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Ferulic acid (FA) belongs to the family of phenolic acids and is very abundant in fruits and vegetables.
Over the past years, several studies have shown that FA acts as a potent antioxidant by scavenging free
radicals and enhancing the cell stress response through the up-regulation of cytoprotective systems, e.g.
heme oxygenase-1, heat shock protein 70, extracellular signal-regulated kinase 1/2 and the proto-
oncogene Akt. Furthermore, FA was shown to inhibit the expression and/or activity of cytotoxic enzymes,
including inducible nitric oxide synthase, caspases and cyclooxygenase-2. Based on this evidence, FA has
been proposed as a potential treatment for many disorders including Alzheimer’s disease, cancer, cardio-
vascular diseases, diabetes mellitus and skin disease. However, despite the great abundance of preclinical
research, only a few studies were carried out in humans, the majority of which used foods containing
FA, and therefore the clinical efficacy of this mode of administration needs to be further documented.
New efforts and resources are needed in clinical research for the complete evaluation of FA therapeutic
potential in chronic diseases.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferulic acid [(E)-3-(4-hydroxy-3-methoxy-phenyl)prop-2-enoic
acid)] (Fig. 1) is a caffeic acid derivative widely found in vegetables,
fruits and some beverages such as coffee and beer (D’Archivio et al.,
2007; Rechner et al., 2001) (Table 1). Moreover, FA is also a compo-
nent of Chinese medicinal herbs, such as Angelica sinensis, Cimicif-
uga racemosa and Ligusticum chuangxiong (Ou and Kwok, 2004)
(Table 1).

Although the earlier interest for FA and other caffeic acid-deriv-
atives traces back to the mid-1950s, when Preziosi and collabora-
tors (1957a–c, 1958) unraveled their coleretic, hypolipidemic and
diuretic functions, only recently have these phenolic acids gained
attention for their potential role as an adjuvant therapy for several
free radical-induced diseases. In particular, FA was proposed as a
novel antioxidant compound endowed with a strong cytoprotec-
tive activity due to both the ability to scavenge free radicals and
activate cell stress response (see below). However, the unfavorable
pharmacokinetics, which reduces the bioavailability of FA after
ingestion (or oral administration) and the restricted number of
clinical studies carried out with the purpose of proving FA efficacy
O
CH3

OH

OO H

Fig. 1. The chemical structure of ferulic acid.

able 1
pproximate amounts of ferulic acid in some foods and Chinese herbs.

FA1 (mg/100 g) Aver

White wheat bread 8.2 35 (5
Pasta 12 100
Cereal brans3 1351–3300 5 (20
Tomatoes 6 200
Artichokes 2754 250
Eggplants 7.3–35 200
Broccoli 4.1 200
Grapefruit �11 125
Orange �9.5 125
Banana 5.4 125
Coffee 9.1–14.3 200
Popcorn 313 60

Angelica sinensis 20–1755 3–15
3–66

Cimicifuga foetida 257 0.04
Ligusticum chuanxiong 1067 Not

1 From Zhao and Moghadsian (2008).
2 From Zhao and Moghadsian (2008). In brackets the values according to the guidelin
3 Include refined corn bran, soft and hard wheat bran and rye bran.
4 Average content in chlorogenic acid (Mulinacci et al., 2004) which is transformed in
5 From Yi et al. (2009).
6 From EFSA Journal (2009).
7 From Li et al. (2007).
8 Data not available for C. foetida. The average daily portion related to Cimicifuga race
and safety, limited the evidence regarding the potential interest of
this phenolic acid in humans.

The aim of this review is to provide the reader with a systematic
overview on the pharmacology and toxicology of FA. In addition, the
role of FA as a potential therapeutic agent for the prevention and
treatment of neurodegenerative disorders, cancer, cardiovascular
diseases, diabetes and skin diseases will be critically discussed.
2. Pharmacokinetics of ferulic acid

According to the typical Mediterranean diet, whose characteris-
tics are the abundance of plant foods (3–5 servings/day, including
vegetables, fruits, breads and grains) and a low-to-moderate
consumption of red meat, fish and wine, the daily amount of FA
ingested was calculated around 150–250 mg (16–24 lmol/kg of
body weight) (Barone et al., 2009; Zhao and Moghadasian, 2008).
However, the amounts of FA ingested and calculated on the basis
of the data shown in Table 1 should be considered as theoretical
since they can vary according to the eating habits and the number
of vegetable/fruit daily servings.

Since in fruits and vegetables FA is covalently conjugated
through ester-linkage with mono-, di-, and poly-saccharides [5-
O-feruloyl-L-arabinofuranose and 5-O-feruloyl-arabinoxylane are
the most common forms of FA in cereals], glycoproteins, poly-
amines, lignin and the hydroxy fatty acids suberin and cutin
(Bourne and Rice-Evans, 1998; Clifford, 1999; Ou and Kwok,
2004; Saulnier et al., 1995), many studies have been carried
out to establish if conjugation modifies FA pharmacokinetic
parameters.
2.1. Absorption and distribution

After ingestion, both FA and 5-O-feruloyl-L-arabinofuranose
are not degraded by the stomach acid environment and undergo
age daily portion2 (g/day) Ingested amount of FA (mg/day)

0) 2.87 (4.10)
(80) 12 (9.6)
) 68–165 (270–660)

(250) 12 (15)
688

(250) 15–70 (18–87)
(250) 8.2 (10.25)
(150) 13.75–16.5
(150) 11.88–14.25
(150) 6.75–8.1

18.2–28.6
187.8

6 (dried root) 0.6–26.25
(powdered root) 0.6–10

8 0.01
available Not available

es of the Italian Society of Human Nutrition.

to ferulic acid (Azzini et al., 2007).

mosa was reported. WHO Monographs on selected medicinal plants, 1999.



Table 2
The main pharmacokinetic parameters of ferulic acid.

Ferulic acid pharmacokinetic parameters

Biovailability
(%)

PPBa Tmax

(min)
Cmax

(lM)
T1/2a

(min)
Metabolism Excretion References

Rat 9–20 – 5–15 �25b 30 Liver [glucuronide (3–20%) and
sulfoglucuronide (60–90%)
derivatives]

Urine Barone et al. (2009), Rondini et al. (2002, 2004), Zhao
and Moghadasian (2008), and Zhao et al. (2003, 2004)

30c �1.3–
23c

100c

Humans �20 70%e 24 2–3d 42 Liver (glucuronide, sulfoglucuronide
and glycine derivatives)

Urine Bourne and Rice-Evans (1998), Kern et al. (2003),
Yang et al. (2007), and Zhao and Moghadasian (2008)

180f 0.2 325

a PPB, Plasma protein binding; T1/2, half-life.
b After FA at the dose of 70 mg/kg per os.
c 5-O-feruloyl-L-arabinofuranose or feruloyl-arabinoxylan.
d After FA at the dose of 4.3 lmol/kg per os.
e From an in vitro study by using human serum albumin.
f After ingestion of wheat bran (22.5 lmol/kg).

Ferulic acid

COX-2 iNOS ROS 

NO

RNS

SOD CAT Hsp70 

UP Bax/Bad 
Cyt.c/Apaf-1 

Casp-3 

HO-1 
BVR? 

ERK 
pAKT 

Fig. 2. Some of the main intracellular targets involved in the pharmacological
actions of ferulic acid. For further information, see text. Arrows = stimulation;
dashed arrows = inhibition; Apaf, apoptotic protease activating factor-1; Bad, Bcl-2-
associated death promoter; Bax, Bcl-2-associated X protein; BVR, biliverdin
reductase; Casp-3, caspase-3; CAT, catalase; COX-2, cyclooxygenase-2; cyt. C,
cytochrome c; ERK, extracellular signal-regulated kinases; HO-1, heme oxygenase-
1; Hsp70, heat shock protein-70; iNOS, inducible nitric oxide synthase; NO, nitric
oxide; RNS, reactive nitrogen species; ROS, reactive oxygen species; SOD, super-
oxide dismutase; and UP, unfolding of proteins.
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intestinal transit (Zhao et al., 2004). In the colon, bound FA is re-
leased from parent compounds by microbial cinnamoyl esterase
(Couteau et al., 2001), xylanase and FA esterase (Kroon et al.,
1997) and mainly absorbed by passive diffusion (�90%), whereas
only a small percentage by active transport via the monocarboxylic
acid transporter (Poquet et al., 2008). The course of FA upon its
absorption has been largely analyzed and the main pharmacoki-
netic parameters in rats and humans are shown in Table 2. A
careful analysis of Table 2, shows how FA is quickly absorbed after
oral ingestion and reaches the peak plasma concentration (Cmax)
within 30 min (Tmax); interestingly, the complexation of FA with
mono- or di-saccharides markedly reduces the Cmax and increases
both the Tmax and half-life with respect to free FA administration
in rats and humans.

2.2. Metabolism and excretion

Ferulic acid undergoes extensive presystemic metabolism in the
liver through the isoforms 1A1 and 2B7 of the UDP-glucuronosyl-
transferase (UGT) (Li et al., 2011). As documented in both
preclinical and clinical studies, glucuronide (�3–20%) and sulfo-
glucuronide (�60–90%) are the most abundant metabolites of FA
in plasma, whereas only a low percentage of unmodified FA (�9–
20%) has been found (Bourne and Rice-Evans, 1998; Rondini
et al., 2002, 2004; Zhao et al., 2003, 2004). Both FA and its metab-
olites are excreted mainly from the kidney. In rats, the urinary
excretion of FA is rapid and reaches a plateau 1.5 h after the admin-
istration (Rondini et al., 2002), whereas in humans it is much
slower with a plateau between 7 h and 9 h after consumption
(Bourne and Rice-Evans, 1998). However, the unmodified FA recov-
ered in urine represents only 4–5% of ingested FA and these results
are similar in both humans and rodents (Bourne and Rice-Evans,
1998; Rondini et al., 2002). Urinary excretion is influenced by FA
conjugation, after bran consumption the FA elimination rate is
15-fold slower than after the intake of the pure molecule (Rondini
et al., 2002, 2004).

3. Pharmacodynamics of ferulic acid

Both the 3-methoxy and 4-hydroxyl groups on the benzene
ring, which either stabilize the resulted phenoxyl radical interme-
diate or even terminate the free radical chain reaction, and the car-
boxylic acid group (with the adjacent unsaturated carbon–carbon
double bond) which can further contribute to stabilize the phe-
noxyl radical intermediate or provides an additional attack site
for free radicals (Graf, 1992), are the structural moieties which
make FA an efficient scavenger of both reactive oxygen and nitro-
gen species (ROS and RNS, respectively). On the other hand, several
lines of evidence have demonstrated that the cytoprotective effects
of FA could be attributable to the down-regulation of pathways in-
volved in cell death [e.g. inducible nitric oxide synthase (iNOS)]
and the up-regulation of gene/proteins which are able to enhance
the cell stress response [the heme oxygenase/biliverdin reductase
(HO/BVR) system, superoxide dismutase (SOD), catalase (CAT)
and members of the heat shock protein family] (Fig. 2) (Barone
et al., 2009).
3.1. Ferulic acid and free radical scavenging

Ferulic acid [150 mg/kg intraperitoneally (i.p.)] for 4 days coun-
teracted free radical-induced lipid peroxidation and apoptotic cell
death in the organ of Corti of guinea pigs exposed to noise (120 dB
SPL pure tone sound at a frequency of 6 kHz for 60 min) (Fetoni
et al., 2010). Interestingly, FA administration reduced functional
damage and improved hearing function in these animals (Fetoni
et al., 2010). The antioxidant activity of FA seems to depend on
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the radical species involved. As shown by Trombino et al. (2013) in
an experimental system of reconstituted rat brain microsomes, FA
efficiently inhibited lipid peroxidation triggered by peroxyl radical
or peroxynitrite. This in vitro evidence is in agreement with the
study by Kanski et al. (2002) who demonstrated how FA (25–
50 lM) significantly attenuated peroxyl radical-induced cell death
in hippocampal neuronal cells, although higher concentrations
(250–500 lM) were necessary to reduce both protein oxidation
and lipid peroxidation induced by the stronger hydroxyl radical.
The ability of FA to scavenge ROS is not restricted to peroxyl or
hydroxyl radicals since, at the concentration of �200 lM, it
reduced hydrogen peroxide-induced lipid peroxidation in periphe-
ral 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).

Ferulic acid was also shown to inhibit the toxicity of secondary
free radicals, such as those generated by carbon tetrachloride
(CCl4). Srinivasan et al. (2005) have shown that FA (20 mg/kg per
os) prevented liver damage secondary to carbon tetrachloride
administration in female rats. In this study, FA significantly
decreased both plasma indicators of liver toxicity and markers of
lipid and protein oxidation (Srinivasan et al., 2005).

The in vitro administration of FA (0.1–1.6 mM) in cultures of
sperm taken from infertile patients with asthenozoospermia has
had beneficial effects on the viability and motility of sperm by
reducing lipid peroxidation of the cell membrane and increasing
intracellular levels of cAMP and cGMP (Zheng and Zhang, 1997).

As for the above mentioned in vitro scavenging activity towards
peroxynitrite, FA (0–100 lM) inhibited tyrosine nitration in a
reconstituted system (Pannala et al., 1998). The cytoprotective
effects of FA against RNS are also dependent on its ability to down-
regulate NOS isoforms. Cho et al. (2005) showed that FA (0.006%
per os) for 4 weeks counteracted the over-expression of eNOS
induced by amyloid-b-peptide (Ab) in mouse hippocampal astro-
cytes. Recently, FA (100 mg/kg intravenously) was shown to
prevent iNOS induction and apoptosis in a rat model of cerebral
ischemia, such as the middle cerebral artery occlusion (Koh,
2012; Cheng et al., 2010). Similar results on NOS isoforms were
obtained by using FA ethyl ester (FAEE) a synthetic and more
liposoluble derivative of FA. As shown by Sultana et al. (2005),
pre-treatment of rat neuronal cells with 25 lM FAEE for 1 h
significantly decreased Ab-stimulated iNOS up-regulation (Sultana
et al., 2005).

3.2. Ferulic acid and antioxidant enzymes

Ferulic acid and FAEE have been shown to enhance the cell
stress response by regulating several key enzymes whose main
mechanism of action is to counteract free radical-induced damage,
such as the heme oxygenase/biliverdin reductase (HO/BVR) sys-
tem, superoxide dismutase (SOD), catalase (CAT) as well as the
chaperone heat shock protein (Hsp)-70 (Fig. 2).

3.2.1. Ferulic acid and the HO/BVR system
Heme oxygenase-1, the inducible form of HO, degrades heme,

toxic if produced in excess or under redox imbalance, generating
equimolar amounts of ferrous iron, carbon monoxide (CO) and bil-
iverdin (BV) that is then reduced by biliverdin reductase (BVR) to
bilirubin (BR) (Maines, 1997). Both CO and BR play a main role in
restoring cell homeostasis, the former by interacting with NADPH
oxidase or the mitogen activated protein kinase (MAPK) system,
whereas the latter is an efficient scavenger for ROS and RNS
(Mancuso et al., 2003, 2006, 2012; Mancuso and Barone, 2009;
Minetti et al., 1998; Stocker et al., 1987a, 1987b).

Ferulic acid and FAEE (5–50 lM or 150 mg/kg i.p.) were shown
to up-regulate HO-1 expression in many preclinical models,
including rat neurons, gerbil synaptosomes and dermal fibroblasts
and this effect resulted in a significant cytoprotection against
ROS- and glucose oxidase-related oxidative damage (Calabrese
et al., 2008; Joshi et al., 2006; Kanski et al., 2002; Scapagnini
et al., 2004). Ferulic acid (150 mg/kg i.p.) for 4 days, up-regulated
HO-1 in the guinea pig organ of Corti with a peak 3 and 7 days after
the acoustic trauma (see above); FA-induced improvement of the
auditory function was counteracted by the HO inhibitor zinc-pro-
toporphyrin-IX and paralleled the time-course of HO-1 induction
over 3–7 days, thus corroborating that the neuroprotective effect
of the phenolic acid was due not only to the direct free radical
scavenging, but also to the induction of cytoprotective HO-1
(Fetoni et al., 2010). A possible mechanism through which FA up-
regulates HO-1 is the over-expression and nuclear translocation
of the transcription factor NF-E2-related factor (Nrf2) which binds
the antioxidant responsive element in the promoter region of the
HO-1 gene, thus increasing the transcription (Ma et al., 2011). A
role in FA-activation of Nrf2/HO-1 is played by the extracellular
signal-regulated kinase (ERK) since its blockade counteracts the
nuclear translocation and transcriptional activity of Nrf2 on the
HO-1 gene (Ma et al., 2011),

3.2.2. Ferulic acid and superoxide dismutase or catalase
Superoxide dismutase and CAT play a pivotal role in the detox-

ification of ROS, since the former is responsible for the transforma-
tion of superoxide anion in hydrogen peroxide which is further
transformed by CAT into oxygen and water (Fridovich, 1999;
Halliwell, 1978). Ferulic acid, at different doses and intervals of
administration (50 mg/kg alternative day or 50 mg/kg daily for
8 weeks per os or 110 mg/kg/daily for 12 weeks per os), restored
SOD and CAT levels in myocardium and pancreatic tissue of
streptozotocin-induced diabetic rats (Roy et al., 2013; Xu et al.,
2012). The potential protective role of FA in diabetes was further
supported by the evidence of reduced levels of pro-inflammatory
cytokines and apoptosis in the pancreatic b-cells (Roy et al.,
2013). As far as cardioprotection is concerned, FA (0.8 g/kg of pow-
dered food) for 4–12 weeks, increased SOD and CAT activities in
hypertensive rats (Alam et al., 2013). In the vascular system, FA
(0.2% w/w in the food) for 15 weeks increased SOD and CAT activ-
ities in hepatocytes and erythrocytes and exerted hypolipidemic
and anti-atherogenic properties in Apolipoprotein-E-deficient mice
(Kwon et al., 2009, 2010).

Interestingly, FA exhibited antioxidant properties even if
administered topically. As shown by Dong et al. (2003), FA (200–
800 mg/kg intracolonically) for 7 days increased SOD activity and
reduced inflammatory biomarkers in the colonic mucosa in a rat
model of acetic acid-induced colitis.

3.2.3. Ferulic acid and heat shock protein 70
Several proteins belong to the heat shock protein family and

they are expressed at low levels under physiological conditions
although they show a dramatically increased expression in re-
sponse to oxidative or nitrosative stress (Garrido et al., 2012;
Henderson, 2010). From a mechanistic viewpoint, Hsp facilitate
the folding of cellular proteins, prevent protein aggregation and tar-
get improperly folded proteins to specific degradative pathways
(proteasome) (West et al., 2012; Zuiderweg et al., 2013). In addi-
tion, Hsp70 is a functional chaperone and exerts cytoprotective
activity by regulating the key effectors of the apoptotic machinery
(Evans et al., 2010). Only little evidence is available in literature
on the FA-based modulation of Hsp and they have been obtained by
using the liposoluble FAEE. As shown by Allan Butterfield’s group,
FAEE up-regulated Hsp70 in rat cortical neurons and prevented
ROS- and Ab-induced toxicity (Joshi et al., 2006; Sultana et al., 2005).

The mechanisms involved in FA-induced SOT, CAT and Hsp70
activation are not clear. However, it is not possible to exclude
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the possibility that the antioxidant and cytoprotective effects of FA
and its derivatives due to the ability to both scavenge free radicals
and activate the HO-1/BVR system and counteract inflammation
and apoptosis (Fig. 2) could reduce the harsh pro-oxidant condi-
tions proper of neurodegeneration, diabetes and cardiovascular
diseases, thus restoring, or even improving, SOD, CAT and Hsp70
expression or activity.

Considered together, the results of the studies mentioned in this
section demonstrated that FA counteracts both ROS- and RNS-in-
duced damage in many tissues or cell types and these effects can
be achieved through both its direct free radical scavenging activity
and the up-regulation of the HO/BVR system, SOD and CAT whose
final aim is to detoxify ROS and RNS (Fig. 2). By doing so, FA
prevents free radical-induced damage of cellular lipid, protein
and nucleic acid, and protects cells from necrotic or apoptotic
death, thus increasing lifespan.

3.2.4. New formulations of ferulic acid
In order to increase FA bioavailability and enhance its cytopro-

tective effects, new formulations have been prepared in which the
phenolic acid is entrapped either in solid lipid nanoparticles (SLN)
or in niosomes or is bound to other therapeutic agents through or-
ganic moieties (e.g. aminoacids) which serve as carriers (pro-pro-
drug). These strategies have led to the preparation of FA- or
stearylferulate (SF)-based SLN (FA-SLN and SF-SLN, respectively)
and L-Lysine-FA-5-ASA pro-prodrug (Cassano et al., 2010; Picone
et al., 2009; Trombino et al., 2009). These new formulations signif-
icantly enhanced the antioxidant effects of FA against both ROS
and RNS in preclinical models (Cassano et al., 2010; Picone et al.,
2009; Trombino et al., 2009, 2013) and are a useful platform for
the possible translation of this strategy to clinic evaluation.

4. Ferulic acid and Alzheimer’s disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disor-
der characterized by progressive cognitive dysfunction and mem-
ory loss, the inability to perform activities of daily living and
mood disorders (Querfurth and LaFerla, 2010). The main role in
Table 3
A summary of the main effects/mechanisms through which ferulic acid and its
derivatives could have therapeutic effects. For further information refer to the text.

Diseases Effects/mechanisms

Alzheimer’s
disease

; Neuroinflammation (;IL-1b)

; Apoptosis (;caspase activation)
; b-secretase activity
" Cytoprotective systems (ERK1/2, Akt)
" Antioxidant enzymes (HO-1, Hsp70)

Cancer " Centrosome assembly ("RABGAP1, CRP2)
" Antioxidant enzymes ("SOD, CAT)
; Blockade cell cycle progression ("SMC1L1, ;CCNA2,
CCNB1, MYC, ODC1)
; COX-2 activity

Cardiovascular
diseases

; Hypertension (;angiotensin II, "NO synthesis,
;superoxide anion)
" Left ventricle performance
; Potassium channels and b-adrenoceptors
" Kidney function
; Serum lipids

Diabetes ; NF-kB
" Plasma insulin
; Glycemia ("glycogen synthesis, "glucokinase)
; Maltase and sucrase activities
; Aldose reductase activity
; TGF-b
" Therapeutic effects of metformin and THD
the pathogenesis of AD is played by Ab, a peptide composed of
36–43 amino acids and produced by serial cleavage of the amyloid
precursor protein (APP) by the concerted activities of both b- and
c-secretases (Querfurth and LaFerla, 2010). Once produced, Ab
tends to aggregate in the form of oligomers or fibrils (Querfurth
and LaFerla, 2010) and form the core of senile (or amyloid) plaques
(Butterfield et al., 2007). Importantly, Ab activates specific kinases,
such as GSK3b, cyclin-dependent kinase 5 (cdk5) and DYRK1A (Bal-
lard et al., 2011; Keeney et al., 2012) which, in turn, are responsible
for tau hyperphosphorylation and aggregation in neurofibrillary
tangles. The accumulation of Ab oligomers, which precedes the for-
mation of tau protein aggregates, impairs mitochondrial activity in
the neuron (Ferrer, 2009; Rhein and Eckert, 2007; Sultana and But-
terfield, 2009) and the result is an abnormal increase in the pro-
duction of ROS, such as superoxide anion and hydrogen peroxide
(Ferrer, 2009; Rhein and Eckert, 2007). There is also the activation
of tumor necrosis factor type I receptor, which, in the presence of
Apaf-1, activates the apoptosis cascade (Li et al., 2004; Rabacchi
et al., 2004). It is worth noting that Ab overproduction decreases
SOD-1 and SOD-2 activities leading to increased intracellular levels
of ROS, which cause oxidative damage to the lipids and proteins of
the neuron (Anantharaman et al., 2006; Bayer et al., 2006). Excess
superoxide radicals also react with NO produced by activated
microglia, thereby enhancing the formation of peroxynitrite and
other RNS involved in protein nitration (Calabrese et al., 2007; Re-
iter et al., 2000; Smith et al., 1997). The accumulation of ROS/RNS
together with the activation of apoptosis and reduction of SOD
contribute to the destruction of cholinergic areas involved in cog-
nitive performance, such as amygdala, hippocampus and cortex
(Grothe et al., 2010). Ferulic acid, by its antioxidant and anti-
inflammatory properties, could exert beneficial effects in AD
(Table 3).

In aged rats (21 months), dietary supplementation with sodium
ferulate (SF, 100–200 mg/kg body weight) for 4 weeks has counter-
acted the increase, induced by age, of pro-inflammatory cytokines,
such as interleukin-1b (IL-1b) and has contributed to preventing
the reduction of the activity of proteins, such as ERK1/2 and pro-
to-oncogene Akt, both with a marked neuroprotective action, in
the rat hippocampus (Jin et al., 2008).

Pre-treatment with FA (14–19 mg/kg/day per os) for 4 weeks
significantly counteracted IL-1b production, neuroinflammation
and gliosis in the mouse hippocampus induced by the intracere-
broventricular (i.c.v.) injection of Ab and improved memory loss
as well (Yan et al., 2001). This last effect could be also associated
to the ability of IL-1b to inhibit long-term potentiation in the hip-
pocampus (Katsuki et al., 1990). A strong reduction in inflamma-
tory biomarkers was also obtained in rats, but with higher SF
doses (50–250 mg/kg/day orally for 4 weeks); in this species, the
SF-related reduction in IL-1b was paralleled by an increase in the
phosphorylation of both ERK and Akt in the hippocampal CA1 re-
gion (Jin et al., 2005). Similar results, in terms of reduction of neur-
oinflammation, were obtained in the transgenic APPswe/presenilin
1 (PS1)dE9 (APP/PS1) mouse model of AD; in these animals, the
oral administration of FA (5.3 mg/kg/day) for 6 months signifi-
cantly reduced Ab deposition and IL-1b levels in the frontal cortex
and enhanced cognitive performance (novel-object recognition
task) (Yan et al., 2013). In an interesting ex vivo study, FA
(150 mg/kg i.p.) exhibited strong neuroprotective effects by reduc-
ing Ab-induced ROS and RNS and up-regulating both HO-1 and
Hsp70 in gerbil brain synaptosomes (Perluigi et al., 2006).

Similarly, FA (0.002–0.005%) administered for 28 days in drink-
ing water has improved the cognitive deficit induced by trimethyl
tin (2.5 mg/kg i.p.), possibly by a mechanism associated with the
increase of the enzyme choline acetyltransferase activity (Kim
et al., 2007). Neuroprotective and nootropic effects of FA have also
become evident in the case of a short-term administration by the
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parenteral route. Mamiya et al. (2008) have shown that FA
(5 mg/kg subcutaneously for 6 days) reduced brain damage from
oxidative stress induced by deprivation of reduced glutathione
and has significantly increased the cognitive activity in mice.

As far as the apoptotic cascade is concerned, SF attenuated Ab-
induced caspase activation. In rats treated with Ab by i.c.v. route,
pre-treatment with SF (100 and 200 mg/kg intragastrically for
3 weeks) inhibited caspase-9, -3, and -7 activation thus contribut-
ing to preventing neurotoxicity (Jin et al., 2006).

A novel mechanism through which FA could exert neuroprotec-
tion in AD is the modulation of b-secretase. As shown by Mori et al.
(2013), oral FA administration (30 mg/kg) for 6 months decreased
cleavage of the b-carboxyl-terminal APP fragment, reduced b-site
APP cleaving enzyme 1 protein stability and activity, attenuated
neuroinflammation, and stabilized oxidative stress in a transgenic
PS/APP mouse model of AD. As a consequence of these modifica-
tions, a significant improvement of cognitive tasks occurred in
these animals (Mori et al., 2013).

5. Ferulic acid and cancer

Several factors are involved in the pathogenesis of cancer, such
as chronic inflammation, enhanced cell proliferation and/or
resistance to apoptosis, free radical formation and the following
damage to DNA and cell proteins, abnormal activation of pro-
inflammatory pathways including cyclooxygenases (COX) and
NOS, etc. In light of this, each of these events not only plays a
key role in carcinogenesis per se, but also contributes to strength-
ening the toxic potential of the others, thus amplifying the cell pro-
liferative cascade (Kundu and Surh, 2008). The ability of FA to
regulate cell growth and proliferation, scavenge free radicals, stim-
ulate cytoprotective enzymes and inhibit cytotoxic systems in both
in vitro and in vivo experimental models account for the potential
adjuvant role of FA in cancer therapy (Table 3).

Ferulic acid (150 lM) for 24 h exhibited antiproliferative effects
on Caco-2 colon cancer cells by up-regulating several genes encod-
ing proteins involved in centrosome assembly (RABGAP1 and
CEP2) and the gene for the S phase checkpoint protein SMC1L1
as well as down-regulating CCNA2, CCNB1, MYC, and ODC1
(Janicke et al., 2011). As a consequence of these selective effects,
cell cycle progression in the S-phase was blocked (Janicke et
al., 2011).

Nicotine plays a central role in the pathogenesis of lung cancer
as it increases free radical production in many cell types, including
leucocytes. Ferulic acid (10–40 mg/kg per os for 22 weeks) has sig-
nificantly reduced plasma levels of lactic dehydrogenase and alka-
line phosphatase in nicotine-treated rats, two plasma markers of
tissue damage (Adluri et al., 2008). Ferulic acid (100–150 lM)
counteracted the nicotine-induced lipoperoxidation and DNA dam-
age vis-à-vis with an increased intracellular levels of SOD, CAT and
vitamin A, C and E in rat lymphocytes (Sudheer et al., 2007). The
cytoprotective action of FA, which is highest at the concentration
of 150 lM, was comparable to that performed by N-acetyl-cys-
teine, 1 mM (Sudheer et al., 2007). It is worth noting that the
administration of only FA has not caused any damage to DNA
(Sudheer et al., 2007).

Another possible target for the antineoplastic activity of FA
derivatives is COX, which exists as two main isoforms, COX-1
and COX-2, constitutive and inducible, respectively. In particular,
COX-2 is up-regulated in many types of cancer, and non-steroidal
antinflammatory drugs, which inhibit COX activity, have been pro-
posed as anticancer drugs (Cuzick et al., 2009; Menter et al., 2010).
Ferulic acid-octyl and -dodecyl esters, significantly blocked the
growth of breast, lung, colon and central nervous system tumor
cells with IC50 values ranging from 17.05 to 4.29 lg/ml for the
breast and colon, respectively (Jayaprakasam et al., 2006). In addi-
tion, ferulates inhibited COX-2 activity, although this effect was
not strictly selective and decreased considerably for esters with
chain length >C8 (Jayaprakasam et al., 2006).

Ferulic acid (40 mg/kg per os) or an extract of Ixora javanica
(200 mg/kg orally), whose active compound was identified as FA,
were shown to prevent mammary carcinogenesis induced by
7,12-dimethylbenz[a]anthracene and the 20-methylcolantrene-in-
duced growth of soft tissue fibrosarcomas in rodents (Baskaran
et al., 2010; Nair et al., 1991). The mechanisms involved in these
antiproliferative effects have not been totally identified, although
they can be related to the FA antioxidant activity and the modula-
tory effect on phase II detoxification enzymes (Baskaran et al.,
2010). In addition, FA (200 mg/kg per os) counteracted the growth
of intraperitoneally transplanted sarcoma-180 and Ehrlich ascites
carcinoma tumors and increased the life span of the treated mice
(Nair et al., 1991). Finally, FA (given in the feed at 500 mg/kg of
feed) for 7 weeks to rats markedly reduced the incidence of tongue
neoplasms (squamous cell papilloma and carcinoma) and preneo-
plastic lesions (hyperplasia and dysplasia) by 32 weeks (Tanaka
et al., 1993).

Preclinical data proposed the potential use of FA as an adjuvant
agent during chemotherapy or radiotherapy. Ferulic acid potenti-
ated the cytotoxicity of either 5-fluorouracil or platinum-based
agents (carboplatin and cisplatin) on human cervical cancer cell
line HeLa and erythroleukemic cell line K562, respectively
(Hemaiswarya and Doble, 2013; Indap et al., 2006). Interestingly,
FA per se inhibited HeLa cell growth with IC50 �320 lM (Hemais-
warya and Doble, 2013). Moreover, FA alone (1–40 lg/ml) or in
combination with 2-deoxy-glucose enhanced the radiation-in-
duced death of both HeLa and large cell lung cancer NCI-H460 cells,
respectively, with a multifaceted mechanism entailing an alter-
ation in the redox status and expression of pro-apototic pathways
such as those related to p53, p21, nuclear factor kB (NF-kB), Bax
and caspase-3 (Karthikeyan et al., 2011; Bandugula and Prasad,
2013).
6. Ferulic acid and cardiovascular diseases

Cardiovascular diseases (e.g. heart disease, cerebrovascular dis-
eases) are the leading causes of death worldwide (Pagidipati and
Gaziano, 2013). Hypertension and atherosclerosis are among the
main risk factors underlying cardiovascular disease and the control
of blood pressure and serum lipid levels are considered as impor-
tant steps in reducing the incidence of such diseases. Earlier stud-
ies explained the antithrombotic effect of SF (Wang and Ou-Yang,
2005). In this context, the discovery of the antihypertensive and
antihyperlipidemic properties of FA has broken new ground for a
potential ‘‘clinical’’ use of this molecule in cardiovascular diseases
(Table 3).

Ferulic acid (1–100 mg/kg orally administered) decreased blood
pressure in both spontaneously hypertensive rats (SHR) and
stroke-prone, spontaneously hypertensive rats (SHRSP) in a dose-
dependent way (Alam et al., 2013; Ardiansyah et al., 2008; Suzuki
et al., 2002). The maximum reduction in blood pressure was
achieved 1–2 h after FA oral administration (Ardiansyah et al.,
2008; Suzuki et al., 2002). Interestingly, FA 50 mg/kg exhibited
an antihypertensive effect comparable to that obtained with
10 mg/kg of captopril, an angiotensin-converting-enzyme (ACE)
inhibitor (Suzuki et al., 2002). The vasodilating effect of FA is to
be considered multifactorial, as it involves the reduction of angio-
tensin II secondary to the inhibition of the ACE, the increase of NO
synthesis through the activation of eNOS and finally the reduction
of NADPH-dependent production of superoxide anion (Suzuki
et al., 2002, 2007). Ferulic acid (50 mg/kg) reduced left ventricular
diastolic stiffness, attenuated inflammatory cell infiltration, ferric
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iron accumulation, and collagen deposition in the left ventricles
and kidneys of SHR (Alam et al., 2013). These cardioprotective ef-
fects were obtained both in the case of single FA administration
(Ardiansyah et al., 2008) and chronic treatment (Alam et al.,
2013; Suzuki et al., 2002). A cardioprotective effect for FA was also
demonstrated in some preclinical models of arrhythmias. Ferulic
acid (0.6 g/kg, intravenous bolus) increased the threshold dose of
ouabain which triggered ventricular premature contractions, ven-
tricular tachycardia or fibrillation and cardiac arrest in guinea pigs
(Wang and Ou-Yang, 2005). In this experimental model, FA also
delayed the onset of ventricular premature contractions, ventricu-
lar tachycardia or fibrillation and cardiac arrest (Wang and
Ou-Yang, 2005). Similarly, FA (0.6 g/kg, intravenous bolus) delayed
the onset of ventricular premature contractions, shortened the
duration of ventricular tachycardia and decreased both the
occurrence of ventricular fibrillation and mortality in the rat model
of ischemia-induced arrhythmias (Wang and Ou-Yang, 2005). A
possible mechanism to explain the antiarrhythmic effect of FA
seems to be related to the blockade of potassium channels and
b-adrenoceptors (Wang and Ou-Yang, 2005).

The intake of FA (9.5 mg/kg per os) has reduced triglycerides in
rats and rabbits and cholesterol levels in rats (Ardiansyah et al.,
2008; Wang et al., 2004). These lipid lowering effects have led to
a significant reduction in the size of atherosclerotic plaques in
the aorta of rabbits on a diet rich in fats and have improved the
endothelial functions in these animals (Wang et al., 2004).

The potential adjuvant effect of SF in angina pectoris and coro-
nary heart disease was also confirmed by the results of clinical
studies carried out in China. Sodium ferulate (200–300 mg/day)
for 1–2 weeks, potentiated the therapeutic effects of nitrates,
b-blockers, calcium channel blockers and ACE inhibitors as demon-
strated by a significant reduction in the incidence of angina attacks,
the dose of nitroglycerin and peak levels of myocardial enzymes
together with the improvement in heart function tests (Wang
and Ou-Yang, 2005). In subjects intolerant to organic nitrates or
b-blockers, SF alone, by intravenous route, improved clinical symp-
toms and electrocardiography changes (Wang and Ou-Yang, 2005).

7. Ferulic acid and diabetes mellitus

Diabetes mellitus (DM) is a chronic disease characterized by an
impaired insulin secretion and variable degrees of peripheral insu-
lin resistance leading to an increased concentration of glucose in
the blood which, in turn, harms many of the body systems, in par-
ticular the blood vessels and nerves. Furthermore, hyperglycemia
is responsible for the overproduction of ROS, mainly superoxide
anion, through the mitochondrial electron transport chain, which
plays a significant role in the pathophysiology of cell dysfunction
and diabetes complications (Naudi et al., 2012; Rolo and Palmeira,
2006).

In DM animal models, FA showed beneficial effects by acting at
many levels (Table 3). As previously mentioned (see Section 3), FA
scavenges free radicals and activates antioxidant enzymes, thus
reducing the cellular redox imbalance. In light of this, the potential
therapeutic role of FA in DM should be considered. Ferulic acid
(10–50 mg/kg per os) displayed antioxidant activity, inhibited lipid
peroxidation markers, enhanced the cell stress response and re-
duced NF-kB immunoreactivity in the pancreas, liver, kidney and
serum of alloxan-induced diabetic mice and streptozotocin-
induced diabetic rats (Ramar et al., 2012; Roy et al., 2013).

From a metabolic point of view, FA (10 and 40 mg/kg per os) for
3 weeks reduced blood glucose in streptozotocin-treated diabetic
rats (Prabhakar et al., 2013). This finding confirms the results by
Jung et al. (2007) who demonstrated that FA administered orally
for 17 days, increased plasma insulin and lowered blood glucose
in a model of db/db mice. In this last experimental model, FA
increased both hepatic glycogen synthesis and the activity of glu-
cokinase, a key enzyme in the regulation of blood glucose levels
(Jung et al., 2007). Ferulic acid also inhibited rat intestinal maltase
and sucrase, thus acting as a natural alpha-glucosidase inhibitor
(Adisakwattana et al., 2009).

Both nephropathy and hypertension are common complications
in diabetic patients. Several factors have been reported to be in-
volved in the pathogenesis of these complications, among which
the 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 DM
rat model, such as the Otsuka Long-Evans Tokushima Fatty rats,
FA (10 mg/kg/day for 20 weeks or 0.2% for 12 weeks per os) signif-
icantly lowered urinary protein level compared to the control
group, eliminated the oxidative stress markers as well as the
expression of the cytokine transforming growth factor-b1, de-
creased glomerular basement membrane thickness, glomerular
volume and mesangial matrix expansion (Choi et al., 2011; Fujita
et al., 2008). Finally, a recent paper reported the ability of FA
(20 mg/kg per os) for 6 weeks to inhibit aldose reductase in strep-
tozocin-treated rats. As a consequence of this inhibitory effect, FA
reduced diabetes-induced hypertension with multiple mecha-
nisms, such as the inhibition of inflammation and ROS formation
and the improvement of NO production and vascular contractility
(Badawy et al., 2013).

A considerable aspect is the synergistic interaction of FA with
hypoglycemic agents. Ferulic acid (10–40 mg/kg per os) for 3 weeks
potentiated the hypoglycemic effects of metformin (12.5–50 mg/
kg per os) and thiazolidinedione (2.5–40 mg/kg per os) in streptozo-
tocin-induced diabetic rats (Prabhakar et al., 2013). The co-admin-
istration of either metformin or thiazolidinedione with FA also
ameliorated the blood lipid profile in diabetic animals (Prabhakar
et al., 2013). Importantly, FA decreased most of the side effects
when administered in combination with thiazolidinedione (Pra-
bhakar et al., 2013).

8. Ferulic acid and skin

Ferulic acid is well absorbed by the skin through cutaneous
administration, both at acid and neutral pH, which demonstrates
that the molecule can be absorbed by the skin both in dissociated
and non-dissociated forms (Saija et al., 2000). Ferulic acid, dis-
solved in saturated aqueous solution at pH 7.2 and administered
topically, has proved effective in protecting the skin from the onset
of erythema from UVB rays in healthy subjects (Saija et al., 2000).
In addition, FA (0.5%) is present in multiple formulations for topical
use which also contain vitamin C (15%) and vitamin E (1%), and this
combination provides a double protection compared to that given
by acid FA alone or in combination with vitamin C + vitamin E (Lin
et al., 2005) in pigs exposed to ultraviolet rays. This formulation
has recently been patented by SkinCeuticals and is used not only
in the prevention of erythema, but also in the prevention of wrin-
kles and areas of hyperpigmentation typical of the elderly. Simi-
larly to what has occurred for vitamins C and E, whose
effectiveness in preventing skin damage from ultraviolet rays has
been proven even after oral administration (Fuchs and Kern,
1998), a protective effect on the skin may be envisaged for FA
administered orally.

9. Ferulic acid toxicology

Ferulic acid has a low degree of toxicity after oral administra-
tion. Tada et al. (1999) found a reduction in mobility, piloerection
and lacrimation in F344 rats treated with FA; in the case of single
administration of FA higher than 1929 mg/kg, the death of rats oc-
curred during the first 24 h of the 14-day period of observation
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(Tada et al., 1999). By contrast, death from gastrointestinal bleed-
ing occurred 24 h from administration (Tada et al., 1999). Finally,
LD50s equal to 2445 mg/kg and 2113 mg/kg were calculated for
male and female rats, respectively (Tada et al., 1999; Ou and Kwok,
2004), whereas an acute LD50 of 3200 mg/kg was calculated in
mice (Wang and Ou-Yang, 2005). This low toxicity has been con-
firmed by numerous experimental studies.

Ferulic acid, at a concentration of 50–100 nmoles/L, reduced
the genotoxicity of acridine orange (216 lmol/L) and ofloxacin
(3 lmol/L) in strains of Salmonella typhimurium with a mechanism
dependent on its scavenging of ROS (Belicová et al., 2001). In ham-
sters treated with 7,12-dimethylbenz[a]anthracene, FA (40 mg/kg
per os) for 5 days significantly reduced the number of micronucle-
ated polychromatic erythrocytes and the percentage of chromo-
somal aberrations in the bone marrow (Balakrishnan et al.,
2007). Ferulic acid (5–100 lM) had no additional clastogenic ef-
fects in lymphocytes isolated from human peripheral blood treated
with mitomycin C (Stagos et al., 2007).

Ferulic acid reduced the activity of isoform 1A of cytochrome
P450 (Ferguson et al., 2005) and increased the activity of UGT.
The latter effect, evident at both hepatic and intestinal level, is
responsible for a better detoxifying effect of carcinogenic com-
pounds (Van der Logt et al., 2003). Despite the modulations of drug
metabolizing enzymes, there is no clinical evidence in literature
that the intake of FA may significantly increase the blood concen-
tration of common drugs.
10. Conclusions

Despite the preclinical evidence supporting the potentially
important role of FA in free radical-induced diseases, the clinical
use of FA is still debated. One of the main issues that has limited
the clinical use of FA so far, namely the low bioavailability after oral
administration, could be overcome by the preparation of lipid-
based formulations, such as SLN or liposomes. These new delivery
systems have allowed better absorption of FA and its concentration
has increased in many organs, even though in the brain it was still
low (Li et al., 2008; Qin et al., 2007). Another limitation in the full
comprehension of the clinical use of FA is related to the fact that
many studies on humans were carried out by using foods contain-
ing FA, e.g. artichokes, tomatoes, etc., rather than the purified sub-
stance. This approach does not allow titration of the exact ‘‘dose’’ of
FA that could be effective to achieve specific clinical aims, for in-
stance the amelioration of cognitive functions in AD subjects or
the reduction in blood pressure in hypertensive patients, and there-
fore may reduce the clinical benefits related to an appropriate dose.
Furthermore, almost all these studies were designed with the aim
to explore the pharmacokinetic parameters of FA (Table 2), whereas
only a few clinical studies were performed keeping in mind a phar-
macodynamic target or a specific disease. A possible reason to ex-
plain this low number of studies performed in humans is that,
unlike drugs, dietary supplements, including FA, do not have to un-
dergo phase II-III studies to demonstrate clinical efficacy and safety
in order to be marketed. Therefore, FA is commercially available in
several Countries even in the absence of extensive clinical research.

It is possible to conclude that clinical research on FA and its po-
tential use in human diseases is still in its embryonic stage and
needs to be encouraged. To date, the ‘‘therapeutic’’ use of FA in
some human, age-related pathologies can only be considered as a
guide for future work.
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