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Abstract The discovery of the ellagitannin geraniin

was made exactly 40 years ago. It is a secondary

metabolite found in plants and is categorised as a

hydrolysable tannin under the huge family of polyphe-

nolic compounds. At present, the occurrence of geraniin

has been verified in at least 71 plant species, many of

which are used in traditionalmedicine. Hence, like other

polyphenols, geraniin has also received widespread

interest as a research focus to unearth its beneficial

biological effects and therapeutic values apart from

understanding its chemical properties, biosynthesis and

interaction with the body system. Indeed, it has been

demonstrated that geraniin possesses antioxidant,

antimicrobial, anticancer, cytoprotective, immune-mod-

ulatory, analgesic properties besides exerting promising

therapeutic effects on hypertension, cardiovascular

disease and metabolic dysregulation. The objective of

this review is to summarise the current knowledge about

the basic chemistry, natural sources, isolation tech-

niques, biosynthesis, pharmacokinetics and pharmaco-

dynamicsofgeraniin.With reference to this information,

the clinical significance, obstacles and future perspec-

tives in geraniin research will also be scrutinised.
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Abbreviations

DPPH 2,2-Diphenyl-1-picrylhydrazyl

IC50 50 % inhibition concentration

5-LOX 5-Lipoxygenase

AGEs Advanced glycation end products

ACE Angiotensin-converting enzyme

COMT Catechol-O-methyl transferase

CSF-1 Colony-stimulating factor-1

CYP1A1 Cytochrome P450 1A1

DHHDP Dehydrohexahydrodiphenoyl

EV71 Enterovirus-71

ERK Extracellular signal-regulated kinase

FRAP Ferric reducing antioxidant power

GSH Glutathione

Hsp90 Heat shock protein 90

HBV Hepatitis B virus

HBeAg Hepatitis B virus e antigen

HBsAg Hepatitis B virus surface antigen

HSV Herpes simplex virus

HHDP Hexahydroxydiphenoyl

HPLC High performance liquid chromatography

HIV Human immunodeficiency virus

iNOS Inducible nitric oxide synthase

LPS Lipopolysaccharide
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MIC Minimum inhibitory concentration

NF-kB Nuclear factor kB

Nrf2 Nuclear factor-erythroid 2-related factor 2

ORAC Oxygen radical absorbance capacity

PGG Pentagalloylglucose

PPAR Peroxisome proliferator-activated

receptor

PAI-1 Plasminogen activator inhibitor-1

RNS Reactive nitrogen species

ROS Reactive oxygen species

RANKL Receptor activator of nuclear factor kB

ligand

SOD Superoxide dismutase

tPA Tissue plasminogen activator

TGF Transforming growth factor

TNF Tumour necrosis factor

UDP Uridine diphosphate

Introduction

Polyphenolic compounds which are secondary metabo-

lites found ubiquitously in plants are probably among the

most extensively studiedphytochemicals.This is not only

because of their pharmaceutical potential, but also due to

their distinctive properties as food preservatives, natural

colouring and flavouring agents as well as cosmetic

products (Ignat et al. 2011). Polyphenolic compounds can

be sub-divided into flavonoids, phenolic acids, tannins,

stilbenes and lignans. In the tannin subgroup, there are

generally three major classes, namely, hydrolysable

tannins, non-hydrolyzable/condensed tannins and

phlorotannins. Among the three classes, hydrolysable

tannins are one of the earliest polyphenolic compounds

that were subjected to quantitative and qualitative

analysis about a century ago (Fisher 1914). In this

context, it is also the classwhere the compoundof interest

in this review—the ellagitannin geraniin belongs.

The use of geraniin-containing herbs in folk

medicine has been broadly documented. In Japan,

Geranium thunbergii which has been long-known for

its richness in geraniin, is certified as an official

antidiarrheal drug (Luger et al. 1998). Geranium

bellum which is known as ‘‘Pata de león’’ in Mexico,

is used to treat fever, pain and gastrointestinal disorders

(Velazquez-Gonzalez et al. 2014). Likewise, ‘‘amla’’

or fruits of Phyllanthus emblica are also used for

similar ailments in addition to being a preventive

measure for peptic ulcers and alopecia in India (Baliga

and Dsouza 2011). Furthermore, in traditional Tibetan

medicine, the roots of various Geranium spp. are

collectively termed ‘‘li ga dur’’ and are used as an

effective treatment for swelling in the limbs (Kletter

and Kriechbaum 2001). Geranium wilfordii is also

widely employed in traditional Chinese medicine for

the therapy of rheumatism, osteoporosis and diarrhoea

(Liu et al. 2010). Undeniably, the abundant occurrence

of geraniin has been identified in a number of plant

species, ranging from small flowering annual herbs to

perennial woody shrubs or trees. At present, there is,

yet very limited evidence to show its presence in fruits

and vegetables. Nevertheless, considering the fact that

ellagitannins have been discovered in different foods

of plant origins like nuts, berries and grapes (Clifford

and Scalbert 2000; Landete 2011), it is likely that

geraniin may also exist in these functional foods.

Likemany other polyphenolic compounds, geraniin is

well-known for its potent antioxidant properties. Studies

have shown that the antioxidant capacity of intact

geraniin is at least fourfold to that of ascorbic acid while

the metabolites of geraniin have displayed even more

powerful antioxidant activities than geraniin itself (Ito

2011; Ishimoto et al. 2012). Aside from that, numerous

biological activities have also been reported, including

antihypertensive (Cheng et al. 1994; Lin et al. 2008),

apoptotic (Lee et al. 2008), antiviral (Yang et al. 2007,

2012), liver protective (Londhe et al. 2012), anti-

hyperglycaemic (Palanisamy et al. 2011a) and antidia-

betic (Chung et al. 2014) activities. Hence, it is believed

that geraniin may harbour therapeutic values which are

worth investigating.

In this context, the aim of this review is to outline

the properties of geraniin in terms of its chemistry,

natural sources and available techniques for geraniin

isolation and purification. Further discussion will also

be carried out with reference to the current under-

standing of the pharmacological and biological effects

of geraniin together with its putative mechanisms of

action. This information may help to shed some light

on the clinical significance of geraniin besides

providing new perspectives in geraniin research.

Basic chemistry of the ellagitannin geraniin

The chemical formula of geraniin is C41H28O27 with a

molecular mass of 952.64 g/mol. Upon crystallization,
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geraniin exists as a hydrate with a chemical formula of

C41H28O27�7H2O (Okuda et al. 1982; Luger et al.

1998). Generally, ellagitannins are characterised as

polyphenolic compounds with various numbers of

hexahydroxydiphenoyl (HHDP) units attached to a

sugar moiety. In addition, other acyl units like galloyl

and sanguisorboyl moieties may also be found in

ellagitannins. This gives a huge structural variety to

ellagitannins because there are different combinations

of acyl units to the sugar moiety and more importantly,

due to the high tendency monomeric ellagitannins to

form their dimeric or oligomeric counterparts (Nie-

metz and Gross 2005). Geraniin seems to be a typical

ellagitannin since it is made up of common acyl

moieties, namely a galloyl, a HHDP and a dehydro-

hexahydrodiphenoyl (DHHDP) group, esterified to a

glucose molecule (Fig. 1).

Like many hydrolysable tannins, geraniin is water-

soluble and readily undergoes hydrolysis in the

presence of hot water, weak acids and weak bases.

Under these treatments, the ester linkages will be

hydrolysed and the HHDP and DHHDP units will

undergo spontaneous rearrangement to yield water-

insoluble, bislactone ellagic acids (Fig. 1) (Clifford

and Scalbert 2000). Furthermore, geraniin can also

precipitate water-soluble proteins and alkaloids. The

reactivity is comparable to other tannins of similar

molecular size (Okuda et al. 1985). Yet, unlike many

tannins, geraniin gives almost no astringent mouth

feeling (Okuda et al. 2009).

At aqueous state, the DHHDP unit of geraniin

readily isomerises into a mixture of hydrated five- and

six-membered hemiacetalic rings (Fig. 1). In addition,

it is also exceedingly prone to chemical modifications.

The DHHDP moiety can be oxidatively cleaved as

exemplified by phyllanthusiins A, B and C which are

some of the oxidative metabolites of geraniin (Fig. 2)

(Yoshida et al. 1992). Moreover, the DHHDP moiety

also allows geraniin to undergo condensation reactions

with numerous compounds like ascorbic acid, acetone

and ortho-phenylenediamine to form ascorgeraniin

(elaeocarpusin), phyllanthusiin D and a phenazine

derivative respectively (Fig. 2) (Okuda et al. 2009;

Okuda and Ito 2011). These condensation products

can be prepared under mild laboratory conditions

without any enzymatic intervention, suggesting that

some of these compounds may form naturally in plants

(Okuda et al. 1986). Indeed, it has been shown that

ascorgeraniin co-exists with geraniin in several plant

species like Geranium thunbergii (Nonaka et al. 1986;

Okuda et al. 1986) and Euphorbia watanabei (Ama-

kura and Yoshida 1996) while an analog of ascorg-

eraniin, putranjivain A (Fig. 2) has also been

successfully isolated from some euphorbiaceous

plants (Lin et al. 1990a). Many of the aforementioned

chemical reactions do not only occur under controlled

procedures in the laboratory, but have also been

observed in plants in the field (Klumpers et al. 1994;

Viriot et al. 1994), clearly pointing out the high lability

of geraniin.

Fig. 1 Hydrolysis of geraniin
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Natural sources and isolation of the ellagitannin

geraniin

The earliest documented attempt to extract the ellag-

itannin geraniin from plant species (Geranium thun-

bergii) can be traced back tomid-1970s byOkuda et al.

(1975). However, at that time, the compound was

simply termed Tannin 1 because it was one of the two

major tannins found in the ethyl acetate fraction of

Geranium thunbergii extract (Okuda et al. 1975). The

official nomenclature, geraniin, was assigned to Tan-

nin 1 in 1976, according to genus Geranium after its

crystallization from Geranium thunbergii plant

extracts (Okuda et al. 1976). Since then, the occurrence

of geraniin has been confirmed in at least 71 different

plant species from 26 genera and across 9 families

which are summarised in Fig. 3. The prevalence of

geraniin in a vast diversity of plant species suggests

that it may be a key player in plant survival. In fact,

various theories have been proposed to justify why

plants invest their metabolic energy in tannin biosyn-

thesis (Kraus et al. 2003), some of which include

functions as herbivore deterrent (Butler 1989; Schultz

1989), pathogen defence (Field and Lettinga 1992;

Schultz et al. 1992), ecological succession (Schimel

et al. 1998), regulation of plant homeostasis (Scalbert

1991; Feucht and Treutter 1999), wound healing

(Walkinshaw 1999) and resistance against abiotic

stressors (Chalker-Scott and Krahmer 1989). Nonethe-

less, there is no conclusive remark about the exact

function of each tannin in plants because empirical

findings yield mixed results. Thus, the biological role

of gerannin in plants also remains largely uncertain.

Generally, most of the screening work of geraniin

distribution was done by Okuda et al. (1980) using high

performance liquid chromatography (HPLC) of acetoni-

trile–water plant extracts. They ascertained the presence

of geraniin in 41 plant species. The content of geraniin in

different plants varies greatly, ranging from as low as

0.01 % in Breynia nivosa to more than 10 % in some

Geranium spp. (Okuda et al. 1980). Based on Fig. 3,

among the nine families in which geraniin-producing

plants are found, Euphorbiaceae, Geraniaceae and

Phyllanthaceae give rise to the highest number of such

plant species. Geraniin-producing species are foundmost

abundantly in the genus Geranium, in which 18 species

were identified to date, followed closely by 15 Euphor-

bia spp. and 8 Phyllanthus spp. There is no distinctive

geographical region for geraniin-producing plants since

their habitat ranges from tropical to temperate areas.

However, the synthesis of geraniin may be subjected to

slight temporal variation (Okuda et al. 1980), notably for

the plants in temperate areas probably due to the seasonal

changes throughout the year.

As mentioned earlier, geraniin has been identified in

both herbaceous and woody plants. The plant part used

for geraniin extraction also varies considerably, includ-

ing whole plant, leaf, herbaceous stem, tree bark, root,

fruit skin and seed but the leaf is the most frequently

used plant part, probably because it is easier to harvest,

process and tends to give higher yield. Geraniin can also

be extracted from fruit flesh of Indian gooseberry

(P. emblica) (Liu et al. 2008, 2012b). This points to the

likelihood of geraniin occurrence in other edible fruits.

Aside from that, it is also worth highlighting that

geraniin and other phenolic compounds have been

isolated from suspension cell cultures of geraniin-

synthesizing plants like G. thunbergii (Ishimaru and

Shimomura 1991; Yazaki et al. 1991) and S. sebiferum

(Neera and Ishimaru 1992; Neera et al. 1992). The yield

ofgeraniin isolated from the hairy root culturewas about

70 %of that extracted from the roots of themother plant

(Ishimaru and Shimomura 1991). However, certain

conditions have been reported to enhance geraniin

production of leaf callus cultures of S. sebiferum,

including the use of Murashige-Skoog mediumwithout

NH4NO3, addition of 2,4-dichlorophenoxyacetic acid

and benzyladenine to culture medium and placing the

cultures under light (Neera et al. 1992). Such a cell

culture system is undoubtedly useful for the studies of

factors affecting geraniin biosynthesis. This will not

only provide insight into the biological functionality of

geraniin in plants, but also offer an alternative to

manipulate the pathway for large-scale geraniin pro-

duction, assuming the practical uses of geraniin are

more prevalent in the future.

The reported percentage yield of ellagitannin

geraniin extraction differs significantly (Table 1). This

is attributable to both the difference of original geraniin

content in the plant species and the diverse geraniin

extraction and purification protocols. However, it is

noted that Geranium spp. are more consistent in giving

bFig. 2 Chemically modified products of geraniin via oxidation

(phyllanthusiins A, B, and C) and condensation with ascorbic

acid (ascorgeraniin and putranjivain A), acetone (acetonyl-

geraniin/phyllanthusiin D) and ortho-phenylenediamine

(a phenazine derivative of geraniin). Asterisk the compound

has been isolated from natural sources
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higher percentage yield, suggesting that Geranium spp.

are excellent natural sources of the compound. In terms

of extraction techniques, conventional solvent extrac-

tion is commonly utilised. However, more recent

techniques, particularly microwave-assisted extraction,

has also been proven to be feasible to obtain geraniin

from plant materials (Yang et al. 2010, 2013). To

separate the plant crude extract, most research groups

prefer gel filtration chromatography as the first step to

obtain small molecule metabolites followed by further

separation with reverse-phase column chromatography

to obtain geraniin at a higher purity. Generally, extrac-

tion procedures involving intense heating should be

avoided considering the high susceptibility of geraniin

to be hydrolysed into corilagin, ellagic acid and gallic

acid (Luger et al. 1998). The isolation techniques of

geraniin from various plant materials and species are

summarised in Table 1.

Biosynthesis of the ellagitannin geraniin

Thus far, there is no published literature specifically

about the biosynthesis of ellagitannin geraniin.

Nonetheless, most hydrolysable tannins seem to share

a common precursor, 1,2,3,4,6-penta-O-galloyl-b-D-
glucopyranose or pentagalloylglucose (PGG), sug-

gesting that the synthesis of geraniin in plants may be

somewhat similar. The biosynthesis of hydrolysable

tannins has been summarised comprehensively in

other reviews (Niemetz and Gross 2005; Gross 2008;

Pouysegu et al. 2011).

The overview of ellagitannin biosynthesis is illus-

trated in Fig. 4. Briefly, PGG biosynthesis comprises

two essential building blocks: b-D-glucose and gallic

acid. The first step involves the esterification of gallic

acid to glucose, yielding 1-O-galloyl-b-D-glucose or

b-glucogallin. This process was first described by

Gross (1983a) using transferases isolated from oak

leaves and uridine diphosphate glucose (UDP-glu-

cose) as the activated donor molecule. Strikingly, by

using the same oak leaf enzyme preparations, it was

later demonstrated that b-glucogallin possesses dual

functionality as both the acyl donor and acyl acceptor

for the formation of digalloylglucose without the need

of additional cofactors (Gross 1983b). b-glucogallin
remains as the principal acyl donor for higher degrees

of esterification catalysed by b-glucogallin-dependent

Fig. 3 Natural sources of the ellagitannin geraniin
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Fig. 4 Biosynthesis of the ellagitannin geraniin. DHHDP dehydrohexahydroxydiphenoyl, HHDP hexahydroxydiphenoyl, UDP

uridine diphosphate
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galloyltransferases up to PGG following a remarkably

specific metabolic pattern (b-glucogallin ? 1,6-di-

galloylglucose ? 1,2,6-trigalloylglucose ? 1,2,3,6-

tetragalloylglucose ? 1,2,3,4,6-pentagalloylglucose)

(Schmidt et al. 1987; Cammann et al. 1989; Gross and

Denzel 1991; Hagenah and Gross 1993). The highly

selective acylation sequence of glucopyranosides

suggests a combination of differential reactivity of

primary and secondary hydroxyl groups, neighbour-

activation effects and steric hindrance at work (Wil-

liams and Richardson 1967).

Subsequently, PGG acts as the immediate precursor

for the formation of HHDP residues through oxidative

biaryl coupling of adjacent galloyl units. Using

radioactively-labelled PGG (Rausch and Gross

1996), the enzyme catalysing the oxidative C–C

coupling was identified as one of the members from

the group of laccase-type phenol oxidases (EC

1.10.3.2) and named ‘‘pentagalloylglucose: O2 oxi-

doreductase’’ (Niemetz and Gross 2003). The HHDP

moiety can be located at the 2,3-, 4,6-, 1,6-, 3,6- and/or

2,4-positions of the glucopyranose core (Immel and

Khanbabaee 2000). In geraniin, it is postulated that the

bridging HHDP units form at both the 2,4- and 3,6-

positions of the glucopyranose ring in its 1C4 confor-

mation, followed by further oxidation of the 2,4-

HHDP glucoside to yield a DHHDP residue (Pouy-

segu et al. 2011). The enzymatic catalysis of the

HHDP residue oxidation, however, is not well-under-

stood and thus, requires further investigation.

Pharmacokinetics and bioavailability

of the ellagitannin geraniin

Existing evidence on the metabolism of geraniin upon

oral ingestion is fairly limited, but the pharmacokinetic

studies of other ellagitannins may help to provide a

better overview for geraniin. Generally, intact geraniin

is rarely found in the circulation after oral dosing. This

is anticipated because of its large molar mass which

does not facilitate simple diffusion very effectively and

so, degradation of geraniin into smaller metabolites is

crucial for the absorption. However, it is noteworthy

that some of the large hydrolysable tannins like

corilagin (M.W. 636 g/mol) and punicalagin (M.W.

1084 g/mol) do get absorbed and excreted at a small

extent upon oral consumption in rats (Cerda et al. 2003;

Ito 2011). In this context, the absorption and

metabolism of geraniin may occur at two distinct

regions of the gastrointestinal tract, namely (1) the

stomach and proximal small intestine as well as (2) the

distal small intestine and colon, the latter of which

seems to play a more predominant role in the absorp-

tion. The proposedmetabolism of geraniin into smaller

metabolites is illustrated in Fig. 5.

Partial hydrolysis of geraniin produces corilagin

while complete hydrolysis yields gallic acid and ellagic

acid.All these hydrolytic products have beendetected in

serum and/or urine upon consumption of ellagitannin-

rich functional food (Hodgson et al. 2000; Ito 2011),

According to Seeram et al. (2006), in human subjects,

the plasma concentration of ellagic acid peaked at about

1 h post oral administration of pomegranate juicewhich

is high in ellagitannin content, suggesting that at least

part of the ellagitannin are rapidly hydrolysed and

absorbed in the stomach and/or small intestine. Daniel

et al. (1991) demonstrated that it is in the small intestine

that free ellagic acid is released from crude ellagitannin

extract and the reaction isdependent on themild alkaline

pH in the small intestine and free from the interference

of pancreatic enzymes and bile salts. In the same study,

it was also shown that ellagitannin is relative stable un-

der physiological gastric conditions. Although these

findings are not established specifically based on

geraniin, considering how most ellagitannins share

similar basic chemistry, it is reasonable to extrapolate

the information to geraniin. Absorption of free ellagic

acid in small intestine is rather poor (\1 % of the total

ingested amount) (Stoner et al. 2005). The absorption

capacity is probably diminished by the high, irreversible

binding of ellagic acid to macromolecules like proteins

and DNA in the intestinal epithelium (Whitley et al.

2003).

Hydrolysis of geraniin as well as other catabolic

reactions like decarboxylation and removal of hydro-

xyl groups continue in the large intestine where

intestinal bacteria seem to play an integral role in the

process. Various hydrolytic products including cori-

lagin, ellagic acid, gallic acid and brevifolincarboxylic

acid as well as decarboxylated products such as

pyrogallol and brevifolin were found when geraniin

was subjected to anaerobic incubation with rat fecal

suspension (Ito 2011). Further incubation for more

than 6 h affords various hydroxyl-6H-benzopyran-6-

one derivatives (urolithins) (Ito et al. 2008; Ito 2011).

The timing of urolithin production corresponds pre-

cisely to the upsurge of serum and urine urolithin
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concentration which occur only after 6–12 h after

single dosing of geraniin in rats (Ito et al. 2008; Ito

2011). This suggests that metabolites generated from

intestinal microbial degradation of geraniin are sub-

sequently absorbed into bloodstream at the large

intestine. Nevertheless, not all the bacterial urolithin

products are absorbed. Intestinal bacteria transform

geraniin or ellagic acid into urolithins with different

numbers of hydroxyl groups, ranging from monohy-

droxy-urolithin (urolithin B), dihydroxy-urolithin (uro-

lithin A), trihydroxy-urolithin (urolithin C) up to

tetrahydroxy-urolithin (urolithins D and E) (Ito et al.

2008;Garcia-Villalba et al. 2013), but only urolithinsA,

B and C are consistently found in the serum and urine

(Cerda et al. 2004; Ito et al. 2008). Basically, intestinal

bacteria-facilitated geraniin breakdown is a gradual

process because complete clearance is not achieved

even after 72 h (Ito et al. 2008). The hydrolysis reaction

appears to be the rate-limiting reaction as conversion of

ellagic acid to urolithins is much more efficient in

comparison to conversion of ellagitannins to urolithins

(Gonzalez-Barrio et al. 2011).

Another evidence that supports the involvement of

colon microbes in geraniin metabolism is the marked

interpersonal variation of the circulatory and excretory

urolithins detected in human volunteers after drinking

high-ellagitannin fruit juices (Seeram et al. 2006;

Gonzalez-Barrio et al. 2010). Such an observation is

attributable to the variability of colonic microbiota. In

fact, not only does the urolithin profile show person-

to-person differences, large inter-individual variations

have also been detected in terms of the quantity of

urolithins (Seeram et al. 2006), latency between

ellagitannin ingestion and presence of urolithins in

circulation (Gonzalez-Barrio et al. 2010) and the total

urinary excretion of urolithin (Cerda et al. 2004),

indicating how strong the dependence of ellagitannin

geraniin metabolism is on the gut microflora.

As pointed out earlier, a number of metabolites,

namely gallic acid, pyrogallol, ellagic acid and

urolithins, are absorbed into the body. The metabolic

pathways of these metabolites upon absorption is

outlined in Fig. 6. Generally, compounds with ortho-

dihydroxyl group will be swiftly methylated by the

action of catechol-O-methyl transferase (COMT) to

form a methyl ether group. In ellagic acid, there are

two such groups and hence, two methyl moieties are

added to form dimethylellagic acid. Gallic acid,

Fig. 5 Proposed metabolism of geraniin into different metabolites in the presence of intestinal microflora. Metabolic pathways

highlighted by solid linemay also take place in the stomach and/or proximal small intestine while the metabolites highlighted by dotted

line are found in the serum or urine after the consumption of geraniin and other ellagitannins
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Fig. 6 Postulated metabolic pathways of metabolites originated from geraniin upon absorption into the body. COMT catechol-O-

methyltransferase

172 Phytochem Rev (2017) 16:159–193

123



pyrogallol and urolithin C can also be converted by

COMT (Yasuda et al. 2000; Ito 2011). Aside from that,

hydroxylation of urolithins A and B is also a likely

in vivo metabolic process so that they become more

susceptible to further conjugation and urinary excre-

tion as evidenced by the escalated expression and

activity of cytochrome P450 1A1 (CYP1A1) in ellagic

acid-treated colon cancer cell lines (Gonzalez-Sarrias

et al. 2009). Irrespective of methylation, virtually all

the metabolites are subjected to sulphate or glu-

curonide conjugation. The conjugates are then deliv-

ered to either the liver or kidney for elimination.

No study has reported the detection of intact

geraniin in the circulation or urine post oral admin-

istration. Absorption takes place after pH-induced

hydrolysis and microbial transformation. Some

metabolites, notably urolithins, display exceedingly

good absorption efficacy whereas others like corilagin,

gallic acid, ellagic acid and pyrogallol are absorbed to

a much lesser extent (Ito 2011). The bioavailability of

the metabolites, however, varies substantially. In rats,

approximately 12.4 % of the total geraniin was

excreted in urine as urolithins over 72 h (Ito et al.

2008) whereas in humans, the total urinary excretion

of metabolites upon ellagitannin ingestion ranged

from 0.7 to 52.7 % (Cerda et al. 2003). Once again,

this reinforces the notion that the bioavailability is

highly dependent on the bacterial composition of

colonic microbiota. Despite the absorption, no evi-

dence has shown the deposition of the metabolites in

major organs like the adipose tissues, muscles, heart

and brain. Accumulation of the metabolites in their

conjugated form was detected in the liver and kidney

(Espin et al. 2007). This shows the involvement of

these organs in the elimination of geraniin metabo-

lites. Indeed, a large amount and variety of urolithin

conjugates were found in bile juice, confirming the

active role of the hepatic drug clearance system in

addition to urinary excretion (Espin et al. 2007). Such

an enterohepatic circulation is held responsible for the

long persistency of urolithins in the circulation.

In short, like other ellagitannins, there is limited

evidence, showing that geraniin is bioavailable upon

oral dosing. However, the compound is subjected to

extensive degradation and metabolism mainly by the

intestinal bacteria to afford various metabolites which

are subsequently absorbed and persists in the body for

a relatively long duration. These metabolites, partic-

ularly urolithins, may be the key players that account

for the bioactivity of geraniin as well as other

ellagitannins.

Biological effects of the ellagitannin geraniin

Over four decades of geraniin research, a large variety of

bioactivities has been reported for the polyphenolic

compound, ranging from antioxidant, antimicrobial,

anticancer, anti-inflammatory, antihypertensive, anti-

hyperglycaemic, antidiarrheal, anaesthetic to protective

effects on different organs. Different approaches,

including in vitro cell culture study, in vivo animal

study as well as direct chemical and enzymatic assays

have been employed to attain these findings. These

bioactivities of geraniin are summarised in Table 2.

Looking into these bioactive properties of geraniin may

allow us to characterise the natural product and its

mechanismsof action.Thebioactivities of geraniinhave

alsobeen summarised in a reviewbyPerera et al. (2015).

Antioxidant properties

High antioxidant activity has been consistently

reported in the crude extract of geraniin-rich plants.

The crude ethanolic extract ofN. lappaceum peels has a

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scav-

enging capacity comparable to that of vitamin C

(Palanisamy et al. 2008). Such a powerful radical

scavenging capacity has also been confirmed in the

plant extract of the same (Thitilertdecha and Rakariy-

atham 2011) or different geraniin-rich plant species

(Yang et al. 2010; Arina and Rohman 2013).

Palanisamy et al. (2008) further tested the pro-oxidant

capacity of the plant extract as some strong antioxidant

agents, particularly vitamin C, also possess pro-

oxidant properties through their interaction with cat-

alytic metal ions to generate harmful radicals (Carr and

Frei 1999). It was demonstrated that the peel extract of

N. lappeceum has the lowest pro-oxidant capacity in

comparison to vitamin C and a-tocopherol (Palani-
samy et al. 2008). The pro-oxidant profile is similar to

Emblica TM, a commercial antioxidant with exceed-

ingly low pro-oxidant activity derived from the fruits

of another geraniin-rich plant, P. emblica (Liu et al.

2008, 2012b). The consistency in the detection of

strong antioxidant and low pro-oxidant activities of

geraniin-rich plant extracts strongly suggest that

geraniinmay play an integral role to these bioactivities.
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Indeed, using ferric reducing/antioxidant power

(FRAP) assay, it is known that the antioxidant capacity

of geraniin is about fivefold to sixfold more potent

than L-ascorbic acid and trolox (Sudjaroen et al.

2012). Much of this antioxidant properties is probably

attributable to its free radical scavenging ability

towards numerous damaging radicals like DPPH

radicals, superoxide radicals, hydroxyl radicals and

nitric oxide radicals as shown in Table 2. Tabata et al.

(2008) showed that geraniin is comparable to or even

better than epigallocatechin gallate, a strong antiox-

idant found in green tea in terms of free radical

scavenging (Tabata et al. 2008). Furthermore, to give

an idea of how strong the radical scavenging activity

of geraniin is, in most of the studies, the 50 %

inhibition concentration (IC50) of geraniin is about

7–14 times smaller than that of positive controls

including ascorbic acid (Lin et al. 2008), butylated

hydroxyanisole (BHA) (Liu et al. 2008) and butylated

hydroxytoluene (BHT) (Lin et al. 2008), implying that

geraniin is more effective at preventing oxidation than

most of the widely used antioxidant food additives. In

one particular study, it was even demonstrated that

geraniin is about 87 times stronger than BHT in

scavenging DPPH radicals (Thitilertdecha et al. 2010).

The beneficial radical scavenging properties also

confers cytoprotective effects in a human foreskin

fibroblast cell line against oxidative and nitrosative

stress-induced cell death (Ling et al. 2012). The

mechanism of radical scavenging activity is not

clearly characterised. However, it is generally

accepted that most of the polyphenolic compounds

scavenge free radicals via hydrogen atom transfer

mechanism (Leopoldini et al. 2011; Meo et al. 2013).

Phenolic compounds have a high tendency to donate a

hydrogen atom to a radical, transforming the original

radical into a harmless molecule, but itself to a

phenoxyl radical (Leopoldini et al. 2011). Despite the

formation of another radical, phenoxyl radicals are

non-damaging because they have aromatic structures

that facilitate resonance stabilization of the radical

(Leopoldini et al. 2011). These phenoxyl radicals may

further couple with another free radical to quench the

reactivity of both radicals, a characteristic known as

chain-breaking antioxidant activity. Such an activity

has been reported in some of the natural polyphenols

like catechin, quercetin and gallic acid (Roginsky

2003), but it is unsure whether the free radical

scavenging activity of geraniin acts in a similar

manner.

Apart from free radical scavenging activity,

geraniin can also inhibit xanthine oxidase which is a

reactive oxygen species (ROS)-generating enzyme

(Lin et al. 2008). However, considering the protein-

precipitating effect of geraniin, it is likely that the

inhibitory effect may be caused by the precipitation of

the enzyme (Sudjaroen et al. 2012). Geraniin also

possesses an inhibitory effect on lipid peroxidation

(Liu et al. 2008; Thitilertdecha et al. 2010). This may

explain the reduction of malondialdehye level which

an end product of the decomposition of certain lipid

peroxidation products (Janero 1990) in animals after

geraniin treatment (Islam et al. 2008; Jin and Sun

2011). In addition, geraniin treatment has been shown

to enhance glutathione (GSH) levels as well as reduce

intracellular ROS levels and cell death rates in a

concentration- and time-dependent manner in human

hepatocarcinoma cells exposed to hydrogen peroxide-

induced oxidative stress (Wang et al. 2015). These

beneficial effects might be due to geraniin-induced

nuclear translocation of nuclear factor-erythroid 2-re-

lated factor 2 (Nrf2), which is a transcription factor

responsible for the regulation of various detoxifying

antioxidant genes, presumably via PI3K/AKT and

ERK1/2 signalling pathways (Wang et al. 2015). Thus,

aside from scavenging free radicals directly, at least in

in vitro cell culture studies, the antioxidant activity of

geraniin may also be augmented by its ability to

trigger certain signalling pathways that eventually

lead to the upregulation of antioxidant enzymes.

The antioxidant effect of geraniin has also been

detected in tetrachloromethane (CCl4)-induced acute

liver failure rats (Islam et al. 2008) and sarcoma S180-

tumor cell-inoculated mice (Jin and Sun 2011) as

evidenced by significant escalation in GSH and catalase

activity in liver tissues for the former as well as increase

in superoxide dismutase (SOD) activity in the red blood

cells for the latter. These improvements in oxidative

status were also associated with better outcomes like

improved liver function and suppressed tumor growth in

comparison to the untreated counterparts. As such, it is

likely that the antioxidant activity of geraniin may be

translated into therapeutic effects in certain diseases.

However, our current understanding in this aspect is still

limited and further investigation should be carried out to

unearth the clinical potential of geraniin.
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Antimicrobial activity

Crude extracts of geraniin-rich plants also display

promising antimicrobial activity against some com-

mon human pathogens like Staphylococcus aureus and

Escherichia coli (Thitilertdecha et al. 2008; Yang

et al. 2013) as well as dengue virus 2 (Lee et al. 2013).

Further investigations using purified geraniin from

plant materials confirmed the antibacterial activities

with a minimum inhibitory concentration (MIC)

ranging from lg/mL to mg/mL (Table 2). Further-

more, Funatogawa et al. (2004) also demonstrated that

most hydrolysable tannins, including geraniin, possess

antibacterial activity against Helicobacter pylori. The

activity is likely to be bactericidal because the number

of viable cells decreased exponentially after prolonged

exposure to another hydrolysable tannin, tellima-

gradin I. In the same study, Funatogawa et al. (2004)

showed that hydrolysable tannins could disrupt lipo-

somal membranes and subsequently, release the

liposomal content in a dose-dependent manner. This

may be one of the mechanisms of action which

accounts for the bactericidal activity against H. pylori.

The fact that most hydrolysable tannins exhibited

similar effects on the growth of H. pylori and

liposomal membranes disruption suggests that the

antibacterial activity lies in the intrinsic properties of

hydrolysable tannins. It is also worth mentioning that

most of the antibacterial screening tests were not

carried out at physiological gastric conditions, partic-

ularly acidic pH. As low pH is very likely to jeopardise

the structural integrity of most hydrolysable tannins,

further work is required to examine whether hydro-

lysable tannins, including geraniin, can retain its

antibacterial properties againstH. pylori under normal

gastric conditions.

Based on Table 2, geraniin also demonstrates

potent antiviral properties against some of the most

devastating pathogenic viruses. Firstly, hepatitis B

virus (HBV) is the major causative agent of acute and

chronic liver diseases, of which the latter will lead to

cirrhosis and is associated with increased risk of

hepatocellular carcinoma (Tsukuma et al. 1993). In

this context, geraniin intervention greatly reduced the

liberation of HBV e (HBeAg) and surface (HBsAg)

antigens fromHBV-transfected cell lines (Huang et al.

2003; Li et al. 2008). Using in vitro enzymatic

inhibition assays, geraniin also exhibited remarkable

inhibitory effects on several enzymes of retroviral

origin such as protease, integrase and most impor-

tantly, reverse transcriptase (Kakiuchi et al. 1985; Xu

et al. 2000; Notka et al. 2004). Co-incubation of

geraniin and human immunodeficiency virus (HIV)

successfully inhibited virus uptake and replication in

MT4-T-lymphoid cells, an outcome which is

attributable to the blockade of CD4-gp120 binding

by geraniin (Notka et al. 2003, 2004). Moreover, in the

presence of small concentrations of geraniin, infection

caused by human enterovirus 71 (EV71), herpes

simplex virus (HSV) and Coxsackie B2 was signifi-

cantly reduced (Corthout et al. 1991; Yang et al. 2007,

2012). In one animal study (Yang et al. 2012), 1 mg/kg

of geraniin was intraperitoneally administered to mice

which were exposed to a lethal dose EV71. The

outcome was astonishing. Geraniin treatment

enhanced the survival rate of the mice by about

40 % besides extending the survival time and reducing

the severity of the symptoms, strongly pointing out the

in vivo therapeutic effect of geraniin against EV71.

In addition to antibacterial and antiviral activities,

some studies also reported antifungal and antiproto-

zoal effects of geraniin. Geraniin treatment effectively

inhibits the growth of Candida pseudotropicalis and

Candida albicans at a MIC of 2 mg/mL (Adesina et al.

2000; Gohar et al. 2003). This is of paramount clinical

importance because Candida spp. are the most com-

mon pathogens of fungal infection, principally among

immunocompromised patients. When Plasmodium

falciparum-infected erythrocytes were subjected to

geraniin treatment, proliferation of P. falciparum was

inhibited in a dose-dependent manner (Ndjonka et al.

2012). Moreover, geraniin therapy effectively

impaired the viability of amastigotes of Leishmania

donovani residing within murine macrophage cells at

an IC50 of\0.4 lg/mL (Kolodziej et al. 2001). This is

much more powerful than the clinically used antileish-

manial drug, sodium stibogluconate (IC50, 7.9 lg/mL).

As such, the antifungal and antimalarial effects of

geraniin undoubtedly merit further investigation to

understand the precise mode of action and explore

potential clinical significance, particularly in the treat-

ment of candidiasis, malaria and leishmaniasis.

Apart from human pathogens, geraniin treatment

also exerts antibacterial effects on plant bacteria in

in vitro settings. For instance, when tested on Strep-

tomyces scabies, which is a microorganism that causes

common scab in potatoes, geraniin could reliably

inhibit the growth of the potato pathogens (Ushiki
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et al. 1998). A similar inhibitory effect was also

observed against Ralstonia solanacearum, a plant

pathogen that is capable of infecting a wide range of

crops and eventually causing wilting and dying

(Ooshiro et al. 2011) as well as fish pathogens like

Aeromonas salmonica and Pseudomonas fluorescens

(Kurihara et al. 1993). Thus, geraniin is not only

valuable in fighting against some human infections,

but also harbours incredible potential in agricultural

aspects in term of disease prevention in large-scale

crop plantations and fish farming.

Anticancer activity

Treatmentwith geraniin in awide variety of cancer cell

lines of bothmurine and human origins is able to impair

the viability and impede the proliferation of the tumor

cells. The anticancer activity of geraniin has also been

recognised in one in vivo study using adenocarcinoma

tumor cell xenografts onto nude mice (Li et al. 2013).

Several mechanisms of action have been postulated to

describe the anticancer properties of geraniin. Firstly,

geraniin treatment induces apoptotic cell death of the

cancer cells in a time- and dose-dependent pattern (Lee

et al. 2008; Li et al. 2013). When being exposed to

geraniin, the expression of Fas ligand is upregulated,

promoting ligand-receptor interaction with Fas death

receptor (Lee et al. 2008). This process initiates the

pro-apoptotic signalling cascades, including the pro-

teolysis of pro-caspase-8 to active caspase-8, liberation

of cytochrome c frommitochondria into the cytoplasm,

activation of caspase-9 and most importantly, caspase-

3 (Lee et al. 2008; Li et al. 2013). Geraniin-facilitated

induction of caspase 3 activity leads to apoptotic cell

death by promoting DNA fragmentation, obstructing

DNA repair besides inducing the cleavage of focal

adhesion kinasewhich is an anti-apoptotic protein (Lee

et al. 2008). It may be added that expression of the p53

tumor suppressor gene is also enhanced upon geraniin

treatment (Jin and Wang 2010). Activated p53 will

help to initiate programmed cell death. Furthermore, it

will also promote cell cycle arrest which has been

observed in certain geraniin-treated cancer cell lines

(Li et al. 2013; Vassallo et al. 2013). Therefore, it is

apparent that geraniin affects several pivotal signalling

pathways in cell growth to interfere the proliferation

and survival of malignant cells.

Secondly, the anti-cancer properties of geraniin are

also linked to its interaction with heat shock protein 90

(Hsp90). Under physiological condition, Hsp90 is a

chaperone protein that ensures proper protein folding

to preserve precise biological activity, maintains

protein structural integrity against environmental

stresses and targets misfolded or non-functional

proteins for proteolytic degradation (Neckers and Ivy

2003). In cancer cells, Hsp90 is imperative in

prolonging cancer cell survival via the stabilization

of oncoproteins (Solit and Rosen 2006). In this

context, geraniin is able to bind to Hsp90 and triggers

a dose-dependent inhibitory effect on the ATPase and

chaperone activities of Hsp90 (Vassallo et al. 2013).

This contributes to the reduction of the level of several

client proteins of Hsp90 in tumour cells, including

Raf-1, pAkt and EGFR which are active in cell fate

determination like proliferation, differentiation, apop-

tosis and survival (Vassallo et al. 2013). The inhibitory

effect of geraniin on Hsp90 is reported to be similar to

that of 17-(allylamino)-17-demethoxygeldanamycin,

an experimental drug which targets Hsp90 in cancer

treatment (Vassallo et al. 2013). As such, it is believed

that geraniin-dependent Hsp90 inhibition may be

further exploited for the disruption of tumour

progression.

One recent study reported that geraniin treatment

may also be beneficial in the prevention of migration

and metastasis of cancer cells (Ko 2015). In the study,

transforming-growth factor b-1 (TGF-b1) was used to
potentiate the metastatic properties of A549 lung

cancer cells by inducing some of the key changes like

morphological transformation from epithelial to mes-

enchymal phenotype, improved motility, enhanced

invasiveness and resistance to anoikis which is a type

of programmed cell death caused by the detachment of

cells from the surrounding extracellular matrix (Ko

2015). All TGF-b1-induced metastatic processes are

annihilated by geraniin treatment (Ko 2015). Accord-

ing to the evidence, geraniin may possess both

tumoristatic and tumoricidal characteristics besides

preventing malignant cell migration and these sub-

stantiate further exploration on the clinical use of

geraniin as a cancer treatment.

Immuno-modulatory effect

The generation of free radicals is one of the most

essential and fundamental process in our immune

system. In small and regulated quantity, ROS and

reactive nitrogen species (RNS) help to launch
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cascades of immune responses to fend off pathogens

and destroy malignant cells. On the contrary, uncon-

trolled overproduction of free radicals is responsible

for the pathogenesis of a number of inflammatory and

autoimmune diseases like cardiovascular disease,

diabetes mellitus, Alzheimer’s disease, Parkinson’s

disease and rheumatoid arthritis (Valko et al. 2007).

As mentioned earlier, geraniin treatment confers

antioxidant effect via its free radical scavenging

capacity. This also allows geraniin to exert certain

influences onto immune responses.

In this context, several studies have shown that

treatment with geraniin on murine macrophages

modulates the secretion of proinflammatory cytokines

such as tumour necrosis factor (TNF), interleukin-8

and interferon (Kolodziej et al. 2001; Okabe et al.

2001; Fujiki et al. 2003; Park et al. 2007). The

activities of some inflammatory mediator-producing

enzymes like 5-lipoxygenase (5-LOX) and inducible

nitric oxide synthase (iNOS) are also affected by the

presence of geraniin (Pan et al. 2000; Park et al. 2007).

Furthermore, in activated macrophages, geraniin

compromises the activity of nuclear factor kB

(NF-kB), which is a key signalling factor in cellular

inflammatory response (Pan et al. 2000; Park et al.

2007). On the other hand, Ushio et al. (1991)

demonstrated that geraniin-treated macrophages par-

ticipated more actively in phagocytosis of yeasts in

comparison to non-treated counterpart. Based on this

evidence, geraniin appears to possess both the

immuno-stimulating and immuno-suppressing effects.

The dual functionality requires further clarification in

order to utilise geraniin in the modulation of immune

response.

Cytoprotective activity

Studies have also shown that treatment with geraniin

may build a strong defensive barrier against chemical

and radioactive assaults besides conferring protective

effects for different tissues. One of the most significant

cellular protective effect of geraniin is hepatoprotec-

tive activity. The liver plays an irreplaceable role in

the detoxification and elimination of harmful drugs.

Hence, despite the fact that the liver has an enormous

regenerative capacity, long-term hepatocyte injury

will inevitably lead to liver failure which is potentially

fatal. Pretreatment with extracts from Geranium

schiedeanum, which is a geraniin-rich plant decreased

thioacetamide-induced hepatotoxicity by 66 %

(Gayosso-de-Lucio et al. 2014). The beneficial effects

of geraniin treatment in liver protection have been

replicated in various in vitro and in vivo models of

chemically-induced liver injury. Generally, geraniin

helps to inhibit lipid peroxidation besides restoring

liver function as evidenced by improved bilirubin

level and aminotransferase activities which are

deranged by liver toxins like peroxidised corn oil,

tetrachloromethane and alcohol (Okuda et al. 1983;

Kimura et al. 1984; Nakanishi et al. 1999; Londhe

et al. 2012). The extent of programmed cell death in

injured liver is also diminished by the presence of

geraniin (Londhe et al. 2012).

The hepatoprotective activities are possibly related

to the antioxidant effect because Londhe et al. (2012)

reported significant changes in the activity of some

key antioxidative enzymes in the liver, namely

catalase, SOD, GSH peroxidase and GSH reductase.

This is reasonable as the drug detoxification processes

tend to release free radicals that pose tremendous

oxidative and nitrosative stresses to the hepatocytes

(Jaeschke et al. 2002). This causes liver damage which

is further exacerbated by the activation of macro-

phages (Kupffer cells) and infiltration of neutrophils,

leading to the onset of both necrotic and apoptotic cell

death (Jaeschke et al. 2002; Jaeschke 2011). By

removing free radicals and enhancing the activities of

antioxidative enzymes, it is very likely that geraniin is

able to protect the liver from the insults from

hepatotoxins.

Recently, the osteoprotective effect of geraniin has

been acknowledged. Co-incubation of geraniin and

osteoclasts, which is a type of bone cells that cause

bone resorption (breakdown of bone materials), results

in a dose-dependent inhibitory effect on the differen-

tiation and maturation of osteoclasts (He et al. 2013;

Xiao et al. 2015). To understand the mechanism by

which geraniin inhibits osteoclast differentiation, it is

important to know that osteoclasts are developed from

macrophages upon induction by TNF-related cytokine

receptor activator of nuclear factor kB ligand

(RANKL) and polypeptide growth factor colony-

stimulating factor-1 (CSF-1) (Yasuda et al. 1998;

Lacey et al. 1998). Treatment with geraniin markedly

downregulates the expression of RANKL-induced

osteoclast-specific genes, inhibits NF-kB and extra-

cellular signal-regulated kinase (ERK) signalling

pathways and suppresses the activity of key osteoclast
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transcriptional factor, NFATc1 and c-Fos (Xiao et al.

2015). As a result, osteoclastogenesis is severely

suppressed. This is directly translated into the reduc-

tion in bone resorption and particle-induced osteolysis

in both in vitro and in vivo settings (He et al. 2013;

Xiao et al. 2015). According to another in vivo study in

which female rats were subjected to bilateral ovariec-

tomy to simulate postmenopausal osteoporosis, ger-

aniin treatment not only modulated a number of

circulatory biomarkers which are involved in bone

formation, resorption and remodelling, but also res-

cued low-estrogen-induced bone loss by maintaining

bone density, mineral content and calcium content (Lu

et al. 2015). In short, the osteoprotective effect of

geraniin may have some practical uses in terms of

ageing-related bone resorption, wear particle-induced

peri-prosthetic osteolysis, postmenopausal osteoporo-

sis as well as other degenerative bone diseases.

Furthermore, geraniin protects from cellular injury

caused by ionising radiation, evidenced by the

geraniin-mediated reduction in DNA fragmentation

and cell death post exposure to c-radiation (Londhe

et al. 2009; Kang et al. 2011; Bing et al. 2013). Such a

radioprotective effect is also observed in an in vivo

study in which radiosensitive tissues like splenocytes

and jejunal crypt cells are spared from the deleterious

effects of whole body irradiation after geraniin

pretreatment (Bing et al. 2013). This is

attributable to the radical scavenging properties of

geraniin because the upsurge of ROS level upon c-
radiation exposure is reversed by geraniin which

minimises damage to vital intracelluler targets like

proteins, membrane lipids and DNA (Londhe et al.

2009; Kang et al. 2011). As a result, the activation of

proapoptotic signalling pathway is diminished by

geraniin even after c-irradiation (Bing et al. 2013).

Based on two preliminary studies, it is likely that

geraniin may also exhibit neuprotective effects, par-

ticularly against Alzheimer’s disease via the inhibition

of prolyl endopeptidase (Lee et al. 2007) and b-
secretase (Youn and Jun 2013). Prolyl endopeptidase

is a serine protease that inactivates various neuropep-

tides via proteolysis. Exaggerated upregulation of

prolyl endopeptidase in the hippocampus takes place

in the pre-plaque phase (prior to b-amyloid plaque

formation) in both senescence-accelerated (Fukunari

et al. 1994) and amyloid precursor protein-transfected

mice (Roßner et al. 2005) to induce a seemingly

‘‘accelerated aging’’ effect. This suggests that prolyl

endopeptidase may be a major factor that contributes

to initial cognitive impairment in aging progress and

Alzheimer’s pathogenesis. Secretase has long been

known to play a predominant role in the formation of

amyloid-b which accounts for cognitive impairments

in Alzheimer’s patients. Being able to inhibit these

enzymes, geraniin seems to be an attractive compound

to preserve cognitive capability. However, it should be

noted that the studies by Lee et al. (2007) and Youn

and Jun (2013) are enzymatic studies. Several issues,

in particular the ability of geraniin to penetrate blood–

brain barrier and the absorption by brain cells, require

further investigations. In short, current evidence in this

aspect is still limited.

Therapeutic effects in metabolic disorders

In vivo studies have shown that geraniin can effec-

tively act as an antihypertensive agent even after a

single dose of the polyphenolic compound (Cheng

et al. 1994; Lin et al. 2008). The underlying mecha-

nism is probably the inhibition of the angiotensin-

converting enzyme (ACE) whose activity is to convert

angiotensin I to II to promote vasoconstriction and

aldosterone secretion (Ueno et al. 1988; Lin et al.

2008). By inhibiting ACE, geraniin treatment encour-

ages vasorelaxation and lowers blood pressure.

Geraniin may also interfere with the sympathetic

pathway by reducing circulating noradrenaline in a

dose-dependent manner (Cheng et al. 1994). The

noradrenaline-lowering effect is not abolished by

adrenalectomy, indicating that geraniin may directly

interact with sympathetic nerve terminals to either

reduce noradrenaline release or enhance reuptake

efficiency to prevent spillover (Cheng et al. 1994). In

contrast, when acetonylgeraniin, a by-product of

geraniin extraction in the presence of acetone, is used

to treat spontaneous hypertensive rats (SHRs) with

induced orthostatic hypotension, the orthostatic

hypotension is prevented and the serum noradrenaline

is elevated (Hsu et al. 1994). Like geraniin, the effects

of acetonylgeranin remain unaffected by adrenalec-

tomy (Hsu et al. 1994). Based on these findings, it can

be deduced that the DHHDP unit in geraniin may be

the functional group that interacts with the sympa-

thetic nerve terminals because a slight structural

modification by acetone is sufficient to reverse its

impacts on blood pressure regulation and circulating

noradrenaline level.
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Crude extract from rambutan (N. lappaceum) peels

which is rich in geraniin is effective in inhibiting

carbohydrate hydrolysing enzymes: a-glucosidase and
a-amylase (Palanisamy et al. 2011b). It was later

confirmed that the inhibitory effect is due to geraniin

(Palanisamy et al. 2011a). Therefore, geraniin has the

potential to interrupt carbohydrate digestion and

glucose absorption which subsequently suppresses

postprandial hyperglycaemia. Furthermore, in vitro

assays demonstrated that geraniin significantly inhi-

bits aldol reductase activity and the formation of

advanced glycation end products (AGEs), both of

which play a crucial role in the onset of diabetic

complications (Palanisamy et al. 2011a). For diabetic

treatment, the crude plant extracts from geraniin-rich

P. nururi and peels of N. lappaceum could normalise

lipid profile and glycaemic status in streptozotocin-

induced diabetic rodents (Rani and Kumar 2015;

Muhtadi et al. 2015). In another study, treatment with

rambutan peel extract could control weight gain and

inhibit adipocyte hypertrophy by interfering with the

expression of peroxisome proliferator-activated recep-

tor-c (PPARc), a key nuclear receptor for lipid

metabolism and adipogenesis (Lestari et al. 2015).

The beneficial health effects are indeed contributed by

geraniin because in high-fat diet-induced obese rats,

supplementation with geraniin also successfully ame-

liorates diet-induced metabolic dysregulations in glu-

cose and lipid metabolisms besides significantly

reducing visceral fat depots without notable side effect

(Chung et al. 2014). Hence, considering the wide-

spread prevalence of metabolic syndrome and type 2

diabetes mellitus, geraniin treatment may be

employed to safely mitigate the metabolic

dysfunction.

In addition, recent research shows that geraniin

may help to prevent the formation of thrombus by

inhibiting platelet aggregation (Chen et al. 2012).

Chen et al. (2012) reported that geraniin is able to

inhibit platelet aggregation induced by arachidonic

acid, adenosine diphosphate and platelet activating

factor in a dose-dependent way. Similar findings were

found using an ex vivo study design in which platelets

isolated from plasma of rabbits given intragastric

5 mg/kg of geraniin were used. Platelet aggregation

induced by the three compounds was significantly

inhibited at 60–120 min post geraniin administration

(Chen et al. 2012). This points out that metabolites of

geraniin, notably ellagic acid, may also possess

antiplatelet aggregation activity. As the three com-

pounds activate platelet aggregation via different

mechanisms, it is assumed that the inhibitory effect

of geraniin on platelet aggregation is non-selective.

During thrombus formation, activated neutrophils will

promote platelet activation and aggregation and in

response, activated platelets will also encourage

neutrophils rolling and adhesion to the thrombus-

forming site (Kim et al. 2013). Such a platelet-

neutrophil crosstalk is also abolished by geraniin

(Chen et al. 2012). Furthermore, treatment with

geraniin also inhibits the activity of plasminogen

activator inhibitor-1 (PAI-1) (Yuan et al. 2012). As

indicated by the name, PAI-1 is the principal inhibitor

of tissue plasminogen activator (tPA) which is a major

enzyme in blood clot breakdown and is clinically used

to treat ischaemic stroke. By inhibiting PAI-1,

geraniin is able to promote fibrinolysis to degrade

blood clots. This is particularly useful for the

treatment of thromboembolic events as well as

atherosclerosis.

Analgesic and antinociceptive properties

Some geraniin-rich plants have been used in folk

medicine as a pain reliever, indicating its potential

analgesic and antinociceptive (inhibition of the pain

perception) activity. Indeed, several studies reported

that the plant extracts from the genusPhyllanthus has a

potent, dose-dependent and long-lasting inhibitory

effect on pain sensation (Santos et al. 1994, 1995).

Furthermore, geraniin pretreatment given via both the

oral route and intraperitoneal injection is able to

reduce the writhing movements or abdominal con-

tractions, which is interpreted as reduction in noci-

ception, after acetic acid-induced abdominal pain in

mice (Miguel et al. 1996; Velazquez-Gonzalez et al.

2014). However, geraniin is less effective in compar-

ison to common analgesic agents, aspirin and

acetaminophen (Miguel et al. 1996). Martini et al.

(2000) demonstrated that geraniin could inhibit the

binding of a GTP analogue to rat cerebral cortex

membrane proteins. This implies that geraniin treat-

ment has an inhibitory effect on the GTP-dependent G

protein activation which is a critical step in the activity

of G-protein coupled signal transduction. As a result,

the activity of metabotropic glutamate receptor which

is one of the many G-protein-coupled receptors and is

responsible in pain perception, is also inhibited
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(Montana and Gereau 2011). Thus, it is possible that

geraniin may act as an analgesic drug by exerting a

modulatory effect on the activation of metabotropic

glutamate receptor in the glutaminergic excitatory

pathways.

Other biological activities of geraniin

Although G. thunbergii which is a geraniin-rich plant

has long been accepted as an official antidiarrheal drug

in Japan, empirical findings supporting the antidiar-

rheal activity of geraniin is fairly limited. It is

generally assumed that the antidiarrheal activity of

geraniin is accountable to its astringency, a character-

istic to shrink or constrict mucous membranes and

body tissues (Ofuji et al. 1998), but the exact

mechanism is not known. Based on Kan and Taniyama

(1992), geraniin can decrease the contraction fre-

quency of the small and large intestines when being

subjected to contractile agents like histamine and

acetylcholine. Such a modulatory effect on intestinal

contractility may allow geraniin to exhibit antidiar-

rheal effect. Geraniin has also been shown to accel-

erate the progress of wound healing by stimulating the

proliferation of fibroblasts and differentiation of

keratinocytes (Agyare et al. 2011). It can also prevent

gastric ulceration by inhibiting back diffusion of acid

and inducing gastric mucus generation (Hung et al.

1995). Based on these findings, the traditional medic-

inal use of geraniin-rich plants in wound healing and

the treatment of diarrhoea and peptic ulcer seems to be

fairly justifiable. However, further investigations are

highly encouraged to elucidate these bioactivities of

geraniin.

Potential therapeutic significance, challenges

and future research focus

Amazingly, a huge amount of insightful work has been

conducted in attempts to understand the pharmacoki-

netics and pharmacodynamics of geraniin as well as

the respective underlying mechanisms. Generally, it is

assumed that geraniin is safe to be used on living

tissues and organisms because to date, there is no acute

toxicity or significant adverse effect which are

remotely associated with the use of geraniin in both

in vitro and in vivo studies. In most normal cell lines,

geraniin can be tolerated at a considerably high

concentration (up to 100 lM) without significantly

jeopardising the cell viability (Agyare et al. 2011;

Kang et al. 2011; Bing et al. 2013). In mice, 30 mg/kg

of geraniin had been given intraperitoneally to facil-

itate full bioavailability and yet, no side effect was

reported (Miguel et al. 1996). However, it is highly

recommended to conduct a comprehensive risk

assessment, at least in animal models, in order to

examine the possible acute and chronic side effects of

the natural compound. This information will be

valuable when geraniin or its metabolites are tested

in clinical settings.

Additionally, based on Table 2, geraniin possesses

a wide variety of biological activities. A large portion

of these findings are established according to the

results from in vitro studies like biochemical or

enzymatic assays and cell culture studies. Therefore,

the conclusions from in vitro enzymatic assays should

be analysed conscientiously. This is because, like

other polyphenolic compounds, geraniin is a strong

protein precipitant. In enzymatic assays, it will

precipitate and denature proteins, rendering the tested

enzymes non-functional. Although specific enzyme

inhibitory effect cannot be ruled out, the fact that

geraniin can suppress the activity of a number of

structurally and functionally diverse enzymes like

human digestive enzymes, enzymes from the central

nervous system and of viral origin, strongly points out

that non-selective inhibition due to protein precipita-

tion is a more likely mechanism for the observed

inhibitory effect. Clinically, the use of non-selective

enzyme inhibitors is less appealing because it tends to

interact with off-target enzymes, leading to undesir-

able side effects. Furthermore, as the enzyme

inhibitory actions of geraniin are almost established

exclusively based on in vitro studies, it is also

uncertain whether the same effect can be replicated

in vivo. Hence, for future phenolic compound

research, it is advisable to take the protein precipita-

tion effect into consideration, especially when study-

ing enzyme inhibition.

In spite of the issue about in vitro enzymatic assays,

most of the bioactivities of geraniin found in in vitro

studies are reproducible using ex vivo or in vivo study

designs, signifying that its biological effects are

largely preserved even in complex physiological

matrices. However, the evidence from in vivo studies

is still limited. Also, for in vivo geraniin research, the

most popular test objects are rodents and no human

subject has been employed thus far. Hence, most of the
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bioactivities are inferred based on animal studies and

whether or not it will work as anticipated in human

body is still unknown.

For in vivo animal study, the most widely employed

mode of administrations are intraperitoneal and oral

administration routes, of which the former ensures full

bioavailability. Conversely, as outlined previously,

oral ingestion of geraniin does not facilitate its

absorption in the intact form. Therefore, it is increas-

ingly recognised that the resulting bioactivities fol-

lowing oral intake of geraniin are attributable to the

derivatives of geraniin such as ellagic acid and

urolithins. In fact, a large number of studies have

documented the anti-inflammatory, anticarcinogenic,

antioxidant and antimicrobial effects of ellagic acid

and urolithins (Landete 2011; Espin et al. 2013). Such

a striking similarity in the biological functionality of

the parental compound and its metabolites also

suggests that these activities are due to a common

intrinsic trait shared between these compounds which

is unaffected by the degradation of geraniin. One

likely speculation is the free radical scavenging

activity which is found not only in geraniin and its

metabolites, but also in many other polyphenolic

compounds. This is because several biological effects

of geraniin, namely antioxidant, cytoprotective and

immunomodulatory effects, which are closely linked

to the free radical scavenging properties are also

consistently demonstrated in geraniin metabolites as

well as other polyphenolic compounds.

Nevertheless, there are also some in vivo bioactiv-

ities which seem to implicate unique mechanisms that

are independent from the antioxidant activity of

geraniin, for instance, the therapeutic effect against

metabolic dysregulation as well as anticoagulant,

antiplatelet, analgesic and anticancer properties.

Amongst these, the underlying mechanisms for anti-

cancer effects are more clearly elaborated which

involve the induction of apoptosis, destabilization of

oncoprotein via Hsp90 interaction and inhibition of

metastatic transformation. On the other hand, the

discovery of the other bioactivities are relatively

recent and the mechanisms are not explicitly defined,

thus requiring further exploration. It may be added that

the promising beneficial effects on metabolic dys-

function and anticoagulation are some of the most

exciting features of geraniin as they can be further

exploited for the therapy of some highly prevalent

diseases, notably metabolic syndrome, type 2 diabetes

mellitus and cardiovascular diseases. In short, due to

the pleitropic effects, ellagitannin geraniin seems to be

an attractive target drug in the treatment of multiple

diseases but there are still a lot of uncertainties in the

biological functionality of geraniin which are worth

investigating.

One of the biggest challenges for the clinical

application of geraniin is the low bioavailability upon

oral ingestion, which is largely because of its large

molecular size and is complicated by low solubility in

gastric fluid (Elendran et al. 2015). To be considered as

an oral drug candidate, effective formulation and

transport system should be created to enhance the

bioavailability of geraniin. Apart from that, isolation of

geraniin from natural sources is a tedious and time-

consuming procedure. Therefore, another challenge

and prospective focus in geraniin research is to develop

synthetic version of the hydrolysable tannin and its

functional derivatives like ellagic acid and urolithins.

Some of the subunits of geraniin like corilagin

(Yamada et al. 2008), HHDP and DHHDP motifs

(Pouysegu et al. 2011) have been chemically synthe-

sized but there is no report about total synthesis of

geraniin. The ability to chemically synthesise geraniin

and its derivatives could offer several advantages such

as bypassing the cumbersome isolation step, large-

scale production of the compounds besides allowing

the modifications of certain functional groups to

enhance their bioactivities. Nonetheless, artificial

synthesis of these compounds is only economically

feasible if the practical applications and clinical values

of geraniin are proven to be tremendous.

Conclusion

After almost 40 years of geraniin research, the science

community has established a fundamental understand-

ing of the hydrolysable tannin in terms of its natural

sources, purification techniques, biosynthesis and

pharmacokinetics. Additionally, like many other

polyphenolic compounds, several promising and clin-

ically significant bioactivities have also been discov-

ered, making the ellagitannin geraniin an attractive

research candidate so as to fully explore its therapeutic

effects. Nevertheless, current evidence is still inade-

quate to support the clinical use of geraniin due to a

few issues. Firstly, there is no thorough assessment

about the potential short- and long-term harmful
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impacts of geraniin ingestion, making the safety of

geraniin consumption debatable. Next, the underlying

mechanisms by which it exerts the observed beneficial

effects remain largely mysterious. This aspect defi-

nitely requires more investigations because the knowl-

edge of a drug’s mechanism may not only facilitate

better monitoring on the drug effects and prediction of

the potential adverse effects, but also allow us to catch

a glimpse into the complex pathogenesis of diseases

like malignancy and metabolic dysfunction on which

we could base to develop more effective drugs to

tackle the target pathway. There is also a large room

for improvement to optimise drug delivery and

bioavailability if the hydrolysable tannin is to be

considered as an oral medication. Last but not least,

large-scale synthesis of geraniin is a must to ensure the

feasibility of commercialization. Considering these

challenges and predicaments, it can be said without

fear of contradiction that we are still far from putting

geraniin into actual clinical use and yet, the potent

bioactivities found based on preliminary studies are a

solid indicator that future input in geraniin research

may be worthwhile after all.
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