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Abstract Plants of the genus Terminalia are amongst the
most widely used plants for traditional medicinal purposes
worldwide. Many species are used for their antibacterial,
antifungal, antiprotozoal, antiviral, antidiarrhoeal, anal-
gesic, antimalarial, antioxidant, antiinflammatory and
anticancer activities. Wound healing and cardiovascular
effects have also been credited to some species. Many
Terminalia species have multiple beneficial effects for
multiple diseases and ailments. Indeed, the Indian species
Terminalia chebula is known as the king of plants in
Ayurveda due to its broad range of medicinal uses. How-
ever, apart from the reported ethnopharmacological uses of
many Terminalia species, surprisingly few studies have
rigorously examined this important genus for their medical
properties/mechanisms and phytochemistry. This is likely
due to the high tannin content common to many Terminalia
species and the perception that these tannins may be
responsible for much of their beneficial properties. As the
complexities of tannins make them poor candidates for
drug design, most interest in Terminalia species has been
for their pharmacognostic and nutraceutical value and they
have often been overlooked as potentials for drug discov-
ery. However, recent reports have identified many other
interesting phytochemicals and demonstrated that these
may be responsible for several of the reported bioactivities
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of the Terminalia species used in traditional medicinal
systems. The last decade has seen a large increase in the
number of studies into the use of Terminalia species as
therapeutic agents. Several species used in Ayurvedic
medicine (Terminalia arjuna, Terminalia bellerica, Ter-
minalia catappa, T. chebula) in particular have received
much recent attention. Similarly, recent reports have also
highlighted the medicinal potential of species from Africa,
Australia and the Americas. The aim of this report is to
summarise the recent research into the medicinal proper-
ties, phytochemistry and therapeutic mechanisms of
Terminalia species and thus to highlight and direct future
areas of research into the medicinal activities of this
important genus.

Keywords Antioxidant - Anticancer - Inflammation -
Antimicrobial - Diabetes - Medicinal plants

Introduction

Plants have a long history of usage as therapeutic agents
and were the main source of medicines prior to the
advances of modern medicine. In many developing coun-
tries, herbal medicinal systems remain important in the
treatment of many ailments. Ayuvedic medicine is still
commonly practiced within India with an estimated 85 %
of Indians still using crude plant preparations for the
treatment of a wide variety of diseases and ailments
(Kamboj 2000). Traditional Chinese medicine (TCM) and
African medicinal systems also account for a major portion
of health care in their populations. Even in countries where
allopathic/Western medicine is dominant, much is also
owed to plant medicinal systems. Furthermore, many users
are returning to herbal medicinal systems due to the
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perception that natural medicines are often a safer alter-
native than allopathic drugs, as well as seeking treatments
for diseases which modern medicine does not yet have
solutions.

Many of the prescription drugs currently marketed for a
wide variety of ailments were originally isolated from plants
and/or are semi-synthetic analogues of phytochemicals. It
has been estimated that approximately 25 % of all pre-
scription drugs currently in use are of plant origin (Walsh
2003; Newman and Cragg 2007). Furthermore, approxi-
mately 75 % of new anticancer drugs marketed between
1981 and 2006 were derived from plant compounds (New-
man and Cragg 2007). Traditionally, plant-based medicines
have been used as crude formulations, such as infusions,
tinctures and extracts, essential oils, powders, poultices and
other herbal preparations. The current trend is to isolate and
characterise the individual phytochemical components with
the aim of producing an analogue of increased bioactivity/
bioavailability. Such studies have given rise to many useful
drugs such as quinine (from Cinchona spp.) and digoxin
(from Digitalis spp.) as well as the anticancer drugs vin-
cristine and vinblastine (from Vinca rosea). However, the
bioactivities seen for crude extracts are often much
enhanced, or even totally different to those seen for the
individual components (Karalliedde and Gawarammana
2008; Choi and Chung 2003). Crude plant extracts may
contain hundreds, or even thousands of different chemical
constituents that interact in complex ways. Often it is not
known how an extract works, even when its therapeutic
benefit is well established.

The genus Terminalia (Family Combretaceae) com-
prises approximately 200-250 species of medium to large
flowering trees, many of which have a history of usage in
traditional medicinal systems (McGaw et al. 2001). Ter-
minalia species are widely distributed through the tropical
and subtropical regions of Asia, Australia and Africa. With
arguably the greatest number and diversity, the Asian
Terminalia’s cover many of the most useful species with
the most extensive documentation of their therapeutic
effects. Asian Terminalia species are widespread, occur-
ring from the Malaysian peninsula and the Indonesian
archipelago in the east, across Southern Asia to Western
Asia and into the Middle East. The biology of many of
these species is especially well studied due to their usage in
a variety of Asian medicinal systems. Of the species that
are native to Asia, Terminalia arjuna and Terminalia
chebula are particularly well documented due to their
myriad of uses in Ayuverdic medicine. Approximately, 28
species are known to occur in Australia and the South
Pacific region. Of these, Terminalia ferdinandiana has
been receiving recent attention due to its interesting phy-
tochemistry and its high antioxidant content/activity. A
further 30 species approximately occur in Africa, with the
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majority of these occurring in the southern part of the
continent. A number of Terminalia species are also native
to the North, Central and South America.

The bark of many Terminalia species is often fissured
and the branches are arranged in tiers. The genus name is
derived from the Latin word terminus, referring to the fact
that the leaves are located at the very tips of the shoots.
Leaves of the most species of Terminalia are usually large
and have a leathery feel. The small (usually) greenish-
white flowers appear on spikes or in clusters. Fruit may be
yellow, dark red or black drupes which are usually angled
or winged. The fruit from some plants is edible and may in
fact be highly nutritious.

Many Terminalia species are renowned for their high
antioxidant activities. Indeed, the Australian species T.
ferdinandiana has been reported to have the highest
antioxidant activity of any plant worldwide (Netzel et al.
2007). Its ascorbic acid levels alone are more than 900
times higher than those of blueberry (g/g). Similarly,
studies have also shown the Asian species 7. chebula
(Chang and Lin 2012; Mety and Mathad 2011; Hazra et al.
2010), Terminalia belerica (Mety and Mathad 2011; Hazra
et al. 2010), Terminalia paniculata (Agrawal et al. 2011),
T. arjuna, Terminalia catappa (Mety and Mathad 2011),
and the African species Terminalia prunioides, Terminalia
brachystemma, Terminalia gazensis, Terminalia mollis and
Terminalia sambesiaca (Masoka and Eloff 2007) to also
have high antioxidant contents.

Ethnopharmacology

Members of genus Terminalia have been used for a broad
range of medicinal purposes by traditional healers from a
wide variety of ethnic and cultural groupings (Table 1). The
best documented of these are the traditional Indian medicinal
systems, particularly the Ayurveda. Ayurvedic practitioners
employ various species of Terminalia for a wide variety of
medicinal purposes, including abdominal and back pain,
coughs and colds, conjunctivitis, diarrhoea and dysentery,
fever, headache, heart disorders, inflammation, leprosy,
pneumoniae, sexually transmitted diseases, worms, wounds,
haemorrhages, ulcers, and as a general tonic. Of the Ayur-
vedic plants, T. arjuna, Terminalia bellerica, T. chebula and
T. catappa are arguably the most useful, being utilised for
multiple ailments as summarised in Table 1 and discussed
for each medicinal bioactivity.

Similarly, African medicinal systems made use of native
Terminalia species in the treatment of multiple different
disorders. Different species occur in different parts of the
continent and their usage, whilst often widespread, is also
often associated with specific cultural/ethnic groupings.
Thus, a species used by one cultural grouping for a specific
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Triterpenes, flavonoids, tannins

Known constituents

Abdominal disorders, pain, bilharzia,

Medicinal properties

Southern Africa

Origin

Rosette leaf Terminalia

Common name

Terminalia stenostachya

Table 1 continued

Species

@ Springer

cancer, coughs and colds,

dysentery, diarrhoea, fever,

venereal diseases, heart disorders,
hypertension, jaundice, diabetes,

antiseptic

Triterpenes, flavonoids, tannins

None known. Mainly used for its

Malaysia and Indonesia

Talisei

Terminalia subspathulata

quality wood

None known. Mainly used for its Unknown

Tropical Western Africa

Limba

Terminalia superba

quality wood

Antibacterial and antifungal activity, Ellagitannins, phenolic compounds

Tropical South

None found

Terminalia triflora

reputed anti-HIV activity

America, Argentina

Ethnopharmacological uses, constituents and common names are derived from searches of Google Scholar and PubMed databases

property may have had different therapeutic uses (or no
uses) by other groups in different regions of the continent.
Tereminalia ivorensis, Terminalia avicennioides, Termi-
nalia glaucescens and Terminalia macroptera, are amongst
the most useful West African species, with documented
ethnopharmacological uses for such diverse disorders as
bacterial, fungal and viral diseases and infections, malaria,
trypanosomiasis the treatment of coughs, bloody sputum
and antimycobacterial activity. Similarly, many Terminalia
species were used by diverse ethnic and cultural groupings
in Southern and Central Africa. Terminalia bentzoe,
T. brachystemma, Terminalia brownii, T. mollis, Termi-
nalia sericea, Terminalia spinosa and Terminalia
stenostachya all have documented ethnopharmacological
uses in Southern Africa for the treatment of abdominal
disorders, pain, bilharzia, cancer, coughs and colds,
dysentery, diarrhoea, fever, venereal diseases, heart disor-
ders, hypertension, jaundice, malaria, diabetes and for the
treatment of bacterial, fungal and viral diseases. Indeed, the
Southern African species 7. mollis has even been linked
with anti-HIV activity.

Despite a diverse range of Terminalia species in the
Americas, (especially in tropical South American) and a
history of usage in traditional medicine, there have been
few studies on species from these continents. Terminalia
acuminata and Terminalia triflora are perhaps the most
promising Terminalia species based on their ethnobotanical
usage. These species have been traditionally used to treat
bacterial, fungal and viral diseases and infections. Indeed,
T. triflora also has reputed anti-HIV activity and this
activity has been scientifically verified and demonstrated to
be due to the inhibitory effect of leaf extract components
on the polymerase and ribonuclease activities of the HIV
reverse transcriptase enzyme (Martino et al. 2002).

Less information is available about the ethnobotanical
usage of Australian Terminalia species. Traditional
indigenous Australian knowledge of plant-based thera-
peutics was generally passed on orally, with little written
ethnopharmacological record. Thus, as Australian Aborig-
inal culture merged into mainstream society, with a
corresponding increased reliance on Western medicine,
much of this knowledge has been lost. However, several
species, including Terminalia carpentariae, Terminalia
hadleyana, Terminalia latipes and T. ferdinandiana, are
known to have been used both as food, and as medicinal
plants (Cock 2011a, b; Lassak and McCarthy 2006).

Phytochemistry and antioxidant content
Epidemiological studies have shown that a diet rich in

antioxidants is associated with a decreased incidence of
chronic diseases (Potter 1997). High antioxidant levels have
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also been shown to act as a preventative against the devel-
opment of degenerative diseases such as cancer (Hertog et al.
1996), cardiovascular diseases (Vita 2005), neural degen-
eration (Youdim et al. 2002), diabetes and obesity (Tsuda
et al. 2003). Phenolic compounds are generally strong
antioxidants (Rice-Evans et al. 1997). Their primary action
involves the protection of cell constituents against oxidative
damage through the scavenging of free radicals, thereby
averting their deleterious effects on nucleic acids, proteins,
and lipids in cells (Rice-Evans et al. 1997). Phenolics interact
directly with receptors or enzymes involved in signal trans-
duction (Moskaug et al. 2005), clearly indicating that they
play a specific role in human physiology. Common plant
phenolic compounds include flavonoids, tannins, antho-
cyanins, and gallic acid, all of which are common
phytochemical constituents of Terminalia species.

Recent studies have documented the exceptionally high
antioxidant content of the Australian species T. ferdinan-
diana (Konczak et al. 2010; Netzel et al. 2007). These
studies have reported that the fruit of this plant has the
highest ascorbic acid levels of any plant in the world, with
levels reported as high as 6 % of the recorded wet weight
(Woods 1995; Miller et al. 1993). This is approximately 900
times higher (g/g) than the ascorbic acid content in blue-
berries (which were used as a standard). As a further
comparison, oranges and grapefruit (which are considered
good sources of ascorbic acid) only contain approximately
0.007 % wet weight (0.5 % dry weight) (Johnson 2003).
Due to its high vitamin C levels, the primary use of T.
ferdinandiana fruit is currently for the production of vita-
min C in health food, cosmetic, and pharmaceutical
industries. However, T. ferdinandiana fruit also contains
many other compounds which also contribute to its high
antioxidant activity (Konczak et al. 2010; Netzel et al.
2007). Whilst many of these compounds are yet to be
identified, T. ferdinandiana fruit has been shown to contain
benzoic acids, flavanols, or flavanones (Konczak et al.
2010). T. ferdinandiana fruit is a good source of gallic acid
(Fig. 1b) and ellagic acid (Fig. 1c) (Cunningham et al.
2009; Cherikoff and Kowalski 2008), which also demon-
strate strong antioxidant activity in vitro (Losso et al. 2004;
Ohno et al. 1999). T. ferdinandiana fruit is also very rich in
chlorophyll a (Fig. le) and chlorophyll b (Fig. 1f), which
have previously been shown to be capable of quenching
oxidative stress. Lipophilic 7. ferdinandiana fruit extracts
are also rich in lutein (Fig. 1g—a carotenoid antioxidant
compound associated with eye health) and with vitamin E
(Fig. 1d) and vitamin E analogues (Konczak et al. 2010).
Hesperitin (Fig. 1 h), as well as the glycosides kaempferol
(Fig. 1i), luteolin (Fig. 1j), and quercetin (Fig. 1 k) are
some of the other antioxidants present in 7. ferdinandiana
fruit (Konczak et al. 2010). T. ferdinandiana fruit is also a
good source of the minerals magnesium, zinc, calcium,

potassium, sodium, iron, phosphorous, manganese, copper,
and molybdenum (Konczak et al. 2010). It has previously
been postulated that the exceptionally high antioxidant
content of 7. ferdinandiana fruit may be responsible for the
therapeutic effects of this plant (Mohanty and Cock 2012).
High antioxidant contents have also been reported for
Asian Terminalia species (Hazra et al. 2010; Jaiwal et al.
2012; Mety and Mathad 2011). One study reported the
Trolox equivalent antioxidant content (TEAC) of Asian
Terminalia as approximately 12.4, 1.6, 44.3 and 1.4 mg/ml
extract for T. arjuna, T. belerica, T. catappa and T. che-
bula, respectively (Jaiwal et al. 2012). Other studies have
reported similarly high TEAC values for other Asian Ter-
minalia species, including 7. paniculata (Agarwal et al.
2011) and T. alata (Mety and Mathad 2011). Similarly,
high antioxidant contents have also been reported for the
African species T. brachystemma, T. gazensis, T. mollis, T.
pruniodes, T. sambesiaca and T. sericea (Masoko and Eloff
2007). The high antioxidant activities of plants of the genus
Terminalia seem to correlate with their phenolic contents
(Jaiwal et al. 2012). The high tannin and flavonoid con-
tents, characteristic of this genus, have been suggested as
being responsible for this activity (Chang and Lin 2012;
Jain et al. 2009). Indeed, the tannin antioxidant content of
the Asian species T. chebula has been reported to be as
high as 32 % (Chattopadhyay and Battacharyya 2007). The
bioactivities of the individual components will be consid-
ered for each individual medicinal property discussed.

Cardiovascular effects

Ayurvedic practitioners employ several Terminalia prepa-
rations for the treatment of cardiovascular disorders and for
their lipid lowering activities. T. arjuna is considered par-
ticularly useful. The powdered tree bark is used to alleviate
angina (Dwivedi and Udupa 1989), possibly via its
antioxidant activity. The stem bark contains high levels of
antioxidant compounds, including glycosides, flavonoids,
tannins and inorganic minerals. Amongst the terpenoids
reported in T. arjuna bark are [B-sitosterol (Fig. 2a), ter-
minic acid (Fig. 2b) (Anjaneyulu and Prasad 1983),
terminoside A (Fig. 2c), (Ali et al. 2003a, b) and arju-
naphthanoloside. Terminoside A and arjunaphthanoloside
are particularly interesting due to their reported therapeutic
activities. Terminoside A inhibits nitric oxide production
and decreases nitric oxide synthase levels in lipopolysac-
charide-stimulated macrophages, and arjunaphthanoloside
possesses strong antioxidant activity (Ali et al. 2003a, b). T.
arjuna bark also contains very high levels of antioxidant
flavonoid compounds compared to other plants. Indeed, one
study estimated the total flavonoid levels in 7. arjuna bark
to be 5698 £+ 531 mg/100 g compared to 1914 £ 106,
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Fig. 1 Chemical structures of molecules with antioxidant potential identified in 7. ferdinandiana: a ascorbic acid (vitamin C), b gallic acid,
¢ ellagic acid, d a-tocopherol (vitamin E), e chlorophyll a, f chlorophyll b, g lutein, h hesperitin, i kaempferol, j luteolin, k quercetin

1255 £ 119, 1302 £ 55 and 487 + 23 mg/100 g for cin-
namon, tea leaves capsicum and turmeric, respectively
(Nair et al. 1996; Nair and Nagar 1997). These flavonoids
include arjunolone (Fig. 2d), bicalein (Fig. 2e), flavones,
kampferol (Fig. 1i), pelorgonidin (Fig. 2f), quercetin
(Fig. 1 k) (Sharma et al. 1982) and luteolin (Fig. 1j) (Pettit
et al. 1996). There is evidence that similar bioflavonoids
prevent oxidation of LDL cholesterol via their free radical
scavenging activity (Furman and Aviram 2001), inhibit
endothelial activation (Carluccio et al. 2003) and inhibit
platelet aggregation (Ruff 2003). They also possess
cyclooxygenase inhibitory activity and can thus prevent
thrombosis (Ruff 2003). Evidence exists that high dietary

@ Springer

levels of flavonoids are inversely proportional to the risk of
coronary artery disease (CAD) (Martikainen et al. 2007,
Middleton et al. 2000; Peluso 2006). It is, therefore, likely
that high flavonoid contents in Terminalia species may be
responsible for their beneficial effects in CAD.

In addition to the high flavonoids contents of plants of the
genus Terminalia, another common phytochemical trait is the
generally high tannin contents. Multiple hydrolysable tannins
have been reported for 7. arjuna, including pyrocatechols,
punicallin (Fig. 2 g), punicalagin (Fig. 3f), terchebulin
(Fig. 2 h), terflavin C (Fig. 2i), castalagin (Fig. 2j), casuariin
and casuarinin (Fig. 3d) (Lin et al. 2001). Tannins can
enhance nitric oxide synthesis and relax vascular tissue
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CH,

CH,

OH

HO OH OH

Fig. 2 Chemical structures of 7. arjuna compounds with cardiovascular effects: a -sitosterol, b terminic acid, ¢ terminoside A, d arjunolone,
e bicalein, f pelorgonidin, g punicallin, h terchebulin, i terflavin, j castalagin

stimulated to contract by norepinephrine and thus may be
responsible at least in part for the hypotensive activity of 7.
arjuna bark (Nammi et al. 2003; Takahashi et al. 1997).
Terminalia arjuna is a particularly interesting plant for the
treatment of cardiovascular disorders due to its multiple

modes of cardioprotection. Early studies have demonstrated
that 7. arjuna bark extracts increase the rate and force of
cardiac contraction, as well as amplitude of contraction and
the cardiac output (reviewed by Dwivedi 2007). Further-
more, T. arjuna bark extracts also produce substantial

@ Springer
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Fig. 3 Chemical structures of
Terminalia compounds with
antimicrobial activity:

a friedelin, b gallic acid,

c ellagic acid, d casuarinin,

e chebulagic acid, f punicalagin

ionotropic effects. Other effects noted for 7. arjuna bark
extracts include increases in coronary flow (Bhatia et al.
1998) and decreased blood pressure (Nammi et al. 2003;
Takahashi etal. 1997). Furthermore, enhanced prostaglandin
E, (PGE,) activity has also been noted following T. arjuna
treatment (Dwivedi et al. 1987). As PGE, is known to pro-
duce coronary vasodilation, this increase may be responsible
for the increased coronary flow following 7. arjuna treat-
ment (Bhatia et al. 1998). Bark extracts of T. arjuna also
reverse cardiac injury (Tandon et al. 1995), and have car-
diovascular protective and tonic effects including improved
cardiac cell mitochondrial uptake (Tandon et al. 1995),
protection against oxidative stress (Gauthaman et al. 2001)

@ Springer
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and decreased levels of lipid peroxidase activity (Sival-
okanathan et al. 2006). Further cardio-protective effects of T.
arjuna bark include decreases in total lipid levels, especially
LDL lipids, with a coincident increase in HDL lipids (Shaila
et al. 1998; Khanna et al. 1996).

Antimicrobial activity

Many Terminalia species have a history of usage to treat
medical conditions related to microbial infections and
numerous recent investigations have reported on their
antibacterial properties. Multiple studies have reported on
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the antibacterial properties of Terminalia species used in
traditional Indian medicine. Leaf and bark extracts of
arguably the best studied Terminalia species, T. arjuna,
have been reported in numerous studies to have antibac-
terial activity against a wide panel of microbes (Aneja et al.
2012; Shinde et al. 2009), partially justifying its use in the
treatment of a wide range of diseases and medical disorders
(Jain et al. 2009; Udupa 1986: Tripathi and Singh 1996). T.
chebula also has a tradition of use in Ayurveda for the
treatment of numerous diseases and conditions (Chopra
et al. 1956; Nadkarni 1976; Das 1991). It is not surprising
that 7. chebula has also been reported to display potent
antibacterial activity against a microbial panel (Aneja and
Joshi 2009). Similarly, Terminalia alata, Terminalia bel-
lirica and T. catappa have also been reported to have broad
spectrum antibacterial activity (Shinde et al. 2009). Whilst
none of these studies identified the antibacterial compo-
nents, one study demonstrated that they were relatively
nonpolar and that this activity was not due to tannin
components (Shinde et al. 2009). In contrast, other studies
have demonstrated antibacterial activity being associated
with the polar extracts (Aneja et al. 2012; Aneja and Joshi
2009).

The antibacterial activity of other Asian species has also
been reported. Terminalia muelleri leaf components have
been shown to inhibit the growth of several Staphylococcus
aureus strains, including a methicillin-resistant strain
(Anam et al. 2010). This study also examined the
antibacterial mechanism of these compounds and reported
that the Terminalia muelleri leaf components induced
similar morphological changes in the bacterial cells as were
seen with vancomycin treatment of bacteria (shrinkage and
thinning of the cell wall). From these studies, the authors
have reported the inhibition of the cell wall as a putative
antibacterial mechanism for Terminalia muelleri leaf
components.

Numerous African Terminalia species also have potent
antibacterial activity. One study of the South East African
species T. stenostachya and T. spinosa reported strong
antibacterial activity against a broad spectrum of medici-
nally important bacteria, including several Mycobacterium
species, Streptococcus faecalis, S. aureus, Vibrio cholera,
Bacillus anthracis, Klebsiella pneumoniae, Salmonella
typhi, Pseudomonas aeruginosa and Escherichia coli
(Mbwambo et al. 2011). T. brownii also has a history of
usage in traditional eastern and central African medicinal
systems, including usage for the treatment of diverse
medicinal conditions including diarrhoea and gonorrhoea
(Fyhrquist et al. 2002; Dhetchuvi and Lejoly 1990). A
recent report has confirmed the antibacterial activity of T.
brownii against S. aureus, E. coli, P. aeruginosa, K.
pneumoniae, S. typhi and B. anthracis. The West African
species T. avicennioides, which is widely used in Nigerian

traditional medicine (Gill and Akinwunmi 1986), has been
reported to have good antimicrobial activity towards a
methicillin-resistant strain of S. aureus (Akinyemi et al.
2005). Further studies have identified a terpenoid, friedelin
(Fig. 3a), as the probable antibacterial component of 7.
avicennioides. Similarly, recent studies have demonstrated
the growth inhibitory activity of T. sericea and Terminalia
pruinoides against pathogenic (Cock and van Vuuren
2015a) and food spoilage bacteria (Cock and van Vuuren
2015b).

Terminalia ferdinandiana from Australia also has strong
antibacterial activity against an extensive panel of bacteria.
In a recent study, solvent extracts of various polarities were
tested against both Gram-positive and Gram-negative
bacteria (Cock and Mohanty 2011). The polar extracts
proved to be more effective antibacterial agents, indicating
that the antibacterial components were polar compounds.
Indeed, the polar extracts inhibited the growth of nearly
every bacteria tested against. Both Gram-positive and
Gram-negative bacteria were susceptible, indicating that
the inhibitory compounds readily crossed the Gram-nega-
tive cell wall. The individual antibacterial components
were not identified in this study although the authors
indicate the extremely high levels of antioxidants in T.
ferdinandiana fruit [including gallic (Fig. 3b) and ellagic
acids (Fig. 3c)] may be responsible for this antibacterial
activity.

Several bacterial species are can initiate autoimmune
inflammatory diseases (Cock 2014). Recent studies have
highlighted the potential of Terminalia spp. as growth
inhibitors of these bacteria and thus of the initial events of
several autoimmune diseases. 7. ferdinandiana fruit is a
potent inhibitor of Proteus mirabilis (Sirdaarta et al.
2015a), Acinetobacter baylyi and P. aeruginosa growth
(Sirdaarta et al. 2015b) and thus have potential in the
prevention and treatment of rheumatoid arthritis and
ankylosing spondylitis, respectively. T. ferdinandiana leaf
extracts have also been shown to be good inhibitors of
these same bacteria, as well as of K. pneumoniae and,
therefore, may also be useful in the prevention of anky-
losing spondylitis (Courtney et al. 2015). Further studies
have reported similar growth inhibitory activity for the
South African species Terminalia sericea and Terminalia
pruinoides against these microbial triggers of rheumatoid
arthritis (Cock and van Vuuren 2014) and ankylosing
spondylitis (Cock and van Vuuren 2015a, b, c). In these
studies, stilbene and tannin components have been identi-
fied as likely to contribute to this inhibitory activity.

In contrast, the antifungal, antiviral and antiprotozoal
activities of Terminalia species have been less extensively
studied. Antifungal activity has been reported for several
species, although less quantitative data are available for the
antifungal activity of Terminalia extracts compared to
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antibacterial activity. One study into the antifungal activity
of several South African Terminalia species reported good
antifungal activity for 7. pruniodes, T. brachystemma, T.
sericea, T. gazensis, T. mollis and T. sambesciaca against
the fungal species Candida albicans, Cryptococcus neo-
formans, Aspergillus fumigates, Microsporum canis and
Sporothrix schenkii (Masoko and Eloff 2005). Indeed,
particularly low MIC values between 0.2 and 0.8 mg/ml
were reported in this study, indicating the efficacy of
Terminalia extracts. This was a particularly interesting
study as the Cryptococcus and Candida strains used were
multi-antibiotic-resistant strains. As fungal infections cause
significant mortality and morbidity in Africa (especially in
immune-compromised individuals), this finding could
potentially result in the development of life saving treat-
ments. Whilst this study did not identify the bioactive
compounds, it did demonstrate that tannins were unlikely
to be responsible due to the non-polar nature of the anti-
fungal components. Interestingly, little data are available
on the antifungal activities of Terminalia species from
other world regions and much work is needed in this area.
In my own laboratory, the Australian species 7. ferdinan-
diana has been tested against a limited panel of fungi
(including C. albicans and Aspergillus niger) and has
shown no antifungal activity against any species tested
(unpublished results). However, the fungal species tested
were nystatin-resistant strains and only a very limited panel
was screened. Therefore, it is possible that further studies
may detect antifungal activity for this plant against other
fungi.

Whilst limited studies have evaluated the antifungal
activity of the Terminalia, several reports document their
antiviral potential. Cheng et al. (2002) reported that a
tannin compound isolated from the bark of T. arjuna dis-
played potent inhibitory activity against herpes simplex
virus type 2 (HSV-2). This study identified this compound
as the hydrolysable tannin casuarinin (Fig. 3d). The anti-
herpes activity was also particularly long lasting, still
evident 12 h after viral infection. Furthermore, the Cheng
study also exhibited a multifaceted antiviral activity for this
compound. Casuarinin exposure prevented the attachment
of HSV-2 to cells and blocked viral penetration, as well as
inhibiting the late events of infection. Furthermore,
casuarinin displayed good viricidal activity, with concen-
trations as low as 25 uM reducing viral titres up to 100,000
fold.

Recent studies have also demonstrated the relatively
good antiviral activity of T. chebula towards measles and
mumps viruses (Sumithira et al. 2012). Whilst this study
did not examine the antiviral mechanism or identify the
active components, it did demonstrate that the extracts
contained high levels of phenolic antioxidant compounds.
It was also demonstrated that the extract was not toxic to
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Vero cells. Another recent study reported that the 7. che-
bula leaf extracts also have potent inhibitory activity
against herpes simplex virus type 1 (HSV-1) (Lin et al.
2011). The hydrolysable tannins chebulagic acid (Fig. 3e)
and punicalagin (Fig. 3f) were identified as the extract
components responsible for this antiviral activity. Chebu-
lagic acid and punicalagin inhibit HSV-1 entry into A549
lung cells in a multifaceted manner: they prevent binding
of the virus to cells, viral penetration, cell to cell spread, as
well as secondary infection. These compounds were shown
to target the interaction between cellular glycosaminogly-
cans and HSV-1 glycoproteins.

A South American species (7. triflora) has been shown
to have viral anti-infective activity against HIV in
HLT4LacZ-IIIB cell cultures (Martino et al. 2002). This
activity was demonstrated to be due to the inhibitory effect
of leaf extract components on the polymerase and ribonu-
clease activities of the HIV reverse transcriptase enzyme.
Furthermore, this study isolated the antiviral activity to a
hydrophilic tannin containing fraction, indicating that tan-
nins may be responsible for the antiinfective activity.
Earlier studies have also reported that leaf extracts from
this plant have antiviral activity against several other RNA
viruses including rabies, foot and mouth disease and
influenza (Planes de Babchero and Souto 1969; Rivas and
Distefano 1973; Rivas et al. 1971). The African species T.
mollis (stem and root extracts) has also been reported to
have anti-HIV activity against virus type 1 (HIV-1, IlIg
strain) (Maregesi et al. 2010). This study did not report on
the anti-HIV mechanisms or the active components.

The best studied antiprotozoal activities of the genus
Terminalia are the antimalarial and antitrypanosomiasis
(sleeping sickness) bioactivities. Several species including
T. mollis (Maregesi et al. 2010), T. catappa (Mudi and
Muhammad 2009), T. chebula and T. bellerica (Pinmai
et al. 2010) have been reported to have activity against
Plasmodium  falciparum.  Terminalia  avicennoides
(Alayande et al. 2011) and T. ivorensis (Agbedahunsi et al.
2006) have been reported to have inhibitory activity
towards Trypanosomiasis brucei (the parasite responsible
for sleeping sickness). T. bellerica has also demonstrated
trypanocidal activity against the related organism 7Try-
panosma evansi (Shaba et al. 2009a, b) although no reports
were found its activity against 7. brucei. None of these
studies examined the antiprotozoal mechanism, nor did any
report identify the bioactive compounds. Recently, the
Australian species T. ferdinandiana was reported to be a
potent inhibitor of the gastrointestinal protozoan parasite
Giardia duodenalis and a number of bioactive components
were identified (Rayan et al. 2015). Studies into the anti-
Giardiasis activity of other Terminalia spp. are lacking and
much further work is required to screen other species for
this activity.
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Antiinflammatory activity and immunomodulation

Inflammation is a complex response by the body to injury.
It typically follows a variety of insults including burns,
wounds, bites, stings, etc. It is characterised by a wide
variety of symptoms (Macpherson 1992) including:

e Swelling. Injury may result in increased capillary
permeability which allows leucocyte migration and
fluid accumulation in the damaged tissue. This accu-
mulation results in the swelling characteristic of
inflammation.

e Redness and heat are caused by vasodilation, reducing
blood pressure and increasing circulation.

e Pain is a complex reaction resulting from the release of
short peptides and prostaglandins.

As Terminalia species contain multiple active phyto-
chemicals, many with antioxidant activity, it is likely that
several of these may be required to address different
aspects of the inflammatory process. The inflammatory
processes require the cellular release of several classes of
molecules. Vasoactive substances (e.g. bradykinin, pros-
taglandins, and vasoactive amines) are required to dilate
blood vessels, opening junctions between cells to allow
leucocytes to pass through capillaries. Any compound
capable of blocking these vasoactive substances would
potentially have a therapeutic effect as an anti-inflamma-
tory agent. B-sitosterol (Fig. 2a) is an abundant phytosterol
in several Terminalia species (Anjaneyulu and Prasad
1982a, b). B-sitosterol stimulates smooth muscle cells to
release prostacyclin (PGL,) (Awad et al. 2004). Conversely,

OH
OH

OH

B-sitosterol treatment blocks the release of PGI, and
prostaglandin E, (PGE,) from macrophages (Awad et al.
2004). Thus, B-sitosterol treatment would be expected to
affect vasodilation and, therefore, have a therapeutic effect
on inflammation.

Recent studies have reported that 7. arjuna leaf extracts
have potent anti-inflammatory activity in vivo (Biswas
et al. 2011). This anti-inflammatory effect is likely due to
the inhibition of the enzyme cyclooxygenase, resulting in
the inhibition of prostaglandin synthesis (Biswas et al.
2011). Chebulagic acid (Fig. 4a) isolated from 7. chebula
extracts also has potent anti-inflammatory effects in LPS-
stimulated RAW 264.7 (mouse macrophage) cells via its
antioxidant activity (Reddy and Reddanna 2009). These
effects are exerted via a downregulation of cyclooxyge-
nase-2 (COX-2) and S5-lipoxygenase (5-LOX), tumour
necrosis factor-alpha (TNF-o) and interleukin-6 (IL-6)
(Reddy and Reddanna 2009; Reddy et al. 2009). This
downregulation results in the inhibition of the inflamma-
tory mediators such as nitric oxide (NO) and prostaglandin
E, (PGE,) production. Thus, chebulagic acid exerts anti-
inflammatory effects. As mitogen-activated protein kinases
(MAPKs) which regulate inflammatory and immune
responses may be activated by the production of reactive
oxygen species (ROS), it is likely that the inhibition of
ROS via chebulagic acids anti-inflammatory activity is
involved.

Potent anti-inflammatory activity has also been reported
for the African species T. sericea (Moshi and Mbwambo
2005). The triterpenoidal saponin sericoside (Fig. 4b) has
been isolated from 7. sericea extracts and is believed to be

b

Fig. 4 Chemical structures of selected Terminalia compounds with antiinflammatory activity: a chebulagic acid, b sericoside
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responsible for this activity (Mochizuki and Hasegawa
2007; Rode et al. 2003). Indeed, pure sericoside pretreat-
ment in vivo has been shown to decrease the extent and
severity of colon inflammation colitis in an induced
inflammatory bowel disease (IBD) experimental model
(Mochizuki and Hasegawa 2007). As superoxide radical
(Oy7) is generated in IBD model systems (Kankri et al.
2001) and sericoside has potent antioxidant activity
(Mochizuki and Hasegawa 2007), it is likely that T. ser-
icea’s anti-inflammatory activity is due at least in part to its
free radical scavenging activity.

Chemotactic factors which include several proteins and
peptides are also required to increase cell motility, espe-
cially the motility of leucocytes during inflammation.
Blocking these chemotactic factors or blocking their effects
prevents inflammatory swelling. Crude T. sericea extracts,
as well as the purified component sericoside, have been
shown to block chemotaxis. In vivo administration of
sericoside to Sprague—Dawley rats prior to IBD induction
results in a significant reduction in neutrophil activation
and infiltration into the colon mucosa (Mochizuki and
Hasegawa 2007). Furthermore, chebulagic acid isolated
from 7. chebula decreases cytokine production and IL-6
expression in human lymphoblastic T lymphocytes (Das
et al. 2012), thereby decreasing chemotaxis. 7. chebula
extract treatment also results in decreased expression levels
of TNF-a in Jurkat cells, which would subsequently
downregulate other cytokines including IL-1 and IL-6 (Lin
et al. 2010. The mechanistic details of the relationship
between the antioxidant activity of the 7. chebula extracts
and these anti-inflammatory effects have not yet been
extensively examined. Furthermore, these studies have not
rigorously examined the dose-dependent effect of these
phytochemicals.

Anticancer activity

The growth and development of healthy cells depend on
fine regulation of growth promoting and inhibiting path-
ways. Proto-oncogenes and tumour suppressor genes are
responsible for encoding proteins that regulate cell divi-
sion/cell cycle, as well as for the repair of damaged DNA
and programmed cell death by apoptosis. Mutations within
these genes have been implicated in the onset of cancer
(Hanahan and Weinberg 2000). Such mutations result in
cells that no longer require external signals to proliferate.
Furthermore, these cells fail to recognise signals that
restrict cell division, resulting in uncontrolled cell growth.
In tumour genesis, multiple genes may be altered and
transmitted to daughter cells, which subsequently escape
normal growth restraints and form a tumour that may be
benign or malignant.
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The induction of oxidative stress has been linked with
several types of cancer (Brown and Bricknell 2001; Tome
et al. 2001). Thus, it is possible that the high antioxidant
contents of many Terminalia species may inhibit cancer
formation and/or progression. Chromosome instability is
also a common feature of many of the cancers that have
been linked with oxidative stress, suggesting that increased
oxidative stress may contribute to development of genetic
instability. Oxidative stress leading to genetic instability
would result in the emergence of new tumour phenotypes.
In such populations, a decrease in apoptosis but an increase
in tumour growth and subsequent tumour progression is
observable. Consumption of high levels of antioxidants (as
are characteristic of Terminalia species) may block this
genetic instability and thus block tumourgenesis.

Currently used anti-cancer agents for the treatment of
established tumours (e.g. doxorubicin, daunorubicin, mit-
omycin C, etoposide, cisplatin, arsenic trioxide, ionising
radiation, photodynamic therapy) depend exclusively or in
part on the production of ROS for cytotoxicity. Sensitivity
of tumour cells to oxidative stress and/or apoptosis may
affect treatment success (Davis et al. 2001; Ruefli et al.
2001). Studies indicate that WEHI7.2 mouse thymoma
cells overexpressing catalase (CAT38) or thioredoxin
(THX) are resistant to glucocorticoid-induced apoptosis
in vitro (Freemerman and Powis 2000; Baker et al. 1997).
This suggests that glucocorticoid-induced apoptosis occurs
by an ROS-dependant mechanism. Average tumour
weights increased in severe combined immune-deficient
(SCID) mouse tumour xenografts from cells overexpress-
ing catalase or thioredoxin (Baker et al. 1997). Tumours
from both transfectants contained fewer apoptotic cells;
however, mitotic cell numbers were similar. This suggests
that cellular antioxidant overexpression results in increased
tumour size due to a decrease in apoptosis.

Studies into the antioxidant/prooxidant effects of
extracts from other plant species have demonstrated that
the ability of a plant extract to exert antioxidant activity
depends on multiple factors. Aloe vera antioxidant com-
ponents for example may function as either an antioxidant
or an oxidant with their action being dependent upon their
concentration (Cock 2011a, b). The Aloe vera anthraqui-
none aloe emodin exerts antioxidant behaviour at lower
concentrations, yet acts as a pro-oxidant at high concen-
trations. In contrast, a different Aloe vera anthraquinone
(aloin) has an antioxidant effect at higher concentrations,
yet a pro-oxidant effect at low concentrations. Thus, Aloe
vera extracts and components may act as either antioxi-
dants or as oxidants, dependent on differing levels of the
various constituents, and on their ratios. Thus, although
many Terminalia species have very high antioxidant con-
tents reported, it is possible that the individual components
may act as either antioxidants or as oxidants and thus may
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also be effective in the treatment of cancer, as well as in its
prevention at different concentrations.

Similar pro-oxidant effects have been reported for other
antioxidant phytochemicals including flavonoids (Rahman
et al. 1990) and tannins (Singh et al. 2001a, b) which are
present in high concentrations in many Terminalia species
(Ahsan and Hadi 1998). Previous studies have also shown
that the presence of transition metal ions such as copper or
iron in the extract can enhance the conversion of the
antioxidant to the pro-oxidant state (Lastra and Villegas
2007; Wu et al. 2008). The pro-oxidant/antioxidant effect
of plant extracts is due to a balance between the free radical
scavenging activities and reducing power of their phyto-
chemical components. This can be explained using the
antioxidant vitamin ascorbic acid (which is present in high
levels in several Terminalia species) as an example.
Although ascorbic acid has well characterised antioxidant
bioactivities, it is also known to act as a pro-oxidant at high
concentrations (Joel 1995). This is due to the greater
reducing power of ascorbic acid compared to its free rad-
ical scavenging activity. In the presence of transition metal
ions, ascorbic acid will function as a reducing agent,
reducing the metal ions. In this process, it is converted to a
pro-oxidant. Therefore, high dietary intake of ascorbic acid
in individuals with high iron levels (e.g. premature infants)
may result in unexpected health effects due to the induction
of oxidative damage to susceptible biomolecules (Halliwell
1996; Herbert et al. 1996; Samuni et al. 1983).

Reactive oxygen species (ROS)-based tumour therapy
would cause tumour regression should the tumour cells not
be apoptotic/oxidant-resistant cells. Therefore, if Termi-
nalia antioxidant components are present in concentrations
and ratios consistent with pro-oxidant activity, the extract
would be expected to induce apoptosis and, therefore,
would have anticancer activity. If the levels of components
are consistent with a reducing environment, antioxidant
activity would result and the extract would not have anti-
cancer activity. Conversely, should the protocol be
repeated on a tumour with apoptotic-resistant/oxidant-re-
sistant cells, the converse would apply, where tumour
progression would be observed.

The Australian species 7. ferdinandiana has been
receiving much recent attention due to its recently reported
extremely high antioxidant content (Konczak et al. 2010;
Netzel et al. 2007) and reports linking antioxidant levels
and redox management with anticancer activity (Mohanty
and Cock 2012). A recent study has demonstrated that a 7.
ferdinandiana fruit extract rich in polyphenolic compounds
displayed antiproliferative activity against a panel of can-
cer cell lines (Tan et al. 2012). The proliferation of normal
cell lines was also seen to be inhibited in this study,
although several cancer cell lines (particularly gastric and
colorectal cancer cell lines) showed a higher sensitivity to

the T. ferdinandiana fruit extract compared to the equiva-
lent normal cell line. To understand the cancer cell viability
suppression mechanisms of the 7. ferdinandiana fruit
extract, this study also examined the induction of apopto-
sis. The extract was shown to activate caspase-7 and
caspase-9 as well as poly (ADP-ribose) polymerase
(PARP), indicating that apoptosis induction is via an
intrinsic pathway.

Similarly, the tannin casuarinin (Fig. 3d) isolated from
bark extracts of the Indian medicinal plant 7. arjuna has been
reported to induce apoptosis in human A549 lung cancer cell
lines (Kuo et al. 2005). It was postulated that an enhanced
Fas/APO-1 ratio and increases in membrane bound and
soluble Fas ligands may be responsible for casuarinin’s
apoptotic effect. Furthermore, casuarinin was also found to
arrest cell cycle progression in the Go/G; phase, possibly due
to a p53-dependent induction of p21/WAFI.

The Ayurvedic medicine Triphala has cytotoxic effects
against various cancer cell lines (Kaur et al. 2005), thymic
lymphoma cells (Sandhya and Mishra 2006), human breast
cancer cell lines (Kaur et al. 2005; Sandhya and Mishra
2006), human prostate cancer cell lines and human pancre-
atic cancer cell lines (Shi et al. 2008). Conversely, the
cytotoxic effects of Triphala are negligible in various normal
cell lines (Sandhya and Mishra 2006; Sandhya et al. 2006).
Triphala comprises fruits of three plants including two Ter-
minalia species (7. chebula and T. belliricia). Whilst the
individual cytotoxic constituents were not identified in any
of these Triphala studies, it is noteworthy that all three fruits
used in this preparation have high antioxidant levels and high
gallic acid contents (Baliga 2010). As pure gallic acid
(Fig. 1b) has been shown to have similar cytotoxic effects as
Triphala towards the same cancer cell lines (Kaur et al. 2005;
Ishihara and Sakagami 2003; Sakaguchi et al. 1999), it is
likely that gallic acid is at least in part responsible for the
anticancer activity of Triphala.

T. belliricia extracts have also demonstrated growth
inhibitory effects towards human A549 lung cancer cell
lines and HepG2 hepatocarcinoma cell lines without the
presence of the other plant components present in Triphala
(Pinmai et al. 2008). Furthermore, the T. belliricia extract
also showed a synergistic effect with conventional anti-
cancer chemotherapeutics, enhancing the cytotoxic activity
of cisplatin and doxorubicin towards the cancer cell lines,
indicating its potential as a synergistic cancer chemother-
apeutic agent.

Wound healing
Whilst antiinflammatory and antimicrobial bioactivities are

complex processes requiring the synergistic action of sev-
eral bioactivities, wound healing is more so. Wound
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healing is the result of several complex bioactivities
including:

e Inflammation

e Antiseptic bioactivity

e Cell growth and proliferation

e Matrix remodelling

The growth of endothelial, epithelial and fibroblast cells
is critical in wound healing. As a first step, a fibrin clot is
formed as a temporary repair. This step is vital as it helps
avoid microbial infection which may retard the healing
process. The wound is subsequently invaded by a variety of
cell types, some which stimulate an inflammatory response,
whilst others are directly involved in the repair mechanism
(Davis et al. 1987). The effects of Terminalia extract
components on inflammation processes and chemotaxis
have already been discussed and will not be discussed
further here. Wound repair itself occurs in three phases: the
migration of epithelial cells and fibroblasts to the wound
site, proliferation of cells and cellular maturation. It is
likely that the wound healing effect of Terminalia extracts
may involve the synergistic action of multiple components
on several pathways.

Several Terminalia species have reported wound healing
bioactivities. Of these, perhaps the best documented and
the most extensively studied are the Asian Terminalia
species used in Ayurvedic medicine. 7. arjuna (Chaudhari
and Mengi 2006), T. chebula (Li et al. 2011; Suguna et al.
2002) and T. coriacea (Ali Khan et al. 2012) have all
demonstrated an ability to hasten the wound healing pro-
cess. As wound healing is a complex process involving
several bioactivities, no single experimental model is
adequate to evaluate wound healing and various individual
bioactivities need to be considered. These include antimi-
crobial, antiinflammatory and immunomodulatory
activities which have already been considered, as well as
cell proliferative activity, and tissue and matrix
remodelling.

Terminalia arjuna demonstrates several bioactivities
that are important for wound healing. Aside from its good
broad spectrum antimicrobial activity (previously sum-
marised in this review), it also has been shown to induce
enhanced tensile strength in incision wounds as well as
increasing the rate of epithelialisation of the wound (Rane
and Mengi 2003). Further studies to characterise the
bioactive components (Chaudhari and Mengi 2006) iso-
lated the wound healing activities to 3 separate fractions.
The fraction which induced the greatest rate of epithelial-
isation consisted almost exclusively of tannins, indicating
that tannins are very important in wound healing processes.
Incidentally, this fraction also had the greatest antimicro-
bial activity of the fractions tested. Treatment of excision
wounds with this fraction resulted in the largest increase of
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hexosamine levels (a component of the extracellular
matrix) compared to the other fractions. Together with
cellular growth and proliferation, wound healing also
requires matrix remodelling. Thus, 7. arjuna tannin com-
ponents also appear to affect matrix formation. The
remaining two fractions isolated from 7. arjuna bark also
increased the rate of wound healing compared to the con-
trol, but were significantly less effective than the high
tannin containing fraction. Whilst these fractions also
contained tannins, they additionally consisted of saponins
and reducing sugars. As sugars are known to delay the
wound healing process by decreasing tensile strength
(Emanuel and Farber 1988), the slower rate of healing
induced by these two fractions may be due to their higher
sugar contents.

Similarly, T. chebula treatment also enhances extracel-
lular matrix formation in wounds. In vivo wound healing
studies have demonstrated that 7. chebula treatment
enhances protein synthesis and the deposition of matrix
proteins in the granulation tissues (Suguna et al. 2002). The
levels of collagen were particularly elevated during the
early stages of healing. The deposition of collagen at the
wound site enhances the tensile strength and thus the rate
of healing (Balleisen et al. 1975). Furthermore, the same
study also demonstrated an increase in the levels of the
extracellular matrix components hexosamine and uronic
acid following T. chebula treatment in the early stages of
wound healing (when the extracellular matrix forms), fol-
lowed by a return to normal levels in the later stages. In
addition, T. chebula tannin extracts have been shown to
have angiogenic potential, increasing the amount of newly
formed capillaries during the inflammatory phase of wound
healing, as well as increasing the degree of wound con-
traction in granulation tissue (Li et al. 2011).

Other Terminalia phenolic compounds have also been
implicated in the wound healing effects of this genus. B-
sitosterol (Fig. 2a) and [-sitosterol glucosides (Fig. 5a),
which are common Terminalia phytochemicals, promote
endothelial cell proliferation and angiogenesis (Moon et al.
1999) although their activity appears to be dependent on
their redox states (Vivancos and Moreno 2005). Reduced
sterols have antioxidant activity and stimulate wound
healing processes, whilst oxidised sterols are prooxidants
and induce cell death. Therefore, B-sitosterol and [B-sitos-
terol glucosides have potential applications in wound
management in their reduced state. Further phytochemicals
with wound healing properties in 7. coriacea extracts were
identified as anthraquinone glycosides (Fig. 5b), flavonoids
and tannins (Ali Khan et al., 2012). Similar anthraquinone
glycosides have also been reported to stimulate cellular
proliferation (Choi et al. 2001; Lee et al. 1997; Yagi et al.
2002). It has been postulated that the proliferative effect of
anthraquinone glycosides may be due to their high
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Fig. 5 Chemical structures of:
a a f-sitosterol glucoside, b an
anthraquinone glycoside
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antioxidant activities (Araya-Maturana et al. 2008; Gomes
et al. 2009).

The redox environment also affects cellular signal
transduction, DNA and RNA synthesis, protein synthesis,
enzyme activation, regulation of the cell cycle, ligand
binding, DNA binding and nuclear translocation and,
therefore, ultimately cell proliferation/death (Makino et al.
1999; Simons and Pratt 1995). Transcription factors are
active in their reduced form and their translocation to the
nucleus is also redox dependent (Okamato et al. 1999).
Studies have demonstrated that 7. chebula treatment
increases transcription and translation rates as well as DNA
replication (Li et al. 2011; Suguna et al. 2002). These
studies also linked these increases to the very high
antioxidant activity of T. chebula. A reducing environment
favours cellular proliferation whilst an oxidising environ-
ment results in an increase in reactive oxygen species,
initiating cell death (Hamilos et al. 1989; Kim et al. 1996).
Therefore, as discussed for anticancer activity, conditions
favouring antioxidant activity would be expected to favour
cellular proliferation whilst conditions favouring prooxi-
dant activity would favour cell death. As high antioxidant
contents are a common feature of plants of the genus
Terminalia, it is not surprising that several Terminalia
species have reported wound healing properties. It is likely
that a synergistic action is required by several Terminalia
extract components on multiple wound healing-associated
bioactivities.

Antidiabetic activity

Diabetes mellitus refers to a group of metabolic disorders
that result in increased blood glucose concentrations, either
because the pancreas does not produce enough functional
insulin (type 1 diabetes), or because cells do not respond to
the insulin which is produced (type 2 diabetes). The causes
of diabetes mellitus include the auto-immune destruction of
pancreatic cells (Betterle et al. 1984), viral infections
(Yoon et al. 1979), genetic and environmental factors
(Pyke 1977), insulin or insulin receptor gene mutations

CHa
OH
- OH O OH
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(Tager 1984), and altered pancreatic prostaglandin meta-
bolism Robertson and Chen 1977). Diabetes has significant
health effects, impacting on the quality of life and life
expectancy of those suffering with it.

Glycosylation of blood proteins including haemoglobin,
albumin and lipoproteins is characteristic of diabetes
mellitus (Klein 1995). Under the hyperglycaemic condi-
tions of diabetes mellitus, blood glucose interacts with
specific amino acids on the surface of proteins, forming
glycosylated protein products. These may undergo a series
of further chemical modifications, resulting in the pro-
duction of advanced glycation end products (AGE) (Singh
et al. 2001b). The binding of AGEs to their receptors
results in altered cell signalling which in turn results in free
radical production (Penckofer et al. 2002). Indeed, diabetes
mellitus has been shown experimentally to be associated
with an increase in free radical formation and an associated
decrease in antioxidant potential (Davi et al. 1999; Vessby
et al. 2002). Studies have directly linked oxidative stress
with the impaired maintenance of glucose homeostasis and
the enhanced lipid peroxidation seen in diabetes mellitus
(Davi et al. 1999). Furthermore, increased total antioxidant
levels have been measured in the blood and saliva of dia-
betic patients, further supporting the proposed role of
oxidative stress in diabetes mellitus (Astaneie et al. 2005).

Oxidative stress induction has also been suggested to be
the common link between the diverse medical complica-
tions (including cardiovascular disease, renal and neural
degeneration, impaired vision and erectile dysfunction)
seen in diabetes mellitus (Rahimi et al. 2005; Shih et al.
2002). Therefore, treatment with antioxidants would be
expected to counteract many of these complications. High
antioxidant contents are a common feature for plants of the
Terminalia genus. All Terminalia species have a number of
compounds (both phenolics and nonphenolic compounds)
that can act as antioxidants. Many phenolic compounds
could potentially behave as either antioxidant or prooxidant
dependant on their concentration, redox state and ratio
between compounds (Cock 2011a).

Several studies have indicated the beneficial effects of
Terminalia species in diabetic patients. 7. glaucescens is
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used in traditional Cameroon medicinal systems in the
treatment of diabetes. Administration of 7. glaucescens
leaf extracts to streptozotocin-treated mice has been shown
to have a protective effect, inhibiting the hyperglycaemic
effect of streptozotocin and blocking the induction of dia-
betes (Njomen et al. 2009). Phytochemical analysis of the
T. glaucescens leaf extract revealed the presence of triter-
penoids, flavonoids, tannins and alkaloid components,
although the study did not determine the nature of the
active components. Whilst the antidiabetic mechanism of
the T. glaucescens leaf extract was also not determined, it
has been suggested that the extract components may act
either by directly competing with streptozotocin for

binding to cellular glucose receptors (Crouch et al. 1978),
or alternatively by directly activating superoxide dismu-
tase, thus blocking the toxic effects of streptozotocin on the
B cells of the pancreas (Sandler and Andersson 1982;
Robbins et al. 1980) and allowing for normal insulin pro-
duction/secretion. Phytochemical evaluations of T.
glaucescens bark extracts have identified glaucinoic acid,
arjunic acid (Fig. 6a), arjungenin (Fig. 6b), sericoside
(Fig. 4b) and friedelin (Fig. 3a) in the extract (Rahman
et al. 2005). This study also reported the inhibition of -
glucuronidase activity by each of these compounds. As the
enzyme [-glucuronidase is involved with carbohydrate
breakdown, these compounds may also be capable of
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Fig. 6 Chemical structures of Terminalia compounds with antidiabetes activity: a arjunic acid, b arjungenin, ¢ B-sitosterol-3-acetate, d lupeol,
e catechin, f epicatechin, g gallocatechin, h epigallocatechin, i chebulinic acid
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altering the activity of other enzymes involved in carbo-
hydrate metabolism, thus affecting the maintenance of
glucose homeostasis in diabetes mellitus.

A further study into the medicinal properties of another
West African species, 7. superba, reported that a
hydroethanolic root extract displayed potent o-amylase
inhibitory activity (Momo et el. 2009). As o-amylase is
involved in the breakdown of carbohydrate o (1 — 4) gly-
cosidic bonds, it functions to increase glucose bioavailability
in the blood. As T. superba root extract blocks this enzyme, it
would reduce the bioavailability of glucose and thus be
useful in the treatment of diabetes. Furthermore, this o-
amylase inhibitory activity was correlated to the antioxidant
activity of the tannin, flavonoid and phenolic acid compo-
nents of the extract. Similarly, anti-a-amylase and anti-o-
glucosidase activities have been reported for the Southern
African species, T. sericea (Nkobole 2009). This study
identified [-sitosterol (Fig. 2a), [-sitosterol-3-acetate
(Fig. 6¢), lupeol (Fig. 6d), stigma-4-ene-3-one, catechin
(Fig. 6e), epicatechin (Fig. 6f), gallocatechin (Fig. 6 g) and
epigallocatechin (Fig. 6 h) as the extract components with
the anti-o-amylase and anti-o-glucosidase activities, and
showed P-sitosterol and lupeol as having the strongest
activity.

Antidiabetic activities have also been reported for several
Asian Terminalia species including 7. arjuna (Ragavan and
Kumari 2006), T. bellerica (Kannan et al. 2012; Kasabri et al.
2010), T. catappa (Ahmed et al. 2005; Nagappa et al. 2003),
T. chebula (Kumar et al. 2006; Rao et al. 2006), T. pallida
(Rao et al. 2003) and T. paniculata (Ramachandran et al.
2012). T. chebula ethanolic extracts were found to decrease
the levels of blood glucose and glycosylated haemoglobin in
a streptozocin-induced diabetic rat model (Kumar et al.
2006). The extract also demonstrated inhibitory activity
against the gluconeogenic enzymes glucose-6-phosphatase
and fructose-1,6-bisphophatase, and stimulated hexokinase
activity. Further studies have also shown inhibitory activity
of a-glucosidase activity by T. chebula extracts and linked
this inhibition to the antioxidant activity of chebulagic acid
(Fig. 3e), chebulinic acid (Fig. 6i) and corilagin (Fig. 7d)
(Sasidharan et al. 2012). Studies into the antidiabetic activity
of T. arjuna bark extract in diabetic rats demonstrated that
the extract reduced lipid peroxidation and significantly
increased the activities in the enzymatic antioxidants
superoxide dismutase, catalase, glutathione peroxidase,
glutathione-S-transferase and glutathione reductase, as well
as increasing the non-enzymatic antioxidants reduced glu-
tathione, vitamin A, vitamin E, ascorbic acid, total sulthydryl
groups (TSH) and nonprotein sulthydryl groups (NPSH) in
hepatic and renal tissue (Ragavan and Kumari 2006).

Terminalia bellerica methanolic extract treatment also
blocks hyperglycaemia in diabetic rats via its antioxidant
activity (Sabu and Kuttan 2009). Significant decreases in

ROS, as well as increased glutathione, superoxide dismu-
tase, catalase, glutathione peroxidise and glutathione
reductase activities, were reported in diabetic rats follow-
ing T. bellerica extract administration. An aqueous extract
of T. bellerica fruits was shown to stimulate insulin
secretion from a pancreatic B-cell line to a similar extent to
glibenclamide (Kasabri et al. 2009). Furthermore, the
aqueous extract also displayed insulin mimetic activity,
enhancing glucose uptake into 3T3-L1 adipocytes and
decreasing starch digestion and protein glycation.

Protection against toxic compounds

Acetaminophen (paracetamol) is an effective analgesic and
antipyretic drug. However, accidental or deliberate over-
dose may cause hepatotoxicity, resulting in liver damage
and death. Whilst the mechanism of hepatic injury is not
fully understood, it is thought that acetaminophen is con-
verted to the reactive metabolite N-acetyl-p-benzoquinone
imine (NAPQI) which is usually conjugated with glu-
tathione in the liver to form the nontoxic compound
mercapturic acid. When the concentration of acet-
aminophen is elevated during an overdose, the glutathione
is rapidly depleted and thus is no longer available to con-
jugate further NAPQI. Instead, the excess NAPQI binds to
hepatic proteins and DNA, resulting in elevated levels of
lipid peroxidation and ultimately cellular necrosis
(Jueschke and Knight 2003). 7. paniculata extracts have
recently been reported to alter the levels of biomarkers of
hepatotoxicity in vivo, indicating a hepatoprotective
activity (Eesha et al. 2011). The T. paniculata extract was
shown to protect the liver by blocking lipid peroxidation
which leads to tissue damage when the cellular antioxidant
defences are overwhelmed, indicating that the protective
mechanism may be due to the high antioxidant content of
T. paniculata extracts. Furthermore, the extract was also
shown to induce significant increases in blood and hepatic
thiol contents, providing the hepatic cells with increased
protection against the NAPQI-induced oxidative stress.
Phytochemical screening in this study revealed the pres-
ence of high levels of flavonoids in the extract. As
flavonoids are hepatoprotective via their antioxidant
activities (Wilma et al. 2011), it is likely that the high
flavonoids content of 7. paniculata extract may contribute
to its hepatoprotective activity.

Terminalia arjuna has also demonstrated hepatoprotec-
tive and renal-protective activity towards oxidative stress
induced by exogenous drugs (Manna et al. 2006). Pre-
treatment of mice with aqueous 7. arjuna extract prior to
exposure to the hepatotoxin carbon tetrachloride (CCly)
blocked the decrease in the levels of the cellular antioxi-
dants glutathione, superoxide dismutase, catalase and
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Fig. 7 Chemical structures of selected Terminalia compounds with
d corilagin

glutathione-S-transferase normally seen with CCl, expo-
sure. Thus, T. arjuna treatment blocked oxidative stress-
related free radical hepatocyte damage. This study did not
identify the phytochemical(s) responsible for this protec-
tive effect. However, as the mechanism appears to at least
in part involve protection against ROS, it is likely that the
high antioxidant levels characteristic to this and other
Terminalia species are involved.

Other therapeutic activities
A variety of other therapeutic properties have also been

reported for Terminalia species. Indian and African Ter-
minalia species have documented analgesic effects. Recent
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neuroprotective activity: a tannic acid, b ethyl gallate, ¢ chebulic acid,

studies have reported analgesic activity in 7. arjuna (Bis-
was et al. 2011) and 7. superba (Dongmo et al. 2006) in
mice using hot plate and formalin bioassays. In both
studies, the reported analgesic effect was approximately the
same efficacy as recorded for acetylsalicylic acid. The T.
arjuna study also examined the anti-inflammatory activity
of the analgesic extract, reporting significant activity in an
assay designed to evaluate the enzyme cyclooxygenase
which is responsible for prostaglandin synthesis (Biswas
et al. 2011). Whilst this study examined 7. arjuna leaf
extracts, other studies have reported the presence of -
sitosterol (Fig. 2a), terminic acid (Fig. 2b), (Anjaneyulu
and Prasad 1983), terminoside A (Fig. 2c), arjunaph-
thanoloside (Ali et al. 2003a, b), arjunolone (Fig. 2d),
bicalein  (Fig. 2e), flavones, kampferol (Fig. 1i),



The medicinal properties and phytochemistry...

pelorgonidin (Fig. 2f), quercetin (Fig. 1 k) (Sharma et al.
1982), luteolin (Fig. 1j) (Pettit et al. 1996), punicallin
(Fig. 2 g), punicalagin (Fig. 3f), terchebulin (Fig. 2 h),
terflavin (Fig. 2 1), castalagin (Fig. 2j), casuariin and
casuarinin (Fig. 3d) (Lin et al. 2001) in T. arjuna bark
extracts. Many of these compounds have well established
antiinflammatory potential. Similarly, the 7. superba study
also noted the presence of terpenoids, flavonoids and tan-
nins in the analgesic fraction (Dongmo et al. 2006). It is
thus likely that the reported analgesic effects of these two
species in this experimental system may be due to their
antiinflammatory activity and that these classes of com-
pounds may be responsible.

Terminalia chebula extracts have also been reported to
have neuroprotective potential (Chang and Lin 2012). Polar
T. chebula extracts blocked H,O,-induced cell death in
PC12 cells in a dose-dependant manner. Indeed, the
extracts not only blocked cell death, but also demonstrated
cell proliferative activity. This study demonstrated that the
cell protective and proliferative activities were highest in
the extracts with high antioxidant contents, indicating that
redox control in likely involved (Chang and Lin 2012).
Phytochemical analysis of T. chebula showed the presence
of multiple phytochemicals with antioxidant activity
including gallic acid (Fig. 1b), ellagic acid Fig. 1c), tannic
acid (Fig. 7a), ethyl gallate (Fig. 7b), chebulic acid
(Fig. 7¢), chebulagic acid (Fig. 3e), corilagin (Fig. 7d),
mannitol and ascorbic acid (Fig. 1a) (Grover and Bala
1992). As gallic acid has demonstrated the ability to induce
phosphorylation of c-Jun N-terminal protein kinase and the
downregulation of Bcl-2 in PC12 cells, it was initially
believed that gallic acid may be responsible for these
activities (Chang and Lin 2012). However, the same study
demonstrated that pure gallic acid alone does not protect
PC12 cells against H,O,-induced cell death. Instead, it has
been postulated that the neuroprotective and cell prolifer-
ative activities of T. chebula extracts may be due to the
®OH and H,0, scavenging activities of the tannin and
phenolic mixture in the extract. Thus, the synergistic action
of multiple components may be responsible for the
observed activities.

Schistosomiasis (bilharziosis) is a disease caused by
parasitic trematodes. Whilst schistosomiasis has a low
mortality rate, it is often a chronic illness that may result in
damage to internal organs and may retard physical and
mental development in children. Unfortunately, it appears
that the schistosoma parasite is developing a resistance to
praziquantel (the current gold standard drug), so further
treatments and controls are required (Chitrsulo et al. 2000).
A recent study has examined the molluscicidal action of T.
catappa against the snail hosts of schistosomiasis and
reported good molluscidal activity (Adentunji and Salawu
2010). As an earlier ethnobotanical study has also reported

T. catappa extracts to have antihelminthic activity (Corner
1997), there is the possibility of a multifaceted approach to
schistosomiasis control using 7. catappa extracts, although
this has yet to be verified.

Terminalia catappa extracts also have potential in the
treatment of sickle cell disease (SCD). This disease is
characterised by haemolytic anaemia due to erythrocyte
polymerisation and haemolysis under hypoxic conditions.
The cells become rigid and sickle shaped with an increased
tendency to adhere to the endothelium, resulting in vaso-
occlusion. As erythrocytes are more prone to haemolysis in
SCD, sufferers are also often anaemic (Aliyu et al. 2008).
T. catappa has long been used to treat SCD in Western
African traditional medicine and has been shown to inhibit
haemolysis (Mgbemene et al. 1999) and to stimulate ery-
throcyte production (Aimola et al. 2011), validating their
usage as a traditional medicine. The active extract was
shown to contain alkaloids and anthraquinones and the
authors postulated that these may be acting synergistically
to elicit their haematopoetic and erythropoetic effects.
Thus, T. catappa extracts have potential in alleviating some
of the symptoms of SCD.

Conclusions

This survey of the traditional medicinal and pharmacog-
nosy literature has highlighted the therapeutic importance
of this useful genus of plants. Various Terminalia species
have been widely used in such diverse traditional medicine
systems as Ayurveda, Siddha, Traditional Chinese Medi-
cine (TCM), Western, Southern and Central African
medicinal systems, multiple traditional systems from the
tropical regions of the Americas, as well as various Aus-
tralian Aboriginal medicinal systems.

Despite this history of traditional usage, until recently,
rigorous scientific research has been confined to the study
of only a few species. Of these, the Ayurvedic medicinal
plants (especially T. arjuna, T. bellerica, T. chebula and T.
catappa) have received the most attention. In these species,
multiple therapeutic bioactivities have been documented.
These species have been reported to have good antioxidant,
anticancer, antidiabetic, antiseptic, cardiotonic and antiin-
flammatory effects as well as assisting in wound healing. In
some cases, the active phytochemicals have been estab-
lished, although for many medicinal properties the active
principles have been only partially characterised. Instead,
often the partially purified compounds of a crude extract
are itemised yet the active component(s) not identified. In
other studies, the active compounds have not been char-
acterised and instead only the classes of compounds in the
crude mixture have been determined. Much work is still
required to fully understand the phytochemistry of the
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genus Terminalia. Even for the more extensively studied
species, much work is needed to fully determine the extent
of the medicinal properties and the phytochemistry. Fur-
thermore, few of these studies have provided substantial
mechanistic detail to explain how the active principles
achieve their medicinal effects.

The scope for future pharmacognostic studies is perhaps
broader for many of the Terminalia species not tradition-
ally used in Ayurveda due to the lack of even the most
basic studies into their therapeutic potential and phyto-
chemistry. Some interesting bioactivity studies have begun
to be reported, examining African and South American
Terminalia species in recent years. However, most of the
tested species have still only been tested for 1 or 2
medicinal properties and these studies are usually driven
purely by an ethnobotanical history of use. Given the
taxonomic similarities between species of this genus, it is
evident that more bioactivity studies are needed, and where
a therapeutic bioactivity is detected, phytochemical and
mechanistic studies are also required. Similarly, Australian
Terminalia species have been poorly studied despite an oral
history of medicinal usage. Since several recent studies
have reported on the extremely high antioxidant content of
T. ferdinandiana, there has been recent interest in this
species. However, these studies have generally only
focussed on bioactivity screening or phytochemical
screening, without combining these disciplines for a
bioactivity driven approach to characterising the active
components and mechanisms. Whilst 7. ferdinandiana is
receiving recent attention, the other Australian species
remain largely unstudied and substantial work is needed in
this area.

At present, the Terminalia species tested are generally
only those with a history of use in traditional medicinal
systems. Yet, the similarity between many species indi-
cates that testing all species for bioactivities evident in the
more established species is warranted. Much investigation
is required for a more complete understanding, not only of
the potential of plants from this genus, but also to under-
stand their phytochemistry. Such an approach will
definitely lead to the establishment of useful nutraceuticals,
but may also result in the development of further
pharmaceuticals.
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