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a b s t r a c t

Oleanolic acid (3b-hydroxyolean-12-en-28-oic acid) is a pentacyclic triterpenoid compound with a wide-
spread occurrence throughout the plant kingdom. In nature, the compound exists either as a free acid or
as an aglycone precursor for triterpenoid saponins, in which it can be linked to one or more sugar chains.
Oleanolic acid and its derivatives possess several promising pharmacological activities, such as hepato-
protective effects, and anti-inflammatory, antioxidant, or anticancer activities. With the recent elucida-
tion of its biosynthesis and the imminent commercialization of the first oleanolic acid-derived drug,
the compound promises to remain important for various studies. In this review, the recent progress in
understanding the oleanolic acid biosynthesis and its pharmacology are discussed. Furthermore, the
importance and potential application of synthetic oleanolic acid derivatives are highlighted, and research
perspectives on oleanolic acid are given.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The natural product oleanolic acid (3b-hydroxyolean-12-en-28-
oic acid) (Fig. 1A) is a biologically active pentacyclic triterpenoid
compound that has been isolated from more than 1620 plant spe-
cies, including many food and medicinal plants (Fai and Tao, 2009;
Fukushima et al., 2011; Liu, 1995). The compound is especially pre-
valent in plants belonging to the Oleaceae family, among which ol-
ive (Olea europaea), the plant species after which the compound
was named (Simonsen and Ross, 1957), and that still serves as
the main source of commercial oleanolic acid (Sporn et al., 2011).
Often, oleanolic acid is present in combination with its isomer,
ursolic acid (3b-hydroxyurs-12-en-28-oic acid) (Fig. 1B), with
which it shares many pharmacological properties (Liu, 1995).
Unconjugated triterpenoids, such as oleanolic acid, are often found
in the epicuticular waxes of plants, preventing water loss and serv-
ing as a first defense barrier against pathogens (Heinzen et al.,
1996). For instance, on olive leaves, oleanolic acid is present as
almost pure crystals, that form a physical barrier against fungal at-
tack (Kubo and Matsumoto, 1984; Kubo et al., 1985). Oleanolic acid
not only occurs as a free acid, but also serves as an aglycone
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precursor for triterpenoid saponins, in which it is linked to one
or more sugar chains (Liu, 1995; Szakiel et al., 2003, 2005). In
plants, the various glycoconjugated oleanolic acid molecules may
function as defense compounds against herbivores or pathogens,
or as allelopathic agents (Szakiel et al., 2003, 2005).
2. Biosynthesis of oleanolic acid

Being a triterpenoid, oleanolic acid belongs to a large group of
structurally diverse natural products that includes sterols, steroids,
and triterpenoid saponins (Phillips et al., 2006; Xu et al., 2004). In
plant cells, the precursor molecule of the primary sterol metabo-
lism, 2,3-oxidosqualene, is synthesized in the cytosol from isopen-
tenyl pyrophosphate derived from the mevalonate pathway
(Chappell, 2002; Phillips et al., 2006; Xu et al., 2004). The subse-
quent cyclization of 2,3-oxidosqualene forms the branch-point
between the primary sterol and the secondary triterpenoid metab-
olism leading to oleanolic acid. For the biosynthesis of phytoster-
ols, 2,3-oxidosqualene is cyclized by cycloartenol synthase (CAS)
to yield the tetracyclic plant sterol precursor cycloartenol (Fig. 2)
(Abe, 2007; Corey et al., 1993). Predating the emergence of plants,
CAS is the ancestral enzyme of all plant oxidosqualene cyclases
(OSCs) involved in the secondary metabolism (Phillips et al.,
2006). For oleanolic acid biosynthesis, 2,3-oxidosqualene is cy-
clized to the pentacyclic oleanane-type triterpenoid backbone b-
amyrin by the OSC b-amyrin synthase (BAS) (Fig. 2) (Abe, 2007;
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Fig. 1. Chemical structures of (A) oleanolic acid and (B) ursolic acid.
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Kushiro et al., 1998). BAS was first cloned from the medicinal plant
Panax ginseng (Kushiro et al., 1998), and later from a variety of
other plant species, including olive (Saimaru et al., 2007). In the fi-
nal step of the oleanolic acid biosynthesis, b-amyrin is oxidized in a
sequential three-step oxidation at the C-28 position by a single
cytochrome P450 enzyme to yield oleanolic acid through erythro-
diol (Fig. 2). The cytochrome P450 enzyme involved in this multi-
step oxidation, CYP716A12, was first discovered in barrel medic
(Medicago truncatula) (Carelli et al., 2011; Fukushima et al.,
2011), and, more recently, the conserved functionality of the
CYP716A subfamily towards oxidizing various triterpene back-
bones was shown using CYP716A homologs of grape (Vitis
vinifera) and ginseng ( P. ginseng) (Fukushima et al., 2011; Han
et al., 2011).
3. Detection of oleanolic acid

Various analytical techniques, including thin layer chromatog-
raphy (TLC) (Oleszek, 2002), liquid chromatography (LC) (Bur-
nouf-Radosevich and Delfel, 1984; Claude et al., 2004; Liang
et al., 2009; Oleszek, 2002), capillary electrophoresis (CE) (Qi
et al., 2006; Unger, 2009) and gas chromatography (GC) with flame
ionization (Janicsák et al., 2003; Schinor et al., 2004) or mass spec-
trometry (MS) detection (Budzikiewicz et al., 1963; Burnouf-
Radosevich et al., 1985; Gu et al., 2006; Razboršek et al., 2008)
are described for the separation and determination of pentacyclic
triterpenoids. Among these, GC with electron impact MS detection
(GC–EI/MS) is undoubtedly the most powerful method for the sep-
aration, quantification and structural determination of position
isomers with very similar structures, such as, for instance, olean-
olic acid (Fig. 1A) and ursolic acid (Fig. 1B). However, due to the
high molecular weight and polarity of oleanolic acid, and, hence,
its low volatility, derivatization by silylation (Burnouf-Radosevich
et al., 1985; Janicsák et al., 2003; Razboršek et al., 2008; Sánchez
Ávila et al., 2007), acetylation (Ghosh et al., 1985), or methylation
Fig. 2. Oleanolic acid biosynthetic pathway. BAS = b-amyrin synthase
(Assimopoulou and Papageorgiou, 2005; Gu et al., 2006) prior to
GC analysis is mandatory.

Upon EI, pentacyclic triterpenoids that contain a C-12–C-13 dou-
ble bond undergo a retro-Diels-Alder (rDA) cleavage of the C-ring,
leading to fragments consisting of the ABC⁄-rings (dienophile) and
the C⁄DE-rings (diene), thereby retaining the charge on the diene
portion (Fig. 3, pathway 1, C⁄ indicates a partial C-ring) (Bud-
zikiewicz et al., 1963; Burnouf-Radosevich et al., 1985). As such,
fragmentation of trimethylsilylated oleanolic acid leads to an ion
at m/z 320 (Fig. 3, pathway 1). This ion is subject to further fragmen-
tation, thereby losing its TMSi-carboxy group, which leads to an ion
at m/z 203 (Fig. 3). An additional characteristic (although low abun-
dant) ion is observed at m/z 279 (Fig. 3, pathway 2), and is the result
of the transfer of a hydrogen atom during cleavage of the C-ring,
leading to a charged ABC⁄ portion of the molecule (Budzikiewicz
et al., 1963; Burnouf-Radosevich et al., 1985; Razboršek et al.,
2008). Additional loss of TMSiOH from this ion leads to the fragment
ion observed at m/z 189. Next to the fragment ions derived from the
rDA cleavage, abundant ion signals are present at m/z 600 (molecu-
lar ion), m/z 585 (loss of methyl group), m/z 482 (loss of TMSi-
carboxy group), m/z 393 (loss of TMSi-carboxy and TMSiOH groups),
and m/z 73 (TMSi-peak) (Fig. 3) (Burnouf-Radosevich et al., 1985;
Razboršek et al., 2008).
4. Pharmacology

One of the important pharmacological properties attributed to
oleanolic acid is its hepatoprotective effect. It has been shown that
oleanolic acid is not only effective in protecting the liver from
acute chemically induced liver injury, but also protects the liver
from fibrosis and cirrhosis caused by chronic liver diseases. The
hepatoprotective effects of oleanolic acid allow its use in China
as an over-the-counter oral drug to treat humans for liver disorders
such as viral hepatitis (Liu, 1995, 2005; Reisman et al., 2009; Wang
et al., 2010). Despite its use as a hepatoprotective drug, the mech-
anism of action of oleanolic acid remains to be fully elucidated
(Wang et al., 2010). It has been shown that oleanolic acid increases
nuclear accumulation of Nrf2, a key transcriptional regulator of
antioxidant and detoxifying enzymes, thereby leading to the
induction of Nrf2-dependent genes that play a role in the protec-
tion of the liver (Klaassen and Reisman, 2010; Liu et al., 2008; Reis-
man et al., 2009). In later studies, it has been shown that the
increased nuclear accumulation of Nrf2 by oleanolic acid is due
to the activation of intracellular signaling cascades mediated
through the PI3K/Akt, JNK, and ERK pathways (Feng et al., 2011;
Wang et al., 2010). However, hepatoprotective effects were also
observed in Nrf2-null mice, indicating that oleanolic acid also
, CAS = cycloartenol synthase, IPP = isopentenyl pyrophosphate.



Fig. 3. Fragmentation of trimethylsilylated oleanolic acid. (A) EI-MS spectrum. (B) Fragmentation mechanism leading to the characteristic fragment ions observed in the EI-
MS spectrum.
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activates Nrf2-independent cytoprotective mechanisms (Reisman
et al., 2009).

One such Nrf2-independent hepatoprotective mechanism could
be the inhibition of bile acid synthesis in the liver. The accumulation
of abnormally high levels of bile acids in the liver leads to cytotoxic
effects that may cause liver injury, fibrosis, or cirrhosis (Hofmann,
1999). A key player in the maintenance of bile acid homeostasis is
the farnesoid X receptor (FXR), a ligand-regulated transcription fac-
tor that regulates bile acid biosynthesis and its excretion from liver
cells. Activation of FXR occurs through binding of bile acids to the
ligand binding domain (LBD) of the protein, thereby altering the
conformation of the transcription factor and allowing the binding
of co-activators that activate the transcription of the FXR target
genes (Ananthanarayanan et al., 2001; Chiang, 2004; Claudel
et al., 2005; Parks et al., 1999; Sinal et al., 2000). In a recent study,
it has been shown that oleanolic acid binds to the LBD of the FXR
in vitro, and that treatment of HepG2 hepatocarcinoma cells with
oleanolic acid modulates the expression of several FXR target genes,
such as the suppression of CYP7A1, a rate-limiting bile acid biosyn-
thetic enzyme (Liu and Wong, 2010). Hence, part of the Nrf2-inde-
pendent hepatoprotective effects of oleanolic acid may be
explained by its functioning as an FXR modulator.

Since the translocation of Nrf2 to the nucleus leads to the onset
of the expression of a whole set of cytoprotective genes (Kensler
et al., 2007; Kobayashi and Yamamoto, 2005; Li and Kong, 2009),
other effects attributed to oleanolic acid might be (partially) ex-
plained. For instance, several studies have reported on the antiox-
idant activities of oleanolic acid (Ovesná et al., 2006; Somova et al.,
2003a,b; Sultana and Ata, 2008), but only recently it has been
shown that oleanolic acid is not only a free radical-scavenger act-
ing through direct chemical reactions with reactive oxygen species,
but also that the main antioxidant activity of the molecule is due to
the Nrf2-mediated increased expression of antioxidant enzymes
such as catalase and thioredoxin peroxidase, and the enhanced bio-
synthesis of the antioxidant glutathione (Wang et al., 2010).

Next to hepatoprotective and antioxidant effects, oleanolic acid
is also reported to exert anticancer and anti-inflammatory activities
(Dzubak et al., 2006; Petronelli et al., 2009). Oleanolic acid and
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related triterpenoids target cancer cells by inducing apoptosis and
modulating the tumor environment by, among others, their anti-
inflammatory activities (Laszczyk, 2009). Inflammation plays an
important role in the development and progression of cancer
(Mantovani et al., 2008), and NF-jB, a key transcription factor in-
volved in inflammation, is commonly overexpressed in cancer cells,
thereby suppressing apoptosis of the tumor cells and maintaining a
chronically inflamed microenvironment beneficial for cancer prolif-
eration (Laszczyk, 2009; Van Waes, 2007). Several studies have
shown the anti-inflammatory and anticancer potential of oleanolic
acid, most likely by targeting NF-jB, however, its exact mode of ac-
tion remains to be discovered (Laszczyk, 2009).
5. Chemical derivatives of oleanolic acid

Because of its inherent pharmacological activities, availability,
and low production costs, oleanolic acid was considered to be a
good starter molecule for further synthetic modifications (Sporn
et al., 2011). Chemical modification of oleanolic acid on its three
‘‘active’’ portions, the C-3 hydroxy, the C-12–C-13 double bond,
and the C-28 carboxylic acid, has led to a series of new synthetic
oleanane triterpenoids (Honda et al., 1997, 2002, 1998; Sporn
et al., 2011). Compared to oleanolic acid, several of these com-
pounds showed an increased ability to block the synthesis of
inducible nitric oxide synthase (iNOS), an enzyme that plays a
key role in the inflammation process (Suh et al., 1998, 1999). Com-
pounds belonging to the most potent molecules of this sort are 2-
cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO) and its
C-28 methyl ester, CDDO-Me (Fig. 4A). Both compounds have en-
one functions in their A- and C-rings, and an electron-withdrawing
nitrile group at the C-2 position in the A-ring (Honda et al., 1998),
features that were shown to be essential for the activity of the syn-
thetic triterpenoids (Couch et al., 2005; Dinkova-Kostova et al.,
2005; Yates et al., 2007). The electron-withdrawing nitrile group
activates the A-ring enone, thereby allowing it to serve as an
acceptor of a Michael addition to covalently, but reversibly, bind
activated sulfhydryl groups of cysteine residues in protein targets
(Fig. 4B) (Dinkova-Kostova et al., 2005; Liby et al., 2007; Sporn
et al., 2011). One of the direct molecular targets of CDDO is Keap1
(Dinkova-Kostova et al., 2005; Liby et al., 2005, 2007), a protein
that interacts with Nrf2, thereby sequestrating Nrf2 in the cyto-
plasm, which facilitates its ubiquitination and subsequent prote-
asomal degradation (Itoh et al., 1999; Kensler et al., 2007;
Kobayashi et al., 2004; Li and Kong, 2009). Binding of CDDO to
Keap1 disrupts critical cysteine residues in Keap1, leading to the
release of Nrf2, which hinders its ubiquitination and finally leads
to stabilization and nuclear translocation of the transcription factor
(Liby et al., 2007; Sporn et al., 2011). In the nucleus, Nrf2 activates
the transcription of phase 2 response genes, leading to a coordi-
nated antioxidant and anti-inflammatory response (Kobayashi
and Yamamoto, 2005). Next to Keap1, there are several other pro-
tein targets of synthetic triterpenoids, making them candidate
drugs for the prevention and treatment of many diseases where
Fig. 4. (A) Chemical structures of CDDO and CDDO-Me. (B) Michael addition of an
activated cysteine residue.
oxidative and inflammatory stress play a key role (Liby et al.,
2007; Sporn et al., 2011; Yore et al., 2011). The most advanced
pharmaceutical application of synthetic triterpenoids is in the
treatment of chronic kidney disease (CKD), which is characterized
by a progressive and irreversible loss of kidney function that finally
leads to kidney failure. The progress of the disease is correlated
with an increased inflammation of the kidneys, and treatment of
CKD patients with CDDO-Me (generic name: bardoxolone methyl)
leads to improved inflammation measures and kidney function
(Pergola et al., 2011). To date, bardoxolone methyl is in a late-stage
clinical development for the treatment of CKD (Pergola et al., 2011;
Pollier et al., 2011; Sporn et al., 2011; Yore et al., 2011).
6. Research perspectives

The success-story of bardoxolone methyl and related synthetic
oleanane triterpenoids shows the potential of a semi-synthetic
chemistry approach using oleanolic acid as starter molecule. How-
ever, these successes came with only three ‘‘active’’ portions of the
molecule (see above). Several plant species accumulate oleanolic
acid derivatives, with additional enzymatically attached function-
alities on the triterpenoid backbone. These compounds possess
various biological activities, and may thus be useful starter mole-
cules for semi-synthetic chemistry programs, in which also the ex-
tra functionalities might be targeted for modification. Maslinic acid
(Fig. 5), for instance, a natural triterpenoid that is also derived from
olive, possesses multiple biological activities and was shown to act
as an inhibitor of glycogen phosphorylase, making it an interesting
compound for the treatment of diseases caused by abnormalities in
glycogen metabolism, such as type 2 diabetes (Wen et al., 2005,
2006). Likely, the compound is derived from oleanolic acid with
the C-2 hydroxy generated in a single enzymatic step (Fig. 5). Like
oleanolic acid, the compound is used as starter molecule for further
synthetic modifications, resulting in compounds with improved
biological activities compared to maslinic acid (Qiu et al., 2009;
Wen et al., 2006).

A major challenge in drug development with plant-derived nat-
ural products is the availability of sufficient amounts of the candi-
date compounds (Carter, 2011; Pollier et al., 2011). For oleanolic
acid, which can be extracted from by-products of the olive industry
(Sporn et al., 2011), this may not be a major issue (yet), but for ole-
anolic acid-derived triterpenoids that accumulate at very low con-
centrations in planta, or only in rare plant species, obtaining
sufficient amounts of the compound may become a serious bottle-
neck. Alternatively, a constant and cheap supply of the compounds
could be obtained by expressing the plant biosynthesis genes lead-
ing to oleanolic acid and its derivatives in heterologous hosts, such
as Escherichia coli or yeast (Saccharomyces cerevisiae), a technique
referred to as heterologous biosynthesis or synthetic biology
(Pollier et al., 2011; Zhang et al., 2011). Heterologous biosynthesis
of oleanolic acid has already been achieved in S. cerevisiae, by
expressing M. truncatula CYP716A12 in yeast cells that also express
Lotus japonicus BAS and L. japonicus cytochrome P450 reductase, an
enzyme required for efficient electron transfer to plant cytochrome
P450 enzymes in recombinant yeast (Fig. 5) (Fukushima et al.,
2011). To increase the production of oleanolic acid in yeast, heter-
ologous biosynthesis could be combined with metabolic engineer-
ing of the sterol pathway in S. cerevisiae. For instance, a 50%
increase in b-amyrin production has been achieved in yeast by
combining the expression of an N-terminal truncated 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGR) with the restriction of
the expression of lanosterol synthase (LAS) (Kirby et al., 2008)
(Fig. 5). The activity and abundance of HMGR, the main control
point of sterol biosynthesis in yeast, is regulated through degrada-
tion mediated by the N-terminal transmembrane regions of the



Fig. 5. Metabolic engineering of the yeast sterol pathway and heterologous
biosynthesis of oleanolic acid and its derivatives. Dashed lines indicate multiple
biosynthetic steps. tHMGR = N-terminal truncated 3-hydroxy-3-methylglutaryl-
CoA reductase, BAS = b-amyrin synthase, LAS = lanosterol synthase, CPR = cyto-
chrome P450 reductase.
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enzyme. Expression of an N-terminal truncated form of HMGR
overcomes this regulation and leads to an increased production
of 2,3-oxidosqualene. LAS is an OSC that converts 2,3-oxidosqua-
lene into lanosterol, the sterol precursor in yeast, and hence, down-
regulation of LAS provides more 2,3-oxidosqualene substrate for
BAS (Kirby et al., 2008). By expressing additional biosynthesis
genes in the engineered oleanolic acid producing yeast strain, ole-
anolic acid-derived triterpenoids could be produced in sufficient
amounts to make them candidate compounds for drug develop-
ment or starter molecules for semi-synthetic chemistry programs.
To date, these enzymes remain to be discovered, however, large-
scale gene discovery programs running worldwide will soon deli-
ver the necessary resources for such programs.
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