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Abstract

Chemotherapeutic agents are a mainstay in the treatment of cancer. However, non-selectivity of cytotoxic
anticancer agents results in multi-organ toxicities. Cancer chemotherapy is often associated with toxicities which can
be expensive to manage and may affect patient’s quality life. Very few organ protective agents like amifostine are
proved as adjuvants to cancer chemotherapy. Amifostine protects against a wide range of chemo and radiotherapy
related toxicities and reduces costs of supportive care. Multifunctional natural compounds like pentacyclic
triterpenoids and their semisynthetic derivatives possess organ protective activities against drug induced toxicities.
Triterpenoids interact with biomolecules involved in the cytotoxicity of chemotherapeutic agents. They also
sensitize the cancer cells for cytotoxic effect of chemotherapy. Further, pentacyclic triterpenoids themselves possess
anticancer activity. The efficacy of pentacyclic triterpenoids as organotropic, anticancer and chemo sensitizers may
prove these agents as an adjuvant to cancer chemotherapy.

Current review focuses on systematic studies of multifunctional role of pentacyclic triterpenoids and their
derivatives in chemotherapy. Interactions of pentacyclic triterpenoids with molecular targets of like nuclear factor
erythroid-derived like 2 (NrF2), nuclear factor kappa B (NFk-B), protein kinase C (PKC), free radical scavenging,
and cell longevity pathways that contribute to cytoprotective, anticancer, chemosensitizer and chemopreventive
effects have been emphasized. Therapeutic utility of pentacyclic triterpenoids as multifunctional adjuvants to the
cancer chemotherapy is highlighted.

Keywords: Adjuvant; Cancer chemotherapy; NrF2; NF«k-B; Pentacyclic triterpenoids; PKC
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Main text

1. Introduction

Chemotherapeutic agents used in the treatment of cancer exert dose dependent severe multiorgan toxicities
[1-3]. An approach of targeted treatment with monoclonal antibodies is an emerging trend in cancer therapy that
promises reduced organ toxicities. However, these targeted therapies have their own immune related side effect, and
have other disadvantages including high cost [4, 5]. Further, novel site specific antibody-drug conjugate based
treatment is under clinical investigation [6]. Even in this mode of treatment is marred with other imitations in terms
of site specific delivery of chemotherapeutic agent and formulation related problems. Hence, use of traditional
cytotoxic drugs is continues to be a preferred mode for the treatment of cancer.

To minimize the multiorgan toxicities of cancer chemotherapy, organ protective adjuvants are also
prescribed. Organ protectants are under clinical investigation and few drugs including amifostine are FDA adjuvants
to cancer chemotherapy. Drugs like amifostine [7], alpha-lipoic acid [8], dexerazoxon, mesna, leucovorin, GM-CSF,
recombinant erythropoietin, thrombopoietin [9], imidazenil [10] and KR-22335 [11] are used as organ protective
adjuvants to the cancer chemotherapy. Clinical and preclinical studies are having projected selenium, with and
without the vitamins as dietary adjuvants [12, 13]; moreover many natural bioactive agents are also able to restore
the microstructure from hazardous chemical [14]. However, shortcomings of currently available adjuvants in terms
of pharmacoeconomics, short term efficacy, and innate adverse effects limit their use. It is expected that adjuvants
should not interfere with the cytotoxic effect of chemotherapy against cancer cells. To suffice such demands there is
need ideal organ protective agents that do not interfere with expected effects of chemotherapy without producing
cumulative or irreversible toxicity. Further, such agent should provide effective long term protection, should be
easily administrable and should have acceptable shelf life [15]. These agents selectively protect the normal body
cells from toxicities of chemotherapy with or without antagonizing the anticancer efficacy of chemotherapy. The
currently used organ protectants are not devoid of innate toxicities. Thus, there is a need of an ideal, cost-effective,
safe adjuvant to cancer chemotherapy that can protect normal body cells from cytotoxic actions and sensitize the
cancer cell to chemotherapeutic agent. Apart from synthetic agent, naturally occurring agent may prove to be better
adjuvants to cancer therapy [16, 17].

Pentacyclic triterpenoids, widely distributed in the plant kingdom, have been extensively reported to

possess protective effects against drug induced organ toxicities including those of chemotherapeutic agents (Table
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1). These agents exert a plethora of effects by interacting with multiple biomolecules. Their easy availability and
routine consumption across all the world populations point towards their safely. Hence, pentacyclic triterpenoids and
their semisynthetic and/synthetic derivatives can be projected as organ protective adjuvants to chemotherapy [39,
40].

2. Chemotherapy, chemoprevention and adjuvant to chemotherapy:

The success of chemotherapy depends upon its administration at effective dose levels in an inflexible and
programmed manner. However, such inflexible dosing schedules can be rarely followed in cancer therapy due to
dose-limiting toxicities and related perversions in the recipient’s quality of life. Thus, the cytotoxic efficacy of the
chemotherapeutic agents can’t be exploited. There is a need of organ protective adjuvants to continue the
chemotherapy at effective dose levels along with either protecting the normal body cells against chemotherapy
induced toxicities or sensitizing the cancer cells to cytotoxic effects of chemotherapy [39, 41]. In addition to
protection of normal cells from cytotoxicity, an approach of sensitizing the cancer cells to chemotherapy can help in
reducing the dose of chemotherapeutic agents. The successful outcome of cancer chemotherapy depends on
additional treatment with other agents given concurrently or after the primary treatment that lowers the untoward
multi-organ damage inflicted by the chemotherapeutic agents. Obviously, such additional treatment is expected to
boost the anticancer activity of the chemotherapeutic agents or at least should not antagonize their actions. The ideal
outcomes of the adjuvant therapy include protection of noncancerous cells leading to maintenance of normal
functioning of vital organs. Though, the use of targeted drugs is and emerging trend in cancer therapy, it is not
devoid of the associated toxicities and hence, use of cytotoxic drugs for cancer treatment is universally
recommended [42]. Obviously co-administration of organ protective adjuvant therapy is warranted and there is need

of adjuvants which can synergistically contribute to the effects of chemotherapy.

3. Multifunctionality of pentacyclic triterpenoids as adjuvants to chemotherapy:

Pentacyclic triterpenoids are widely distributed in plant kingdom and their semisynthetic derivatives and
synthetic analogous possess molecular globularity which enables them to interact with multiple biological targets.
Pentacyclic triterpenes contain 30-carbon skeleton having six-membered rings (ursanes and lanostanes) and five-
membered ring (lupanes and hopanes). Pentacylic triterpenoids are secondary metabolites widespread in fruit peels,

leaves and stem bark especially in mediterranean plant species with percentage availability of 0.1 to 3% [43, 44].
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Triterpenoids possess organotropic nature and accumulate in multiple vital organs. The organ protective efficacy of
pentacyclic triterpenoids has been substantiated through preclinical evaluations. The protective efficacy of
pentacyclic triterpenoids through organotrophism and interactions with different molecular targets is summarized in

Figure 1 and Table 2.

Triterpenoids are neither conservative cytotoxic agent, nor are they monotargeted drugs that inimitably
target the single pathway. Some synthetic triterpenoids possess multipronged effects on cancer, inflammation,

oxidative stress, proliferation of cancer cells, apoptosis and cytoprotection [115].

3.1 Molecular pathways underlying protective effects pentacyclic triterpnoids:

3.1.1. Upregulation of NrF2 pathway for cytoprotection

NrF2 is also called as a cap’n’collar bZIP transcription factor. It controls the expression of several enzymes
that protect against oxidative stress [116]. NrF2 consists of six highly conservative domains Nehl to Neh6; the Neh2
is a N-terminal domain that takes part in redox dependent regulation of protein stability due to its attachment to
Kelch-like ECH-associated binding protein (Keap-1) and conjugation with ubiquitin [117]. Once NrF2 protein
enters and stabilizes inside the nucleus, it gets dimerized with Maf proteins and transactivates several antioxidant
enzymes [118]. NrF2 is a cell signaling transcriptional factor that generates cytoprotective phase II antioxidant
enzymes such as GST, SOD, CAT, NQO1 and HO-1[119, 120]. These enzymes are responsible for detoxifying
harmful materials in the body. Phase Il antioxidant enzymes are responsible for the organotropic and
chemoprotective effect from anticancer drug like cisplatin [120].

A study by Yap et al. concludes that maslinic acid and oleanolic acid increase the NrF2 expression and
nuclear translocation up to 172 % and 124 % respectively. This finding was validated through estimations of phase-
II antioxidant like HO-1 and NQO1 in HepG2 cell lines. Thus, the organ protective efficacy of maslinic acid and
oleanolic acid is credited to their effects on NrF2 pathway [60]. Another triterpenoid, celastrol, increases expression
of HO-1 via NrF2 translocation in the HaCat cell lines. Through NrF2 driven HO-1 expression celastrol exerts anti-
inflammatory effect also reverts TNF-a and interferon-y-induced ICAM expression in karatinocytes [70]. A study
by Reisman et al. establishes that oleanolic acid, at a dose of 90 mg/kg/day administered to mice for three days,
increases NrF2 translocation driven expression of HO-1 and NQO1 phase-II enzymes in the acetaminophen induced

hepatotoxicity model [77]. Liby et al. denote that synthetic derivatives of oleanolic acid like CDDO and CDDO-
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imidazolide are strong inducers of NrF2 pathway and should be investigated for chemopreventive or
chemotherapeutic agent. In their study, they used NrF2"" and NrF2™ mice as well as U937 and THP-1 cell lines. The
northern blot analysis of vital organs and estimations of HO-1 induction substantiate that triterpenoids may also
inhibit AKT and PKC pathway [121]. Synthetic derivative of oleanolic acid, CDDO-methyl amide induce
translocation of NrF2. To prove this, NrF2 knockout mice to verify the translocation factor via
immunohistochemisty and sterologic analysis in the 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridin (MPTP) induced
parkinsonism in fibrobast cells, which shows the increase levels of GSH, HO-1 and NQOI and revert the
neurotoxicity [122]. Recently, patents have been filed for synthetic derivative of triterpenoids for their NrF2
translocation driven organ protective effects in various diseases associated with increased oxidative stress [123].

Interaction of pentacyclic triterpenoids with Keap-1 leads to accumulation of NrF2 in the cell nucleus and
induces antioxidant response element (ARE)-driven gene expression which is the most important regulator of cell
defense against chemical/oxidative stress [41, 124]. Chemotherapeutic agents like doxorubicin affect the functioning
of vital organs through oxidative stress. Hence, it can be postulated that pentacyclic triterpenoids are agents which
induce nuclear translocation of NrF2 [92, 121-123, 125] and protect the vital organs without inhibiting the cytotoxic
efficacy of chemotherapeutic agent in cancer cells.

3.1.2. NFk-B inhibition for cytoprotection

Activation of NFk-B pathway is a common process in the pathogenesis of multiple malignancies including
leukemias, lymphomas, and solid tumors of breast, ovary, prostate, and colon [126]. Down regulation of NFk-B
pathway by natural product can be a rational mode to curb the cancer growth [127]. NFk-B is implicated in
cytoprotection from undergo apoptosis in response to DNA damage exercise by chemotherapy. The NFk-B pathway
is regulated by diverse signal transduction cascades that include the activities of IK kinases, IKKa and IKKf. The
degradation of IKf cause the translocation of NFx-B from the cytoplasm to nucleus which further activate cellular
genes expression. Down regulation of the NFk-B pathway increases the sensitivity of cells to apoptosis [128, 129].
Agents inhibiting the NFx-B pathway decrease the expression of VCAM-1 and ICAM-1 in endothelial cells [61,
129, 130]. Thus, an approach of inhibiting the NFk-B pathway through concurrent administration of pentacyclic
triterpenoids may increase the efficacy of cancer chemotherapy with reduced cytotoxicity [131].

Semisynthetic acyl derivatives of boswellic acid are reported to inhibit NFx-B pathway in the different

cancer cell lines. The systematic evaluation of such compounds may prove new era of anticancer agents [132].
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Arjunolic acid was also proven its NFk-B pathway modulation in the streptozotocin (STZ)-induced type 1 diabetes.
The study also stated that pentacyclic triterpenoids have free radical scavenging potential and modulate that MAPK
and NFk-B pathways. Arjunolic acid revert the cellular hepato toxicity in diabetes [56]. Maslinic acid, a naturally
occurring pentacyclic triterpenoid, modulates NFk-B translocation in the Raji cell line and also inhibits COX-2
expression in them. The ability of maslinic acid to modulate NFk-B and COX-2 indicates probable antitumor and
anti-inflammatory efficacy of maslinic acid [58]. Similarly, asiatic acid inhibits nuclear translocation of NFk-B
through possible degradation of IKKf in lipopolysccharide (LPS)-stimulated RAW cell line. This report emphasizes
that asiatic acid also modulates the activities of p38, COX-2 and TOLL receptor making it an ideal agent in
treatment of inflammation and cancer [88]. Another pentacyclic triterpenoid, madecassic acid inhibits NFk-B
pathway and exerts inhibitory effect on iNOS, COX-2, IL-1,-6 and TNF-a expression in LPS-stimulated RAW cells.
The inhibitory concentration ranges between 50 to 150 pM/mL indicating potential anti-inflammatory and
anticancer activity of the madecassic acid [65]. Another study shows that the pretreatment with madecassoside
revert LPS-induced cytotoxicity in the neonatal rat cardiomyocytes [63]. Another abundantly available triterpenoids,
ursolic acid, inhibits NFk-B translocation and suppresses the COX-2, MMP-9 and TNF [107]. Similar effects are
reported for lupeol and it has been claimed as a potential agent in treatment of skin carcinogenesis [133].

NFk-B activation is involved in the progression of a tumor as well as in the vital organ damage by the
chemotherapeutic agents. There is a homeostatic balance between NFk-B and NrF2 expression in the cellular
microenvironment. Inhibition of NF«k-B increases NrF2 translocation and provides cytoprotection against oxidative
stress [134]. Pentacyclic triterpenoids are well reported for inhibiting the NFk-B pathway [48, 135] and hence can be
projected to be a component of the arsenal against cancer as an anticancer as well as an organ protective agent.

3.1.3. Free radical scavenging activity:

The toxic electrophiles generated from chemotherapeutic agents and their metabolites exert oxidative stress
[136]. Apart from this, the effects of chemotherapy generate free radicals like hydroxyl ion (OH’), nitric oxide
(NO), nitrites (NOy"), peroxyl radicals (RO;), alkoxy radicals (RO"), carbonate radicals (CO;") and superoxide anion
(Oy7) [137]. For example, the metabolites of doxorubicin namely semiquinone and quinone radicals are more
reactive than doxorubicin itself and hence exert severe cytotoxicity [138]. They impede with the nucleophilic
macromolecules of DNA, RNA, proteins and amino acids; these reactions in turn results in to lipid peroxidation,

DNA damage, cytoskeletal damage, protein oxidation and multi-organ toxicity [139-141]. Pentacyclic triterpenoids
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provide protection against oxidative stress through multiple modes like scavenging of free radicals, donating
hydrogen ions to free radicals, depleting oxygen and directly binding and inactivating toxic free radicals. Such

effects of pentacyclic triterpenoids inhibit DNA damage and support the process of DNA repair [7].

Betulinic acid reduces oxidative stress and augments of antioxidant enzyme level like SOD, LDH, GST and
also decreases lipid peroxidation in 7,12-dimethylbenzanthracene-induced carcinogenesis in mice [142]. It has
potential to revert the oxidative and nitrosative stress [49]. Other widely studies and easily extractable naturally
occurring pentacyclic triterpenoids like oleanolic acid and its derivatives are reported to exert cytoprotective actions
against hydrochloric acid and ethanol induced gastric lesions in mice. They also exert cytoprotection against sodium
taurocholate-induced cell damage in AGS cells. This study substantiates that, the effect of oleanolic acid is better
than that of sucralfate. These protective effects are associated with an increase prostaglandins, SOD and GSH levels
[143]. Another triterpenoid, Asiatic acid is reported to restore the levels of innate antioxidants in STZ- diabetes rats
through modulation of GST, SOD, and glutathione peroxidase (GPx) and thereby inhibiting the lipid peroxidation
[144]. Similarly, derivatives of glycyrrhetic acid exert hepatoprotection [85], corosolic acid revert oxidative stress
[145], arjunolic acid inhibits arsenic induced organ damage [20], CCly-induced hepatotoxicity and STZ-induced
diabetes in preclinical evaluations through various animal models. These protective effects are mediated either

through free radical scavenging effects of these drugs or through restoration of the innate antioxidants [74, 146].

Cancer chemotherapy induced oxidative stress is the primary reason for organ damage. Concurrent
administration of potent antioxidants like pentacyclic triterpenoids can minimize the chemotherapy-induced
oxidative stress. Pentacyclic triterpenoids and their derivatives possess antioxidant potential [60, 74, 103, 121-123,
125, 147-149]. In addition to such potent antioxidant effects, pentacyclic triterpenoids also possess cytoprotective
effect and can sensitize the cancer cells to cytotoxic actions of chemotherapy. This dual effect through interaction
with multiple biomolecules provides unique advantage in using pentacyclic triterpenoids as adjuvants to cancer

chemotherapy [37, 150-154].

3.1.4  Protein kinase C pathway inhibition for cytoprotection
Protein kinase C (PKC) including of serine/threonine kinases that manipulate a wide range of cellular
processes and are involved in VCAM-1 induction [155]. Based on the structure and cofactor regulations PKC is

classified in three different groups: first is diacylglycerol and Ca*" dependent conventional isoforms like o, I, pII
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and v, second is diacylglycerol dependant but Ca’" independent novel PKC isoform like 8, €, n, 0, and p, third is
diacylglycerol and Ca*" independent atypical isoforms like 1, A and € [156]. In addition to all isoform of PKC family,
PKC & is a component which is activated in a calcium independent manner [157-158] and extensively articulated in
diverse tissues and has been implicated in a overabundance of cellular processes together with proliferation and
apoptosis [159-160]. PKC § is required for the survival and proliferation of cancer cells and not for the normal cell
with this hypothesis suppression of PKC & leads to cell injury and death in tumors. PKC & suppressing agents will
lead to normal tissue specific protective agents in chemotherapy [161]. Moreover, silencing to the PKC family sub
members may also sensitize the chemotherapy resistant cancer cells through phosphorylation to p-gp receptor [162].
Pentacyclic triterpenoids like betulinic acid, plantanic acid, oleanolic acid, asiatic acid, glycyrrhetic acid,

ursolic acid, uvaol, asiaticoside and their derivatives possess PKC modulatory activity which is supposed to
contribute to their anticancer activity [163-165]. Maslinic acid was exerts anticancer potential in the Epstein-Barr
virus-induced cancer in Raji cells by inhibiting the PKC pathway [166]. A recent study proves that maslinic acid,
oleanolic acid and ursolic acid directly inhibit the BI, {, and 6 isoforms of PKC in phorbol 12-myristate 13-acetate-
induced Raji cells in dose dependant manner [167]. Similar inhibitory activity is reported for lupeol, alpha amyrin
and their derivatives against cyclic AMP dependant and Ca*" dependant PKC in the rat liver and brain cells where
they produce anti-inflammatory activity [168]. Arjunolic acid revert oxidative stress and hyperglycaemia exert by
PKC activation in diabetic and its related complications [169].

In addition to its role in cancer cell growth, PKC 3 is associated with the process of inflammation. The
PKC inhibiting ability of pentacyclic triterpenoids thus can offer an added advantage if used as adjuvant to
chemotherapy. PKC inhibition may sensitize the cancer cells to cytotoxic agents and thereby minimize the dose of
chemotherapeutic agent.

3.1.5 Longevity cytoprotective pathways

The turnover of oxidative radicals is tightly controlled by different molecular pathways. Such fine control
of oxidative stress determines the process of aging, detoxification and cell death [170]. The molecular pathways
controlling oxidative stress contribute to longevity of the organisms. Certain components of these pathways
determine responses of normal cells to the drugs, oxidative stress, chemicals and pathogens [171]. Cancer itself
minimizes the survival time [172], moreover the chemotherapeutic agents treat the cancer but simultaneously they

also responsible to the aberrant toxic effects on the vital organ as well as the immunity [1, 92, 94, 100, 173].
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Oxidative stress, disease condition as well as impaired functionality of vital organs ultimately results in the shorting
of life [174]. The cytoprotective mechanisms of pentacyclic triterpenoids include their interactions with components
of longevity pathways like mitochondrial and endoplasmic reticulum protein response like heat shock proteins
(HSP), ROS responses like SOD, xenobiotic detoxification response like GST, insulin/IGF-1 signaling, autophagy
and transcriptional factor like NrF2 [175-178]. The reports on betulinic acid induced inhibition DMBA-induced
carcinogesis [142], oleanolic acid related restoration of GST activity [123], and other pentacyclic triterpenoids
associated cell signal transduction through SOD [95, 179] etc. show their ability to affect longevity pathways.
Similarly, cytoprotection exerted by celastrol through heat shock proteins [24, 180], avicin induced selective
apoptosis and autophagy in tumor cells and reversal of the resistance of the cancer cell to cytotoxic drugs [181]

indicate modulation of longevity pathways by pentacyclic triterpenoids.

Though the cell longevity is driven by diverse signaling cascades like HSP, SOD, GST, IGF-1, JNK and
Nrf2, the pentacyclic triterpenoids possess ability to modulate majority of these signaling pathway. In addition to
these, they also modulate JNK [72, 182]. Such multi functionality of pentacyclic triterpenoids may add to longevity
in the cancer patients. Certain studies in this regard have concluded in agreement with the claims on longevity

induced by pentacyclic triterpenoids [178, 183].

Conclusion:

The naturally occurring pentacyclic triterpenoids and their derivatives may prove to be safe, economic and
easily available agents which exert selective toxicities towards cancer cells while protecting the normal ones. The
biomolecules involved in the survival, growth and resistance to chemotherapy appear to be accessible to the actions
of these multifunctional agents. The molecular pathway related to NFk-B, NrF2, innate antioxidants, protein kinases
and longevity pathways are targetable by the pentacyclic triterpenoids. This unique globularity in the actions of
pentacyclic triterpenoids along with their selective cytotoxicity towards cancer cells point towards their substantial
role as adjuvants to cancer chemotherapy [67,105-106, 184-187]. Systematic investigations on adjuvant like role of
pentacyclic triterpenoids in cancer chemotherapy could deliver agents that can be used as routine additives to cancer
therapy. In addition to monotargeted novel treatment approaches, the use of validated adjuvants like pentacyclic

triterpenoids can provide sustainable approach in minimizing the doses of chemotherapeutic agents without affecting
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their cytotoxicity against the cancer cells. Pentacyclic triterpenoids and their derivatives hold a great promise as

adjuvants in cancer chemotherapy.
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Figure legend:

The molecular targets on which pentacyclic triterpenoids like BET, Betulinic acid; BOS, Boswellic acid;
ARIJ, Arjunolic acid; MAS, Maslinic acid; MAD. Madecassic acid; CEL, Celastrol; PRI, Pristimerin; OLE,
Oleanolic acid; TAR, Tarexerol acetate; ASI, Asiatic acid; MAN, Maniladione; BAR, Bartogenic acid; TOR,
Tormentic acid; GLY, Glycyrrhetic acid; COR, Corosolic acid; HBA, 23-Hydroxy betulinic acid; EUS, Escaphic
acid; URS, Ursolic acid; CEN, Cenothic acid; LUP, Lupeol are acting with which they will exert cytoprotective

adjuvants effect to cancer chemotherapy.
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Nuclear factor erythroid-derived like 2 (NrF2), Nuclear factor kappa B (NFx-B), Protein kinase C (PKC),
Kelch-like ECH-associated binding protein (Keap-1) Glutathion S transferase (GST), Superoxide dismutase (SOD),
Catalase (CAT), NAD(P)H dehydrogenase (quinone 1) (NQO1), Heme oxygenase 1(HO-1), Tumour necrosis
factor-a (TNF-a), Intercellular Adhesion Molecule 1(ICAM), 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridin (MPTP),
Antioxidant response element (ARE), Vascular cell adhesion protein 1 (VCAM-1), streptozotocin (STZ), Mitogen-
activated protein kinases (MAPK), Cyclooxygenase-2 (COX-2), Inducible nitric oxide synthase (iNOS),
Lipopolysccharide (LPS), Interleukin (IL), Matrix metallopeptidase 9 (MMP-9), Glutathione (GSH), Glutathione
peroxidase (GPx), Heat shock proteins (HSP), Reactive oxygen species (ROS), Insulin growth factor-1 (IGF-1), c-

Jun N-terminal kinase (JNK).
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Table 1: Biological sources, chemical structures and parts of plants from which important pentacyclic
triterpenoids are extracted

S. Name of Structure of triterpenoid Source Parts used for Reference
no. (ritepenoid extraction
1 [Betulinic acid Vitex negundo L. Leaves of Vitex Chandramu et
negundo L. al., 2003
2 Boswellic Boswellia serrata Gum resins of | Mahajan et
acid Boswellia al., 1995
serrata
3 |Arjunolic acid Terminalia arjuna Bark Manna et al.,
2007
4 Maslinic Orujo olive oil Oil Marti'n et al.,
acid 2006
5 Madecassic : Centella asiatica (L.) Essential oil of Oyedeji and
acid Centella asiatica Afolayan,
L) 2005
6 Celastrol Celastrus orbiculatus Root of god thunder | Lee et al.,
vine (Celastrus 2006;
orbiculatus) Salminen et
al., 2010
7 Pristimerin Celastrus hypoleucus Roots of Celastrus | Lau et al.,
hypoleucus 2005
8 Oleanolic Orujo olive oil Olive oil Rodriguez-
acid Rodriguez et

al., 2004
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speciosa

9 Tarexerol Codieaum variegatum Bark of Codieaum Chauhan and
acetate variegatum Singh, 2011
o}
)]\O
10 | Asiatic acid Centella asiatica (L) Urb Whole plant of Bonfill et al.,
Centella asiatica 2006
(L) Urb
11 Maniladiol Chrysanthemum morifolium | Flowers of Ukiya et al.,
Chrysanthemu-m 2002
morifolium
12 | Bartogenic Barringtonia racemosa Fruits of Patil et al.,
acid Roxb Barringtonia 2011
racemosa Roxb
13 | Tormentic HO : Perilla frutescens (L.) Britt | Leaves of Perilla Chenetal.,
acid ] frutescens (L.) Britt | 2003
14 | Glycyrrhetic Glycyrrhiza glabra Roots of Sabbioni et
acid ® Glycyrrhiza glabra | al., 2005
15 | Corosolic CHs  |Lagerstroemia speciosa Leaves of Bai et al.,
acid Lagerstroemia 2008
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16 | 23-Hydroxy // Pulsatilla chinensis Roots of Pulsatilla | Ye et al., 1996
butulinic y chinensis
acid
17 | Euscaphic o St [Geum japonicum Thunb Whole plant of Xuetal.,
acid . Geum japonicum 1996
Thunb
18 | Ursolic acid e CHs Salvia officinalis and Leaves of Salvia Shukla et al.,
’ Ocimum sanctum Linn officinalis and 2013
Ocimum sanctum
Linn
19 | Ceanothic /Z?Hz Zizyphus jujuba Mill. var. Roots of Zizyphus | Leeetal.,
acid spinosa (Bunge) Jujube 1996
20 | Lupenol Cichorium spinosum Aerial parts of Melliou et al.,
Cichorium 2003
spinosum
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Table 2: Pentacyclic triterpenoids acting as organotropic effect on vital organs and its responsible molecular

mechanisms
S. Name of compound Organ protective effect Molecular mechanisms References
no- Heart Kidney Liver

1 Betulinic acid v v v" NFK-B, p65, p50, Bax, Takada and Aggarwal,
Bcl-2, Bel-xL, IL-1, COX- 2003; Kasperczyk et al.,
2, MMP-9, TNF-o, GSH, 2005; Mullauer and
MPO, ICAM-1, VCAM-1, Kessler, 2009; Eksioglu-
and VEGE Demiralp et al., 2010;

Yoon et al., 2010; Lu et
al., 2011,

2 Boswellic acid v v v" NFK-B, TNF-q, IL-1, Bcl- Akihisa et al., 2006;

2, caspase-3, iNOS Roy et al., 2006; Takada
et al., 2006

3 Arjunolic acid v v v" GST, SOD, TNF-q, IL-2, Manna et al, 2008;

GSH, JNK, Bcl2 Ghosh et al., 2008;
Ghosh et al., 2010;
Manna et al., 2010

4 Maslinic acid v v v iGP, NrF2, Cox-2, Ap-1, Wen et al., 2006; Hsum

NFK-B et al., 2011; Shaikh et
al., 2012; Yap et al,
2012; Yin et al.,2012;

5 Madecassic acid v v v" iNOS, COX-2, TNF-o, IL- Shanmugam et al., 2012;
1, IL-6, NFK-p, p65, ERK, Cao et al., 2010; Vohra et
p38 al., 2011, Won et al.,

2010

6 Celastrol v v v" NFK-B, AP1, AP2, Bcl-2, Lee ef al., 2006; Preetha
Bcel-xL, COX-2, survivin, et al., 2006; He et al.,
cyclin D1, MMP9, VEGF, 2009; Jang et al., 2011,
iNOS, Hsp90, VEGFR, Willis and Patterson,
NrF2 2010; Seo et al., 2011,

Brunt et al., 2012;

7 Pristimerin v NA v" NFK-B, PARP-1, JNK, Wu efal, 2005; Byun et
Bax, p27, Bcl-2, Bcel-xL, al., 2009; Vellosa et al.,
caspase-3,-8,-9, HSP-60 2009; Sassa et al., 1994,

8 Oleanolic acid v v v' NFK-B, m’TOR, caspases- Yim ef al., 2001; Couch
3, -8, and -9, ICAM-1, et al., 2005; Janakiram et
VEGF, PARP-1, Akt, al, 2008; Deeb et al.,
cyclin-D, p65, NrF2, TNF- 2009; Reisman et al.,
o 2009; Patil et al., 2010;

Shyu et al., 2010
9 Tarexerol acetate v v v" MMP-1, TNF-a, iNOS, Jutiviboonsuk et al,
COX-2, NFK-B, IL-1, IL-6  2007; Kamboj and
Saluja, 2009; Yao et al,
2013
10 Asiatic acid v v v NFK-B, iNOS, MAPK, Ukiya et al, 2002

caspases-2, -3, -8 and -9,
PARP-1, Bcl-2, iGP, INK,
p38, MMP-9, PGE,, TNF-

Gnanapragasam et al.,
2004; Hsu et al., 2005;
Jeong et al, 2007,
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11
12

13

14

15

16

17

18

19

20

Maniladiol
Bartogenic acid

Tormentic acid

Glycyrrhetic acid

Corosolic acid

23-Hydroxy butulinic
acid
Euscaphic acid

Ursolic acid

Ceanothic acid

Lupenol

NA
NA

NA

NA

NA
NA

NA

NA

NA

NA
NA

NA

NA

NA

a, IL-1, IL-6

PGs and IL-1

o and B DNA polymerase,
GSH, NrF2, COX-2, TNF-
a, iNOS

cytochrome C, Bcl-2, Bel-
xL, Bak, caspase-3,
Caspase-8, PPARYy

NFK-B, MAPK, IAP-1,
caspase-8, -9 and -3, Bcel-2,
iEBV-EA

Pgp and MDR
ia DNA polymerase

NFK-B, p38, MAPK, Bcl-
2, Bax, ICAM-1, p53,p21,
PKC, Cyclin DI,-D2,
EGFR, ERK, TNF-o

NFK-B, survivin, Bax,
caspase-3, -8,-9, p53,
Cyclin-D, Akt

Zhang et al., 2009; Lee
et al., 2012; Yun et al.,
2008; Vouffo et al.,
2012;

Thomas et al., 2002
Patil et al, 2011;
Murakami et al., 2002;
Kim et al., 2011; Sheng
and Sun, 2011; Sohn et
al., 2011; Chang et al.,
2011;

Nishino et al., 1984,
Saito et al., 1996; Sohn
et al., 2003; Satomi et
al., 2005; Lee et al.,
2008

Banno et al., 2004;
Shim et al., 2009; Xu et
al., 2009; Yin et al.,
2012;

Zheng et al., 2010;
Zhang et al., 2012
Murakami et al., 2002;
George et al., 2008
Shishodia et al., 2003;
Hsu et al., 2004; Senthil
et al., 2007, Takada et
al., 2011

Vidya and Varalakshmi,
2000; Saleem et al., 2003;
Nigam et al., 2009; Prasad
et al., 2009.
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