. reported that a tetracyclic triterpenoid, ginsenoside compound K, can
activating Bim-induced apoptosis in colorectal cancer cell HT29 by the restoration of
RUNX3-Smad expression [40]. The mechanism is mediated by CpG demethylation in the
RUNX3 promoter induced by downregulation of DNMTZ1. The suppression of DNMT1 by
compound K is via inhibition of the ERK pathway. To sum up, triterpenoids are
multifunctional agents against colorectal cancers in vitro and in vivo which targets various
inflammatory response pathways especially Smad2/3-mediated TGF-p and RUNX signaling.
The epigenetic regulation by triterpenoids including gene-specific methylation via DNMT
and miRNA modifications are highly involved in the prevention of colorectal cancers.

4.4 Skin Cancer

Skin cancer, like many other cancers, has been linked to aberrant epigenetic modifications
[111]. Studies using melanoma cancer cell lines reveal that CpG island promoter regions of
potential human tumor suppressor genes, Ras association domain family 1 isoform A and
human mutL homolog 1, are significantly hypermethylated and cancer-associated genes such
as Melanoma-associated antigen A1 and mammary serine protease inhibitor (maspin) are
found to be hypomethylated [112, 113]. UA has shown potential results in activating Nrf2
and blocking cellular transformation by 12-O-tetradecanoylphorbol-13-acetate (TPA) in
mouse epidermal JB6 P+ cells [46]. At a concentration of 2.5 UM, UA is shown to
downregulate DNMT1, DNMT3a, HDAC2, and HDACS. Under this condition, 15 CpG sites
of the Nrf2 promoter region are demethylated, inducing expression of Nrf2 mediated
detoxifying enzymes, including heme oxygenase-1 (HO-1), NAD(P)H: quinone
oxidoreductase 1 (NQO1), and UDP-glucuronosyltransferase 1Al. Cho et al. have reported
UA alone or in combination with resveratrol can prevent skin tumor development and
epidermal hyperproliferation in the ICR mouse model of two-stage skin carcinogenesis
[114]. The multi-functional mechanism is showed by inhibition of inflammatory and growth
factor pathways, inclusive of STAT3, Fas, Src, Akt, p38 mitogen-activated protein kinases
(MAPK), cyclooxygenase-2, NF-xB, JNK1/2, and epidermal growth factor receptor (EGFR)
pathways, through modulating binding and nuclear translocation activity of NF-xB, early
growth response protein 1, and activator protein 1 transcription factors. A systematic
epigenomic study by Yang et al. reveals that UA suppresses UVB-mediated nonmelanoma
skin cancers (NMSC) with a decrease in tumor number and volume coupled with alterations
in DNA CpG methylome with RNA expression changes in transcriptome [47]. The CpG
methylome profile shows that oxidation- and inflammation-related signaling pathways such
as Nrf2, NF-xB, and IL-8 are highly modulated by UA with associated gene expression
changes at the early stage (2 weeks) of NMSC carcinogenesis [47]. OA, an isomer of UA,
has been shown to downregulate EGFR activity and induces mitochondria-dependent
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caspase 3-mediated apoptosis which is considered to play an important role in the
development of skin cancer [115]. RTA 408, a synthetic oleanane compound is found to be
an inducer of the Nrf2-antioxidant response element signaling pathway and induces
cytoprotective genes [116, 117]. Overall, triterpenoids prevent skin cancers through
epigenetically demethylating promoter of genes involved in oxidative stress and
inflammation regulatory pathways such as Nrf2/ARE pathway via regulation of epigenetic
modifiers DNMTs, HDACSs and others [46].

4.5 Prostate Cancer

Prostate cancer is one of the most common cancers in the world with the incidence rate
increasing annually. Some phytochemicals are potent in inhibiting proliferation and inducing
apoptosis epigenetically in the prevention of prostate cancer. Triterpenoids have been
demonstrated to exert various pharmacological activities through activation of the Nrf2
pathway and restoration of abnormal epigenetic alterations to prevent neoplasms including
prostate cancer [46, 48, 118]. Previous work from our laboratory provided evidence that the
suppression of Nrf2 during prostate tumor development in TRAMP mice is regulated by
methylation in Nrf2 promoter related to binding of methyl-CpG-binding protein 2 and
trimethyl-histone H3K9 [119]. UA can exhibit anti-oxidative, anti-inflammatory and DNA
damage reduction effects in various diseases as discussed above [120, 121]. In human
prostate cancer cells, UA has shown to facilitate apoptosis through mechanisms elaborated
as follows. Mu et al. reported that UA activates caspase-3/9 dependent apoptosis in prostate
cancer cells by targeting ROCK1/Phosphatase and tensin homolog to mediate translocation
of cofilin-1 and release of cytochrome c¢ from mitochondria [122]. Shin et a/. showed that
UA enhances apoptosis mediated by tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) via C/EBP homologous protein (CHOP)-dependent DR5 upregulation in several
prostate cancer cell lines [123]. Another compound, CRA which has a similar structure as
UA can inhibit anchorage-independent growth of TRAMP-CL1 prostate cells via activation of
the Nrf2 pathway mediated by demethylation of Nrf2 promoter [48]. The mechanism is
associated with acetylation of histone H3 lysine 27 (H3K27ac) and demethylation of H3
lysine 27 (H3K27me3) modulated by DNMTs and HDACs. Besides, some other
triterpenoids such as CDDO and its synthetic derivatives also play an important role in the
prevention of prostate cancers. CDDO-Im suppresses prostate cancer growth in vitro by
induction of apoptosis through targeting mitochondrial glutathione (mGSH) [124]. CDDO
sensitizes prostate cancer cells to TRAIL-induced apoptosis by enhancing ubiquitination and
degradation of FLICE-inhibitory protein (FLIP) protein [125]. In conclusion, the above
studies have shown that triterpenoids can exhibit prostate cancer-preventive effect by
epigenetically regulation of Nrf2/ARE signaling and activation of a variety of apoptosis
pathways.

4.6 Other cancers

Wau et al. showed that ginsenoside Rh2 inhibits proliferation of glioma by targeting
miR-128/E2F3a pathway, contributing to increased cytotoxicity, apoptosis, and caspase 3
activation [41]. Chen et al. suggested that UA increases the acetylation of histone H3 and
decreased HDAC activity, resulting in cell death in HL-60 human acute myeloid leukemia
cells [49]. Deeb et al. reported CDDO-Me can prevent proliferation and induce apoptosis in
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pancreatic cancer cells via inhibiting expression of hTERT and telomerase activity [52]. The
inhibition of hTERT is illustrated by CpGs demethylation in the hTERT promoter, resulting
from the inhibition of DNMT1 and DNMT3a expression. The mechanism is further
associated with a reduction in acetylated histone H3K9, acetylated histone H4, dimethyl-
H3K4, and trimethyl-H3K9 at the hTERT promoter. Moreover, suppression of transcription
factors Sp1, c-Myc, NF-xB, CCCTC-binding factor, E2F Transcription Factor 1 and mitotic
arrest deficient 1 by CDDO-Me can also regulate the transcriptional response of hTERT.
Moreover, Jutooru et al. also revealed the antitumor effect of CDDO-Me in pancreatic
cancer in vitro and in vivo [51]. CDDO-Me decreases MMP and induces ROS, thereby
inhibiting miR-27a and upregulating zinc finger and BTB domain containing 10, leading to
repression of Sp1/3/4 transcription factors. Sp can regulate the transcription of Sp-dependent
genes involving in proliferation, apoptosis, and angiogenesis of pancreatic cancers.

5. Triterpenoids Pharmacological Effects in Non-cancer Diseases

Growing evidence connecting the health benefits of eating vegetables and fruits in
preventing or treating various non-cancer illnesses, including cardiovascular, metabolic,
neurodegenerative and other chronic diseases. Clinical trials and epidemiological studies
have shown that these health benefits are closely related to the bioactive phytochemicals.
Many studies have shown that triterpenoids have beneficial effects in this regard.

Dysregulated homeostasis in the cardiovascular system often leads to many cardiovascular
diseases, such as hypertension, which is characterized by a chronic increase in system
arterial pressure above a certain threshold value [126]. Oxidative stress is one of the main
mechanisms for the occurrence and development of cardiovascular diseases. Triterpenoids
can eliminate damage caused by ROS in various cardiomyopathy models by activating the
Nrf2 pathway [127, 128]. By inducing HO-1 expression, CDDO-Im increases the
availability of nitric oxide (NO) and reduces the levels of ROS and endothelial nitric oxide
synthase (eNOS) in naive or stressed endothelial cells, thereby mediating the coupling of
eNOS and vascular homeostasis. The anti-hypertensive effects of triterpenoid OA and its
derivatives have also been reported. For example, the preventive effect of 60 mg/kg OA on
glucocorticoid-induced hypertension in rats was evaluated by Bachhav et al. [129]. The use
of OA significantly prevented the increase of the systolic blood pressure and cardiac lipid
peroxidation level. However, glucocorticoid therapy had no significant effect on changes in
body weight or thymus weight. This study suggests that the nitric oxide release of OA may
be involved in its anti-hypertensive effect. Nitric oxide is a molecule known to play an
important role in cardiovascular regulation [130, 131]. To further understand the mechanism
of the antihypertensive action of OA and the involvement of NO-releasing action, Ncw-nitro-
L-arginine methyl ester (L-NAME)-induced hypertensive rats were used [132]. This study
suggested that the effect of OA in L-NAME induced hypertension might be due to the
diuresis and nephron-protection. Madlala et al. provided additional insights into the
antihypertensive effects of OA and its methyl ester and brominated derivatives; Me-OA and
Br-OA, respectively [133]. These compounds displayed vasodilatory activity, which is
facilitated by both COX and vascular muscle K+ channels.
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Chronic diseases such as diabetes and obesity are closely related to metabolic disorders.
Both genetic and pharmacological activation can induce a lot of genes involved in lipid
metabolism [134]. CDDO-Im induces aryl hydrocarbon receptor (Ahr) transcription and
blocks lipid accumulation in Nrf2(+/+) mouse embryonic fibroblasts (MEFs) in vitro by
activating Nrf2, but not in Nrf2(-/-) MEFs [135]. In mice on a high-fat diet or in mice with
leptin receptor (Leprdb/db) deficiency, CDDO-Me not only reduces proinflammatory
cytokine expression, total body fat, free fatty acid levels, and plasma triglyceride but also
improves glucose tolerance and insulin sensitivity. CDDO-Me has an effective antidiabetic
effect in diabetic mouse models, mediated at least in part by AMP-activated protein kinase
activation [136]. OA can reduce insulin resistance, reduce TNF-a and IL-6, NF-xB, and up-
regulate the expression of insulin receptor substrate 1 and glucose transporter 4 in insulin-
resistant HepG2 cells [137]. OA supplementation at 25 mg/kg/day for 10 weeks also
improves fructose-induced insulin resistance through the IRS-1/phosphatidylinositol 3-
kinase/Akt pathway [138]. OA can also inhibit gluconeogenesis and reduce insulin
resistance in the liver. Hepatic insulin resistance is considered a major link between type 2
diabetes and nonalcoholic fatty liver disease [139, 140]. The administration of OA in mice
(20 mg/kg/day, i.p.) for 14 days can reduce fat weight, protect liver morphology and
function, reduce fasting glucose, enhance insulin signaling, and inhibit gluconeogenesis
[141].

Neurological disorders include anxiety, depression, stroke, and Alzheimer’s disease, among
others [142]. There is evidence of the protective effect of UA on ischemic stroke [143]. A
recent report shows that redox-sensitive Nrf2 activation plays a decisive role in improving
endogenous defense mechanisms through which the brain protects itself from ischemic
damage and recovers from stroke [144]. Sahni et al. suggested that UA derivatives of C-6
(C-17 propyl amide) and C-2 (C-3 methyl ester) showed significant neuroprotective role in
vivo models of D-galactose-induced neurotoxicity in rats. Therefore, ¢c-2 and ¢-6 may have
advantages in the treatment of cognitive impairment, for example, Alzheimer’s disease and
dementia [145]. Li et al. reported a study on the neuroprotective effects of UA in vivo. This
study shows that the anti-inflammatory and antioxidant effects of UA are important and
necessary in the mouse brain after middle cerebral occlusion [144]. Parkinson’s disease (PD)
is another chronic progressive neurodegenerative disease. Rai et al. studied the
neuroprotective effect of UA on PD mice induced by 1-methyl-4-phenyl1,2,3, 6-
tetrahydropyridine. These authors found that UA can reduce oxidative stress, protect against
neurodegeneration, improve behavior disorders, and is a potential agent for Parkinson’s
disease [146].

6. Conclusion

In conclusion, recent studies have shown that many triterpenoid compounds are effective and
have desirable pharmacological activities against cancer and other diseases. The
pharmacological properties of triterpenoids in cancer prevention and health are attributed to
multiple mechanisms, including antioxidant, anti-inflammatory, and cell cycle regulatory
properties, as well as epigenetic/epigenomic regulation. Triterpenoids have shown anticancer
activities in certain concentration ranges in vitro and in vivo. Cucurbitacin B and
Ginsenosides exhibit in vitro anti-cancer effect at concentrations of 5 uM and 12 to 40 ug/ml
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respectively [38, 39, 41]. UA and CRA have been shown to exert in vitro cancer preventive
effect at concentrations of 2.5 to 40 uM and 2 to 8 uM respectively [45, 48, 147]. OA shows
in vitro and in vivo efficacy against lung cancer at 30 pg/ml and 120 mg/kg separately [50].
CDDO-me demonstrates anti-tumor effect at much lower concentration range of 0.125 to
1.25 uM in vitro and at 7.5 mg/kg in vivo [51, 148]. The effective concentrations of these
pharmacological actions in large part could be attributable to various factors including
different cell line models, animal models, molecular targets, and sources of the compounds.
In addition, there is evidence that triterpenoids can be used as adjuvant therapy under certain
conditions. Further research is needed to translation these results into clinical applications.
Future research can focus on studying the in vivo mechanisms, identifying epigenetic
regulatory switches, finding new analogs, increasing the bioavailability of triterpenoids, to
help identify more effective compounds to prevent chronic diseases such as cancer and
cardiovascular diseases. Overall, the studies summarized in this review enhance our
understanding of the epigenetic/epigenomic regulation by triterpenoids in preventing
cardiovascular diseases, diabetes, neurological disorders as well as a wide range of cancers.
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CAC colitis-associated cancer

CBP CREB binding protein

CDDO 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid
CDDO-Me bardoxolone methyl

CRA corosolic acid

DADS diallyl disulfide

DNMT1 DNA methyltransferase 1

DIM diindolylmethane

EGFR epidermal growth factor receptor
EGCG epigallocatechin-3-gallate

EMT epithelial-mesenchymal transition
eNOS endothelial nitric oxide synthase
HDMs histone demethylases

HDACs histone deacetylases

HMTs histone methyltransferases
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hTERT human telomerase reverse transcriptase
HO-1 heme oxygenase-1
iNOS inducible nitric oxide synthase
MEFs mouse embryonic fibroblasts
MEF2D Myocyte Enhancer Factor 2D
MMP matrix metalloproteinases
NQO1 NAD(P)H: quinone oxidoreductase 1
NF-xB nuclear factor kappa B
NSCLC non-small cell lung cancer
NMSC nonmelanoma skin cancers
Nrf2 nuclear factor erythroid-2-related factor 2
OA oleanolic acid
PD Parkinson’s disease
PEITC phenethyl isothiocyanate
ROS reactive oxygen species
STAT3 signal transducer and activator of transcription 3
SFN sulforaphane
TAMs tumor-associated macrophages
TPA 12-O-tetradecanoylphorbol-13-acetate
UA ursolic acid
VEGF vascular endothelial growth factor
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Figure 1.

The major cancer prevention pathways of triterpenoids involved in cell proliferation and
migration, oxidative stress balance, inflammation, apoptosis, cell cycle progression and
angiogenesis are represented in these signaling pathways. In each cancer model, the
mechanism reported in the literatures are depicted by solid lines. The pathways and
interactions determined using Ingenuity Pathway Analysis (IPA) are depicted by dash lines
as potential pathways to be investigated in future research. The epigenetic regulators and

mechanisms are highlighted in blue.
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