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Abstract Ferulic acid (FA) is a polyphenol very

abundant in vegetables and maize bran. Several lines of

evidence have shown that FA acts as a potent

antioxidant in vitro, due to its ability to scavenge free

radicals and induce a robust cell stress response

through the up-regulation of cytoprotective enzymes

such as heme oxygenase-1, heat shock protein 70,

extracellular signal-regulated kinase 1/2 and Akt.

Furthermore, FA inhibited the expression and/or

activity of cytotoxic enzymes including inducible

nitric oxide synthase, caspases and cyclooxygenase-

2. On this basis, FA has been proposed for the treatment

of several age-related diseases such as neurodegener-

ative disorders, cardiovascular diseases, diabetes and

cancer. However, although the great abundance of in

vitro data, the real efficacy of FA in humans has not

been demonstrated so far. New efforts and resources

should be transferred to clinical research for the

complete evaluation of the therapeutic potential of

FA in chronic diseases.
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Introduction

Several years ago artichoke-derived polyphenols, such

as 1,5-dicaffeiylquinic acid as well as the caffeic acid

mono-methylester [also known as ferulic acid (FA)] and

di-methylester were extensively studied by Preziosi

et al. (1957), Preziosi and Loscalzo (1957a, b,1958)

for their coleretic, hypolipidemic and diuretic func-

tions. Recently, polyphenols have been proposed as

novel agents in the prevention of free radical-related

diseases such as neurodegenerative disorders, cancer,

acute and chronic inflammation and aging (see

below). Polyphenols are widely distributed in the

plant kingdom, and are integral part of diet, with

significant amounts being reported in vegetables, fruit

and beverages (Clifford 1999; D’Archivio et al.

2007).

FA [(E)-3-(4-hydroxy-3-methoxy-phenyl)prop-2-

enoic acid)] (Fig. 1) is a common polyphenolic

compound most abundant in vegetables, especially

artichokes, eggplants (*90% of total polyphenols)

and in maize bran (*3.1% of total polyphenol

content) (D’Archivio et al. 2007; Rechner et al.

2001a, b; Saulnier et al. 1995). Moreover, FA is an

effective component of Chinese medicinal herbs such

as Angelica sinensis, Cimicifuga heracleifolia and

Lignsticum chuangxiong (Ou and Kwok 2004).

During the last decade, scientists focused their

attention on FA especially for its direct antioxidant

property, even if this latter is not the only interesting

aspect of this molecule.
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In this review the pharmacological profile of FA

has been summarized. In particular, the possible use

of FA in the therapy of free radical-related syndromes

such as neurodegenerative disorders, cancer, cardio-

vascular and skin diseases has been discussed.

Finally, the potential effects deriving from the

concomitant administration of FA with common

drugs have been analyzed.

Chemistry of FA

Polyphenols are a group of phenolic compounds with

several hydroxyl groups on the aromatic ring(s) of the

molecules (D’Archivio et al. 2007). They are ubiq-

uitous in the plant kingdom and commonly divided

into five groups: flavonoids (flavonols/flavones, flav-

anones, flavan-3-ols, isoflavones and anthocyanins),

phenolic acids (hydroxybenzoic acids, hydroxycin-

nammic acids), phenolic alcohols, stilbenes and

lignans (Rechner et al. 2001a, b; D’Archivio et al.

2007). FA belongs to the phenolic acid group. A key

intermediate in the polyphenol biosynthetic pathway

is hydroxycinnamic acid, which derives from shiki-

mic acid, a common precursor of many alkaloids,

aromatic amino acids and indole derivatives (Rechner

et al. 2001). Shikhimic acid is transformed to

phenylalanine in the so called ‘‘shikhimic pathway’’

and then converted by an ammonia lyase to trans-

cinnamic acid. The hydroxylation at the 4-position

of the aromatic ring transforms trans-cinnamic acid

to 4-hydroxycinnamic acid or p-coumaric acid. The

hydroxylation of p-coumaric acid at the 3-position

of aromatic ring yields caffeic acid and further

O-methylation leads to FA (Rechner et al. 2001a, b)

(Fig. 2). FA has two isomers: the cis form is a yellow

oily liquid, whereas the trans form is crystalline (Ou

and Kwok 2004). In plant cell wall, FA is present as

monomer and dimer. Both of them are covalently

conjugated through ester-linkage with mono-, di-, and

poly-saccharides [5-O-feruloyl-L-arabinofuranose

(FAA) and 5-O-feruloyl-arabinoxylane (FAXn) are

the most common forms of FA in cereals], glycopro-

teins, polyamines, lignin and the hydroxy fatty acids

suberin and cutin (Bourne and Rice-Evans 1998;

Clifford 1999; Ou and Kwok 2004; Saulnier et al.

1994) (Fig. 3).

Pharmacokinetics of FA

Humans may consume as much as 80–165 mg

FA/meal which correspond to 8–16 lmol/kg of body

weight. Since FA is present in food as a conjugated

form [e.g. in bran, 95.8% of FA was present in a

bound form and only 4.2% on a free form (Rondini

et al. 2004)], many studies have been carried out to

establish if conjugation modifies FA pharmacokinetic

parameters. Both FA and FAA are recovered intact

after incubation at strong acidic pH in vitro, a

common way to mimic stomach acidic environment

(Zhao et al. 2004). However, in situ administration of

8 lmol/kg of body weight of FA or FAA to rats

indicated that only the free form undergoes intestinal

transit whereas the conjugated form remains unab-

sorbed (Zhao et al. 2004). The major site for FA

absorption is the colon where the polyphenol is

released from parent compounds by microbial cin-

namoyl esterase (Couteau et al. 2001), xylanase and

FA esterase (FAEs) (Kroon et al. 1997) (Fig. 2).

Within the colon FA is absorbed mainly by passive

diffusion (*90%) and only a small percentage by

active transport via the monocarboxylic acid trans-

porter (MCT) (Poquet et al. 2008). The fate of FA

upon its absorption has been largely analyzed. In the

rat, after oral administration, the peak plasma con-

centration of FA or its metabolites is reached after

15–30 min (Rondini et al. 2002, 2004; Zhao et al.

2003). FA undergoes a marked first-pass effects which

limits its bioavailability. Studies in rodents and

humans demonstrated that after oral administration

of FA or FAA, the glucuronide (*3–20%) and

sulfoglucuronide (*60–90%) metabolites are the

more abundant in plasma, whereas only a low

percentage of unmodified FA (*9–20%) has been

Fig. 1 The chemical structure of FA
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found (Bourne and Rice-Evans 1998; Rondini et al.

2002, 2004; Zhao et al. 2003, 2004). These metabolic

changes have been shown to take place in the liver

(Silberberg et al. 2006). The presence or absence of

the (poly)saccharide moieties significantly affected

the plasma concentration of both FA and its main

metabolite. In fact, 30 min after the oral

administration of FA or FAA (70 lmol/kg of body

weight) to rats, the plasma concentration of FA was

2.7 and 0.7 lM, respectively, whereas FA-sulfoglu-

curonide was 45 and 13.6 lM, respectively (Zhao

et al. 2003). FA and its metabolites are excreted

mainly through the urine. In the rat, the urinary

excretion FA is very rapid and reaches a plateau 1.5 h

Fig. 2 The synthetic pathway leading to FA. ‘‘Shikimic

pathway’’ leads to the biosynthesis of most plant phenolics

and it is present also in fungi, bacteria but is not found in

animals. Through this way shikimic acid was converted by

shikimate kinase (1) to shikimate-3-phospate which than leads

to the formation of 5-O-(1-carboxyvinyl)-3-phosphoshikimate

(PS) by the action of 5-enolpyruvilshikimate-3-phosphate

(EPSP) synthase (2) that utilize phosphoenolpyruvate (PEP)

like substrate. PS is than converted by chorismate synthase (3)

to chorismate that is a key substrate in this way. Chorismate is

transformed in turn in prephenate by chorismate mutase (4) and

than prephenate by the action of prephenate dehydratase (5)

yields phenylpyruvate. Phenylpyruvate is converted to L-phen-

ylalanine by an aminotransferase (6). Phenylalanine by an

ammonia-lyase (7) is transformed in trans-cinnamic acid. The

hydroxylation at the 4-position of the aromatic ring by the

action of cinnamic acid 4-hydroxylase (8) transforms trans-
cinnamic acid to 4-hydroxycinnamic acid or p-coumaric acid.

The hydroxylation of p-coumaric acid at the 3-position of

aromatic ring by p-coumaric acid 3-hydroxylase (9) yields

caffeic acid and further O-methylation by the action of caffeic

acid O-methyl transferase (10) leads to FA. SAM, S-adenosyl-

methionine; SAH, S-adenosylhomocysteine
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after the administration (Rondini et al. 2002), whereas

in humans it is much slower with a plateau between 7

and 9 h after consumption (Buorne and Rice-Evans

1998). However, the unmodified FA recovered in

urine represents only 4–5% of ingested FA and these

results are similar in both humans and rodents

(Buorne and Rice-Evans 1998; Rondini et al. 2002).

As for plasmatic concentration, also urinary excretion

is influenced by FA conjugation. After bran consump-

tion, the rate of FA elimination is 15-fold slower than

after the intake of the pure molecule (Rondini et al.

2002, 2004) (Fig. 4).

Pharmacodynamics of FA

In vitro studies clearly demonstrated that FA has

antioxidant and anti-inflammatory properties which

has been hypothesized to be very useful in the

treatment of several diseases. FA has two main

structural motifs that contribute to its direct free

radical scavenger activity: (a) the presence of both

the 3-methoxy and, more importantly, 4-hydroxyl

groups on the benzene ring, which either stabilize the

resulted phenoxyl radical intermediate or even ter-

minate the free radical chain reaction; (b) the

carboxylic acid group with the adjacent unsaturated

carbon-carbon double bond which can further con-

tribute to stabilize the phenoxyl radical intermediate

or provides additional attack site for free radicals

(Graf 1992).

FA (25–50 lM) significantly attenuated peroxyl

radical-induced cell death in hippocampal neuronal

cells (Kanski et al. 2002). Moreover, in the same

experimental system, FA (250–500 lM) reduced both

protein oxidation and lipid peroxidation induced by

hydroxyl radicals (Kanski et al. 2002). Similarly, FA

(*200 lM) reduced hydrogen peroxide-induced

lipid peroxidation in peripheral blood mononuclear

cells (PBMCs) and this effect was more evident than

that of other polyphenols such as caffeic acid and

ellagic acid (Khanduja et al. 2006). Srinivasan et al

(2005) have shown that FA (20 mg/kg) prevented

liver damage secondary to carbon tetrachloride

administration in female rats. In this study, FA

significantly decreased both plasma indicators of liver

toxicity (transaminases, alkaline phosphatase and

c-glutamyl transferase) as well as tissue markers of

lipid and protein oxidation [Thiobarbituric acid-

reactive substances (TBARS), lipid hydroperoxides

and protein carbonyls] (Srinivasan et al. 2005).

Particularly interesting is the interaction between

FA and the nitric oxide (NO) synthases (NOS),

because NO is involved in the pathogenesis of

inflammatory disorders (Calabrese et al. 2007a).

Long term administration of FA or FA ethyl ester

(FAEE) inhibited the expression of endothelial and

inducible NOS (iNOS) in mouse hippocampus (Cho

et al. 2005) and in rat cortical neurons (Sultana et al.

2005). Moreover, pre-treatment of rat neuronal cells

with 25 lM FAEE for 1 h significantly decreased

beta amyloid (Ab)-stimulated iNOS up-regulation

(Sultana et al. 2005). FA and derivatives have been

Fig. 3 Schematic structure of FA and its sugar esters and the

site of attack for degrading enzymes. For further information,

see text. FA, ferulic acid; FAA, 5-O-feruloyl-L-arabinofura-

nose; FAXn, 5-O-feruloyl-arabinoxylane

Fig. 4 The multiple intracellular targets through which FA has

been shown to exert protective effects in vitro. For further

information, see text. ACE, angiotensin-converting enzyme;

COX-2, cyclooxygenase-2; ERK 1/2, extracellular signal-

regulated kinases 1/2; HO-1, heme oxygenase-1; Hsp70, heat

shock protein-70; iNOS, inducible Nitric Oxide Synthase; NO,

nitric oxide; p38, p38 mitogen-activated protein kinase
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shown to regulate the cell stress response by inter-

acting with the heat shock proteins (Hsp). Hsp are a

highly conserved family of stress proteins expressed

at low levels under physiological conditions but show

dramatically increased expression in response to

oxidative or nitrosative stress (Calabrese et al.

2007a; Mancuso et al. 2007b). From a mechanistic

point of view, Hsp are chaperone molecules and

facilitate the folding of cellular proteins, prevent

protein aggregation and target improperly folded

proteins to specific degradative pathways (protea-

some) (Calabrese et al. 2006a; Mancuso et al. 2007a).

Among Hsp a key role has been attributed to heme

oxygenase-1 (HO-1 or Hsp32) and Hsp70. HO-1, the

inducible form of HO, degrades heme into ferrous

iron, carbon monoxide and biliverdin (BV), that is

then reduced by biliverdin reductase (BVR) to

bilirubin (BR), a molecule which has been shown to

counteract oxidative and nitrosative stress (Calabrese

et al. 2007a; Mancuso 2004; Mancuso et al. 2006,

2007b). Hsp70 is a functional chaperone and acts by

inhibiting key effectors of the apoptotic machinery

(Calabrese et al. 2006a). FAEE increased HO-1

expression in many in vitro systems, including rat

neurons, gerbil synaptosomes and dermal fibroblasts

and this effect was paralleled by a significant

cytoprotection against reactive oxygen species

(ROS)- and glucose oxidase-related oxidative dam-

age (Calabrese et al. 2008; Joshi et al. 2006; Kanski

et al. 2002; Scapagnini et al. 2004). Similarly, FAEE

up-regulated Hsp70 in rat cortical neurons and

prevented ROS- and Ab-induced toxicity (Joshi

et al. 2006; Sultana et al. 2005). The ability of FA

and its congeners to up-regulate both HO-1 and

Hsp70, puts this polyphenol in the ‘‘hormetin’’ family

arena as the final outcome is to increase the cell stress

response and prevent oxidative injury in several

tissues (Rattan 2008a,b). Furthermore, the hormetic

role of FA may be also important for the maintenance

of a good homeostasis not only in case of free radical-

related diseases, but also under ‘‘physiologic’’ con-

ditions, such as aging. In fact, during senescence

there is an increased production of ROS within the

cell and which damage protein, lipid and DNA.

Compelling evidence demonstrated that hormetic

stimuli, such as mild heat shock, contribute to the

maintenance of youth morphology, activate pro-

survival systems and increases lifespan (Rattan

2008a).

FA and neurodegenerative disorders

Alzheimer’s disease (AD) or Parkinson’s disease

(PD) are neurodegenerative disorders associated with

chronic neuroinflammation, and both oxidative and

nitrosative stress mainly contribute to the neurotoxic

damage. Neurodegenerative disorders are also known

as ‘‘protein conformational disease’’ because they are

characterized by dysfunctional aggregation of pro-

teins in non-native conformations. In fact, the beta

conformation in proteins is particularly susceptible to

perturbations in the quality control system and ROS

are responsible for the development and/or pathoge-

netic progression of aging and neurodegenerative

diseases (Barnham et al. 2006; Butterfield 2002;

Hinault et al. 2006).

AD is characterized by neuronal loss, alterations in

neurotransmitter systems and presence of neurofibril-

lary tangles composed of abnormal tau paired helical

filaments. A prominent feature of AD is the formation

of senile plaques in selected regions of the brain. An

amyloid deposit composed mainly of Ab occupies the

plaque center (Calabrese et al. 2006a; Mancuso et al.

2007b) and induces neuroinflammation by producing

ROS and proinflammatory cytokines in astrocytes

and microglial cells (Cho et al 2005; Jin et al. 2005,

2006; Sultana et al. 2005; Yan et al. 2001). Neuro-

inflammation and the following free radical

production contribute to the destruction of brain

areas, such as amygdala, hippocampus and cortex

(Mancuso et al. 2007b).

FA, by its antioxidant and anti-inflammatory

properties could exert beneficial effects in AD.

Intracerebroventricular (i.c.v.) administration of Ab
(410 pmol) decreased choline acetyltransferase activ-

ity (*31%) and caused a marked memory deficits

in mice (Yan et al. 2001). Pre-treatment with FA

(14–19 mg/kg per os day for 4 weeks) significantly

reversed the neuroinflammation [evaluated by using

glial fibrillary acidic protein (GFAP) as a marker of

gliosis and inteleukin-1b (IL-1b)] in mouse hippo-

campus secondary to i.c.v. injection of Ab and

ameliorated memory loss as well (Yan et al. 2001).

This last effect has been related not only to the pro-

inflammatory feature of the cytokine, but also to the

ability of IL-1 b to inhibit long-term potentiation in

the hippocampus (Katsuki et al. 1990).

Another target for FA is the apoptotic cascade. An

important family of proteins that are involved in the
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regulation of apoptosis are the mammalian mitogen-

activated protein kinases (MAPK) that can be subdi-

vided in extracellular signal-regulated kinases (ERK),

that regulate cells growth and differentiation (Robin-

son and Cobb 1997), and stress-activated protein

kinases, including Jun N-terminal kinase (JNK) and

p38-mitogen-activated protein kinase (p38-MAPK)

(Wang et al. 1998). In addition, the serine/threonine

kinase Akt/protein kinase B (PKB) (activated via the

phosphoinositide 3-kinase (PI3K)-dependent signal-

ing pathway when cells are exposed to growth factor,

insulin and certain cytokines), received attention for

its anti-apoptotic role (Zhou et al. 2000). I.c.v.

injection of Ab led to a significant increase in

activated-p38 MAPK and IL-1b expression in the rat

hyppocampal CA1 region and this effect was coun-

teracted by sodium ferulate (50-250 mg/kg/day by

intragastric route for 4 weeks) (Jin et al. 2005). In the

same paper FA, as above, partly reverted the Ab-

induced inactivation of ERK1/2 as well as increased

the activation of Akt/PKB (Jin et al. 2005).

Morover, FA attenuated Ab-induced caspase acti-

vation. In fact, i.c.v. injection of Ab initiated the

processing of inactive procaspase-9 into its active

form that was responsible for procaspase-3 and

procasapse-7 activation in the rat. In this system,

pretreatment with FA (100 and 200 mg/kg body

weight intragastric for 3 weeks) inhibited caspase-9,

-3, and -7 activation thus contributing to prevents

neurotoxicity (Jin et al. 2006).

FA and cancer

Free radicals play a main role in the etiology of

cancer (Comporti 1989) and therefore dietary anti-

oxidants have been receiving particular attention as

potential inhibitors of uncontrolled cell growth. The

anti-carcinogenic activity of FA has been shown to be

related to its ability to scavenge ROS and stimulate

cytoprotective enzymes. By so doing, FA reduce lipid

peroxidation, DNA single-strand breakage, inactiva-

tion of certain proteins, and disruption of biological

membranes (Hirose et al. 1999).

Nicotine is believed to have a key role in the

pathogenesis of lung cancer due to the production of

free radicals in many cells including leucocytes. In rat

lymphocytes, FA (10–150 lM) counteracted nicotine-

induced lipid peroxidation and GSH depletion

(Sudheer et al. 2007). In the same study, nicotine has

been shown to significantly impair the antioxidant cell

defense system, but the co-administration of FA

(150 lM) counteracted the nicotine-induced decrease

in superoxide dismutase catalase, glutathione peroxi-

dase, vitamin A, E and C contents and this antioxidant

effect was comparable to that elicited by N-acetylcys-

teine treatment (Sudheer et al. 2007). An interesting

corollary from the study by Sudheer et al. is that the

antioxidant effects of FA is achieved in lymphocytes,

namely immune cells involved in the chronic response

to inflammatory diseases. This finding is in good

agreement with previous studies demonstrating the

activation of Hsp in lymphocytes of patients suffering

from AD and type 2 diabetes mellitus, two clinical

conditions characterized by a strong oxidative damage

(Calabrese et al. 2006b, 2007b). Taken together, these

lines of evidence underlie the common denominator in

the cytoprotective effect of FA and heat shock, i.e. the

induction of a systemic hormetic response.

Another mechanism for the anticarcinogenic action

of FA seems to be the stimulation of detoxification

enzyme. UDP-glucuronosyltransferases (UGTs) cata-

lyse the conjugation of endogenous and exogenous

compounds with glucuronic acid, resulting in less

biologically active molecules, with an enhanced water

solubility which facilitates the excretion through bile

or urine. UDP-glucuronosyltransferases have been

divided into two families: UGT1 and UGT2. The

former mainly catalyses the conjugation of exogenous

agents like drugs, peptides, etc., whereas the latter

glucuronidate endogenous molecules such as steroid

hormones and bile acids (King et al. 2001). FA

enhanced significantly UGT enzyme activity in the

liver contributing to a better detoxification of poten-

tially carcinogenic compounds and subsequently to

the prevention of gastrointestinal cancer (van der Logt

et al. 2003). Moreover, FA derivatives reduced

neoplastic cell growth by acting on both cyclooxy-

genase (COX) and caspases. COX exists as two main

isoforms named COX-1 and COX-2, constitutive and

inducible, respectively. These isoforms are homodi-

mers with a molecular weight of about 70 kDa per

monomer. Each monomer contains a heme molecule

as prosthetic group (Kurumbail et al. 2001). The COX

activity is responsible for the synthesis of PGG2 from

two molecules of oxygen and a molecule of arachi-

donic acid, whereas the peroxidase activity catalyses a

net two electron reduction of the 15-hydroperoxyl
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group of PGG2 yielding PGH2, with the release of an

oxidizing radical (Rouzer and Marnett 2003; Yamag-

ata et al. 1993). Finally, PGH2 is transformed by

tissue-specific isomerases (PG synthases) into PGE2,

PGD2, PGF2 and PGI2 (Thun et al. 2002). These

bioactive lipids are involved in many patho-physio-

logical conditions including inflammation, apoptosis,

and cancer (Patrono et al. 2001; Thun et al. 2002). In

particular, COX-2 is up-regulated in many types of

cancer, and non-steroidal antinflammatory drugs,

which inhibit COX activity, has been proposed as

anticancer drugs (Jayaprakasam et al. 2006; Patrono

et al. 2001; Thun et al. 2002). FA derivatives, such as

octyl and dodecyl esters, markedly inhibited the

growth of breast, lung, colon and central nervous

system tumor cells with an IC50 ranging from 17.05 to

4.29 lg/ml for breast and colon, respectively (Jaya-

prakasam et al. 2006). Furthermore, ferulates up to

lateral chain length C8 exhibited a significant COX-2

enzyme inhibition, although the inhibitory activity is

not strictly selective and decrease considerably for

esters with chain length [C8 (Jayaprakasam et al.

2006). On the other hand, in tumor cells, octyl esters

of FA induced apoptosis, through the release of

cytocrome c from mitochondria and the activation of

caspase-3 (Cione et al. 2008).

FA and cardiovascular disease

Cardiovascular diseases include coronary heart dis-

ease, cerebrovascular disease, raised blood pressure

(hypertension), peripheral artery disease, rheumatic

heart disease, congenital heart disease and heart

failure. The major causes of cardiovascular disease

are tobacco use, physical inactivity, unhealthy diet,

obesity, lipid levels hypertension and diabetes mellitus

(Riccioni et al. 2007). Cardiovascular disease is the

number one cause of death globally (Centers for

Disease Control and Prevention (CDC) 2001; Riccioni

et al. 2007). The risk to develop cardiovascular disease

is directly related to the blood pressure, in fact a

5 mmHg decrease in blood pressure has been equated to

a 16% decrease in cardiovascular disease (FitzGerald

et al. 2004). Previous studies have shown that sodium

ferulate decreases serum lipids, inhibits platelet aggre-

gation and prevents thrombus formation (Wang et al.

2004; Zhui et al. 2000). The discovery of the

antihypertensive and antihyperlipidemic properties

of FA was very surprising and opened a new frontier

in the potential ‘‘clinical’’ use of this molecule. FA

(1-100 mg/kg body weight orally administered) dose-

dependently decreased blood pressure in both sponta-

neously hypertensive rats (SHR) and stroke-prone

spontaneously hypertensive rats (SHRSP) with a max-

imum effect (-34 mmHg) 2 h after FA oral

administration (Ohsaki et al. 2008; Suzuki et al. 2002).

Interestingly, at the dose of 50 mg/kg body weight the

antihypertensive effect of FA was comparable to that

obtained with 10 mg/kg body weight of captopril, an

angiotensin-converting- enzyme (ACE) inhibitor

(Suzuki et al. 2002). The antihypertensive effect of FA

seems to be due not only to the inhibition of ACE

activity (Ohsaki et al. 2008) but also NO production

seems to be involved. In fact, the removal of endothe-

lium or the incubation of SHR thoracic aorta

with L-NAME, an inhibitor of NOS, abolished the

vasorelaxant effect of FA (Suzuki et al. 2007).

Atherosclerosis, another important form of cardio-

vascular disease, is characterized by a chronic

inflammatory response of vessel wall promoted by

oxidized lipid and cholesterol transported by low

density lipoproteins (LDL) which follows the accu-

mulation of macrophages and formation of foam cells

(Hassan et al. 2006). The atherosclerothic plaque thus

formed, decreases vascular elasticity, promotes lumi-

nal stenosis and thrombus formation which predispose

to cardio-cerebral and peripheral vascular disease

(Robbie and Libby 2001). FA reduced both triglyc-

eride (-26 mg/dl and -1.77 mmol/l in rats

and rabbits, respectively) and total cholesterol

(-10.2 mg/dl) plasma levels along with a significant

decrease in blood pressure (see above) in SHRSP and

rabbits fed with an high-lipid diet (Ohsaki et al. 2008;

Wang et al. 2004). Observation of atherosclerotic

plaque area highlighted that rabbits treated with FA

has a smaller atherosclerotic plaques than control

group (Wang et al. 2004). The mechanism(s) involved

in the lipid lowering activity of FA are still unknown.

However, an increased uptake of cholesterol by the

liver, probably mediated by high density lipoproteins

has been recently proposed (Ohsaki et al. 2008).

FA and diabetes

Diabetes mellitus (DM) is a chronic disease caused

by inherited and/or acquired deficiency in production
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of insulin by the pancreas, or by the resistance of

peripheral tissues to insulin. Insulin deficiency results

in increased concentrations of glucose in the blood,

which in turn injures many of the body’s systems, in

particular blood vessels and nerves (Edelman 1998;

von Herrath et al. 2007). In animal models of DM,

FA exerted beneficial effects by acting at many

levels. First, FA lowered blood glucose in a model of

db/db mice followed by a significantly increase in

plasma insulin with a negative correlation between

blood glucose and plasma insulin (Jung et al. 2007).

Second, the polyphenol inhibited the activity of

a-glucosidase which converts carbohydrates into

monosaccharides which can be absorbed through

the intestine and results in a high glucose level in

diabetic subject (Jung et al. 2007). Third, FA

increased the activity of glucokinase, a key enzyme

in the regulation of blood glucose levels because it

facilitates the phosphorylation of glucose to glucose-

6-phosphate, the first step in both glycogen synthesis

and glycolysis in the liver (Jung et al. 2007). A

common complication in diabetic patients is nephrop-

athy characterized by high protein levels in the urine.

Although the mechanism of diabetic nephropathy has

not yet been clarified because of the complexity of

the pathophysiology of DM, numerous factors have

been reported to be involved including activation of

the renin-angiotensin system (Giacchetti et al. 2005),

activation of protein kinase Cb (Inoguchi et al. 2003)

and acceleration of oxidative stress (Kiritoshi et al.

2003). In a rat model of DM, FA significantly

lowered urinary proteins level compared to the

control group and suppressed the expression of

transforming growth factor-b1 (TGF-b1) which is

involved in the activation of mesangial cells (Fujita

et al. 2008). Inflammatory cytokines may produce

more severe inflammation by increasing ROS gener-

ation and inflammatory cells chemotaxis. When

mesangial cells are activated by TGF-b1, the glo-

merular structure undergoes mesangial hyperthrophy

and fibrosis. Therefore one possible mechanism by

which FA exert its protective effects against nephrop-

athy is by reducing oxidative stress in this process.

FA and skin

The best known acute effect of excessive ultraviolet

(UV) exposure is erythema, the familiar skin

reddening termed sunburn. Chronic exposure to UV

radiation also causes a number of degenerative

changes in the cells, fibrous tissue and blood vessels

of the skin. These include freckles, nevi and lentig-

ines, which are pigmented areas of the skin, and

diffuse brown pigmentation (Hölzle 1992). Physio-

logically, prolonged sun exposure and UV radiation

accelerates skin aging, and the gradual loss of skin’s

elasticity results in wrinkles and dry, coarse skin

(Makrantonaki and Zouboulis 2007). Unlike chrono-

logically aged skin that results from a general atrophy

and a gradual decline in the production of the dermal

matrix (Frances and Robert 1984), photoaged skin is

characterized by a gross increase in skin elastic fibers

(elastin, fibrillin, and desmosine), glycosaminogly-

cans, collagen cross-linking, epidermal thickening,

and dermal cysts (Kligman et al. 1985; Kligman

1996).

UV-induced skin damage principally depends on

ROS formation: a photon of radiation interacts with

trans-urocanic acid in skin that generate singlet

oxygen that can activate the entire oxygen free

radical cascade with oxidation of nucleic acid,

proteins and lipids resulting in skin cancer and

photoaging change (Handson and Simon 1998). FA

has been shown to be a strong UV absorber (Graf

1992) and this finding represents an interesting

background supporting its use as topical protective

agent against UV radiation-induced skin damage. FA

is absorbed by skin at the same rate both at acidic and

neutral pH indicating that pH does not influence the

skin penetration and the molecule could be absorbed

both under undissociated and dissociated form (Saija

et al 2000). Moreover FA proved to afford a

significant protection to the skin against UVB-

induced erythema in a time dependent manner (Saija

et al 2000). On the other hand, FA is used also to

stabilize antioxidant products present in many for-

mulation for topical use such as vitamin C and

vitamin E. FA alone or in association with vitamin C

and vitamin E provided about 4- to 8-fold protection

against solar-simulated radiation damage probably

interacting with pro-oxidative intermediates (Lin

et al. 2005). Very recently, it has been shown that

topical treatment with a solution containing 15%

vitamin C, 1% vitamin E and 0.5% FA, provided an

effective photoprotection solar-simulated ultraviolet-

induced photodamage in the pig (Lin et al. 2008). On

this basis, it has been proposed to potentiate the
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photoprotective activity of FA by increasing the

deliver of the polyphenol contained in commercially

available sunscreens. At least two types of new drug-

delivery-systems (DDS) containing FA, such as solid-

lipid nanoparticles and cyclodextrins, have been

developed and the amount of polyphenol absorbed

by the skin increased significantly and, more impor-

tantly, the formation of FA degradation products have

been avoided (Anselmi et al. 2008; Souto et al. 2005).

As a matter of fact, the preparation of novel FA-DDS

may be very useful also to increase the bioavailability

of the polyphenol if administered per os. This

approach may improve the targeting of FA in several

tissues, and increase its in several anti-aging

strategies.

Very recently, a novel mechanism for the cyto-

protective effect of FA has been proposed. In human

dermal fibroblasts, FAEE decreased both hydrogen

peroxide-induced cytotoxicity and protein/lipid oxi-

dation with a mechanism which has been proposed to

be mediated by the up-regulation of HO-1 and Hsp70

(Calabrese et al. 2008). This last finding strengthens

the hormetic behavior of FA and opens new avenues

for the use of nutriceuticals to potentiate the cell

stress response.

Conclusions and perspectives

As discussed in this review, the cytoprotective effect

of FA in many experimental systems is well estab-

lished. However, the potential use of supplemental

FA in the therapy of age-related human pathologies is

still to be confirmed. The main concerns derive from

the pharmacokinetics of FA and in particular its poor

bioavailability and metabolic fate. The first question

to be addressed in further clinical studies should be

the following: after oral supplementation in humans,

does FA reach tissue concentrations similar to those

which have been shown to be effective in preclinical

studies? Unfortunately, no studies in humans are

available and data in rodents have shown a plasma

concentration *1–3 lM (Zhao et al. 2003) which is

lower than that used very often in several in vitro

studies. Furthermore, studies in rodents have clearly

shown that following intravenous administration, FA

accumulated in liver, kidney and lung, whereas the

concentration reached in other tissues such as brain or

heart is negligible (Li et al. 2008; Qin et al. 2007).

Taken together, these data do not allow to predict the

real cytoprotective role of FA in human diseases such

as neurodegenerative disorders in which its functional

role has been claimed based on in vitro studies.

However, an attempt to overcome this limitation was

made and FA has been complexed with liposomes,

nanoparticles and niosomes in order to improve its

absorption and tissue distribution. Using these new

delivery systems, FA was better absorbed and its

concentration increased in many organs, even if in the

brain it was still low (Li et al. 2008; Qin et al. 2007).

The second question to be addressed is the remark-

able stimulation of UGT by FA (van der Logt et al.

2003). This effect should be taken into consideration

because many drugs, including benzodiazepines,

morphine, acetaminophen and organic nitrates are

metabolised by UGT and therefore its stimulation

could decrease the plasma concentrations of these

drugs and reduce their pharmacological effects. For

instance, the concomitant administration of FA with

benzodiazepines may reduce their sedative effect as

well as the antipyretic activity of acetaminophen or

the useful effects of organic nitrates in the treatment

of angina pectoris. All these drug interactions should

be careful considered in selected populations such as

aged patients, for whom the supplementation with FA

have been claimed. It is possible to conclude that

clinical research on FA and its potential use in human

diseases needs to be potentiated. So far, the ‘‘thera-

peutic’’ use of FA in some human age-related

pathologies could be only considered an attractive

hypothesis.
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