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Effects of Ferulic Acid on Cognitive Function: A Systematic

Review

Yesim Karademir, Alan Mackie, Kieran Tuohy, and Louise Dye*

Scope: Plant (poly) phenolic compounds have been reported to decrease the
risk of developing dementia and have been associated with maintenance of
cognitive performance in normal ageing. Ferulic acid (FA) is a phenolic acid,
present in a wide variety of foods including cereals, fruits, vegetables, and
coffee. The aim of this systematic review is to examine the effect of FA on
cognitive function in humans and animals.

Methods and results: The search terms “Ferulic acid AND cognit*” and
“Ferulic acid OR feruloyl OR ferula AND (memory OR attention OR learning
OR recognition)” are used in Web of Science, Scopus, PubMED, OVID
(Medline/Psycinfo), and CINAHL through October 2023. No human studies
are identified that matched the inclusion criteria. Twenty-six animal studies
are identified. A small number (n = 5) of these studies examined FA in healthy
animals whilst the remainder examined animal models of dementia.

of dementia.l'3] Phenolic compounds
have been reported to decrease the risk
of developing demential*’! and shown
to be associated with better cognitive
performance or maintenance of cog-
nitive function in normal ageing.®’]
Among the phenolics, ferulic acid,
chlorogenic acid, caffeic acid, cur
cumin, catechin, quercetin, myricetin,
taxifolin, and resveratrol in particu-
lar have been reported to play a role
in improved cognitive performance
in different experimental models of
neurological diseases.®'¢l The neuro-
protective effects of some polyphenols
have been attributed to their ability to

Alzheimer’s disease (n = 11) is the most prevalent model.

Conclusion: Overall, results from studies employing disease models suggest
that FA ameliorates induced cognitive decline in a time and dose-dependent
manner. Similarly, studies in healthy animals show a beneficial effect of FA.
However, further studies are required to determine the effects of FA on

human cognitive function.

1. Introduction

The dietary habits of modern society such as increased consump-
tion of fat and sugar, coupled with a reduced intake of fiber,
polyphenols and whole plant foods are associated with cognitive
decline including mild cognitive impairment and some forms

Y. Karademir, A. Mackie, K. Tuohy, L. Dye

School of Food Science and Nutrition

University of Leeds

Leeds LS2 9JT, UK

E-mail: |.dye@leeds.ac.uk

L. Dye

Institute of Sustainable Food & Department of Psychology
University of Sheffield

Sheffield S12LT, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mnfr.202300526
© 2024 The Authors. Molecular Nutrition & Food Research published by
Wiley-VCH GmbH.. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/mnfr.202300526

Mol. Nutr. Food Res. 2024, 68, 2300526 2300526 (1 of 16)

cross the blood-brain barrier and accu-
mulate in the brain following long term
intervention.['” Some polyphenols have
been shown to affect neuronal signaling
pathways, protect neurons against oxida-
tive or inflammatory stress, and lead to
changes in peripheral and cerebrovascu-
lar responses, such as improved blood
pressure and cerebral blood flow.[18-2]
FA (4-hydroxy-3-methoxycinnamic acid) is commonly present
in the trans form in a wide variety of foods from cereals (e.g.,
wheat and brown rice) to fruits, vegetables and coffee. Despite
the high FA content of cereals, only 0.1%-0.5% of this content
is free FA, the remaining fraction is covalently bound to cell
wall polysaccharides and thus cannot be released from the food
matrix during digestion in the upper gastrointestinal tract.*
However, a range of processing methods (particle size reduction,
microfluidization, fermentation, and enzyme applications) can
improve bioavailability and subsequent health effects of bioac-
tive components.!??2¢] FA is an antioxidant to which some ther-
apeutic properties such as anti-inflammatory, antiaging, anti-
cancer, antidiabetic, antihypertensive, and neuroprotective ef-
fects have been ascribed.['#27-37] Long-term consumption of FA
in animals has been reported to be neuroprotective in relation
to Alzheimer’s disease and other cognitive deficits.[138*1] Free
FA is highly bioavailable as a result of its low molecular weight
(194.18 g mol™!), rapid absorption to plasmal***! and longer
persistence in circulation compared with other similar bioactive
compounds. However, the bioavailability of FA is limited by its
chemical form, which is related to whether it is free or cova-
lently bound to lignins or other biopolymers in plant fibers. The
high abundance of FA in cereals and its potential for increased
bioavailability using different processing methods, highlights the
importance of investigating its cognitive effects. Therefore, this

© 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH.
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Figure 1. PRISMA flow diagram of the study selection process.

systematic review aimed to examine the effect of FA administra-
tion on objectively measured cognitive function in human and
animal studies.

2. Methods

An electronic search of articles published up to October
2023 was conducted using the Web of Science (1900-2023),
Scopus (1960-2023), PubMED (1966-2023), OVID (Medline
[1946-2023]/PsycInfo [1806-2023]), and CINAHL (1937-2023)
databases. Search terms were “Ferulic acid OR feruloyl OR ferula
AND cognit*” and “Ferulic acid AND (memory OR attention OR
learning OR recognition).” A total of 2075 results were returned
from the initial searches. The PRISMA flow diagram (Figure 1)
shows the study selection methodology. After removal of dupli-
cates, 989 articles were retrieved and subjected to further screen-
ing using the inclusion criteria. Studies were excluded if the arti-
cle: did not examine FA and objectively measured cognitive func-
tion (n = 642); was a review, book chapter, or meeting abstract (n =
225); did not include pure FA (e.g., administered herbal extracts)
or included an FA derivative with a complex chemical structure
not similar to FA (e.g., pharmaceutical preparations) (n = 70);
was in vitro (n = 9); was not accessible (n = 7); was not in English
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(n = 7); did not include objective measures of cognitive function
(n = 2); did not have a placebo or control group (n = 1). Finally,
26 articles were selected and included in the review.

3. Results

The results are summarized in Tables 1 and 2. Of the 26 arti-
cles extracted, there were no studies in humans which met the
inclusion criteria. Only five studies investigated healthy animals.
Twenty-two studies examined FA in animal models of neurode-
generative disease, with Alzheimer’s disease (n = 11) being the
most commonly employed, followed by ischemia (n = 3), epilepsy
(n = 2), diabetes (n = 1), sclerosis (n = 1), and aging (n = 1).
Three animal studies induced impairment using scopolamine (n
= 1), lipopolysaccharide (n = 1), or lead acetate (n = 1). The ap-
plied dose of FA across all these studies ranged between 0.3 and
2000 mg kg~! with duration from single dose to daily doses over
6 months. The most frequently administered tests used to mea-
sure cognitive function were novel object recognition test, pas-
sive avoidance test, Morris water maze (MWM) and Y-maze test.
MWM and Y-maze tests are used to measure exploratory activ-
ity and spatial working memory to assess spatially related forms
of learning and memory while episodic memory is assessed by

© 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH.
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novel object recognition test. Passive avoidance tests are measure
of emotional memory based on the contextual fear conditioning.

3.1. Healthy Animals

Healthy rodents were used in four studies!!®*-4¢] whilst one
study investigated effect of FA in mice and drosophila.*’] This
study reported improved memory scores in larval drosophila and
aged mice following FA eicosyl ester (6, 12 mg kg™') treatment,
demonstrating the effect of FA on cognitive function in differ-
ent species. Georgieva et al. reported higher scores on passive
and active avoidance tests after 21 and 30 day administration of
FA (20 mg kg™') with no effect on day 7 or 14.1'81 Mhillaj et al.
reported that 7 days of FA (150 mg kg™!) treatment resulted in
significant improvement of long-term memory in nonhabituated
rats with no effect in habituated rats.[** Better performance on
the novel object recognition test was also reported after 7 days
of FA (3 mg kg™!) in another study.”) However, Yu et al. found
no significant effect of FA (50 mg kg™!) treatment for 31 days
in healthy mice.[*! Taken together, this small number of rodent
studies suggest enhanced memory or learning skills after longer
term FA treatments.

3.2. Disease Models

Alzheimer disease models were employed in 11 studies mainly
using transgenic mice. Jung et al. investigated the dimeric deriva-
tive of FA in AR1-42 and APP/PS1 transgenic mice and reported
enhanced memory scores in both passive avoidance and Y maze
tests after an acute dose of 30 mg kg~! while 10 mg kg~! had no
significant effect. Interestingly, 3 mg kg~! was found to be effec-
tive after 1.5 and 3 months of treatment.[*8] Mori et al. showed to-
tal compensation of spatial memory injury in PSAPP-transgenic
mice after 30 mg kg™! of FA intervention for 6 months.*!
Similarly, positive effects of FA in Alzheimer models were re-
ported in 11 studies (Table 2). Furthermore, different synergis-
tic effects of other bioactive compounds (borneol, octyl gallate,
epigallocatechin-3-gallate, curcumin, phosphatidylserine) when
administered in combination with FA were also reported in four
studies.>>21 On the other hand, several studies showed no
significant effect on locomotor activity after FA treatment.[53-5]
Overall results from these models revealed ameliorating role of
FA on cognitive damage induced by Alzheimer disease in a time
and dose-dependent manner (Table 2).

Contradictory results were reported from three studies in-
vestigating cerebral ischemia model.'*3¢5% According to Chen
et al., combination treatment of sodium ferulate (400 mg kg™)
with borneol (10 mg kg™!) resulted in the amelioration of mem-
ory damage while the sodium ferulate (100 mg kg™') treatment
alone was found not to have an effect.”®! Similarly, no signifi-
cant difference in cognitive function was reported in a different
study as a result of FA treatment (100 mg kg™!) for 5 and 28
days.[*l However, Ren et al. found decreased cognitive dysfunc-
tion in a dose-dependent manner after 5 days of FA (28, 56, and
112 mg kg™') administrations.>! In epilepsy model studies, FA
(60, 75, and 100 mg kg™') was reported to improve induced cog-
nitive impairments.[1%57]

Mol. Nutr. Food Res. 2024, 68, 2300526 2300526 (12 of 16)

www.mnf-journal.com

Protective and attenuating effects of FA on cognitive impair-
ments were also observed in studies employing other models
(Multiple sclerosis; Neuronal degeneration and Memory Injury;
Diabetes; Aging; Lead acetate).[3*#08-61] [n a study conducted by
Boultadakis et al., no significant effect of FA treatment (1.9, 6.2,
and 18.7 mg kg™!) on the molsidomine induced cognitive deficits
was reported.[®?]

4, Discussion

The potential of FA to improve cognitive function is generally at-
tributed to its antioxidant and antiinflammatory properties. How-
ever, phenolic compounds might also have vasodilatory effects
through increasing cerebral/peripheral blood flow in addition to
their protective and ameliorating role in the neurons and neu-
ronal functions.[?” %3] Neuroprotective effects can also be derived
from interactions between phenolic compounds and specific pro-
teins involved in intracellular signaling pathways (protein and
lipid kinase signaling).[®-%] Reactive oxygen species (ROS) (su-
peroxide anion [0, ], hydroxyl radical [ OH], alkoxyl radical [RO-]
and peroxyl radical [ROO-], hydrogen peroxide [H,0,], and sin-
glet oxygen ['0,]) and reactive nitrogen species (RNS) (nitric ox-
ide [NO-], nitric dioxide [NO,-], and peroxynitrite [OONO-]) pro-
duced in the brain can lead to protein, DNA, RNA, lipid oxida-
tion and conclude with neuronal dysfunction or death.[®7:¢8] Ac-
cumulated damage originating from reactive species along with
declining antioxidant functions upon aging is associated with
Alzheimer’s disease and other neurodegenerative disorders. FA
has been shown to have scavenger activity against ROS and RNS
and prevent oxidative modification of proteins.®] Decreased
choline acetyltransferase, f-secretase (declined Af aggregation),
and NADPH oxidase activity reduced accumulation of glial fib-
rillary acidic protein and interleukin-1 beta in the hippocampus
(reversed neuroinflammation) and increased activity of cytopro-
tective systems (ERK1/2, Akt) were also suggested as possible
mechanisms of action of FA in Alzheimer’s disease.[2029:62:65.70]
Overall, the results of the studies conducted in the healthy an-
imals suggest a role for FA in improving cognitive function. The
therapeutic effect of any functional compound is dependent on
intervention dose and duration. In this context, Georgieva et al.
observed significant improving effects of FA (20 mg kg™') on cog-
nition in passive and active avoidance tests when the interven-
tion duration was raised from 7-14 to 21-30 days, respectively.!*8]
However, Xia et al. were able to show a positive effect of FA at
both the lower dose (3 mg kg™') and short duration (7 days) in
the novel object recognition test.**] These differences in the re-
sults likely result from the different tests and doses of FA applied
in these experiments. Given the very limited number of studies
conducted in healthy animals, further evidence is required to es-
tablish any beneficial role for FA on cognition in healthy animals.
The effect of FA on cognitive function was studied in vari-
ous models of neurological disease and neurodegeneration (n =
21), with Alzheimer’s disease being the most commonly stud-
ied model (n = 11). Dose and duration of the FA intervention
were also significant for these models. While 30 mg kg™! of
FA was shown to have a positive effect, 3 mg kg™! was effec-
tive for only the longer dose durations (1.5 and 3 months).[*8]
It is also noteworthy that the combination of other bioac-
tives (borneol, octyl gallate, epigallocatechin-3-gallate, curcumin,
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phosphatidylserine) with FA was also demonstrated to enhance
ameliorating effect of FA in Alzheimer’s models.[#3%2] The find-
ing that a lower dose of FA was effective over longer periods
of time and the observed synergistic effect with other bioac-
tives could be relevant to develop dietary approaches to reduce
Alzheimer’s disease risk. That some of these ingredients are an-
tioxidants and some are not suggests that the mechanism of ef-
fect extends beyond an antioxidant effect and the effect of FA,
alone and in combination with other bioactives, on cognitive
function in ageing and neurodegenerative diseases in humans
merits investigation.

No significant effect of FA on cognition was reported in the
two of three ischemia and molsidomine model studies. On the
contrary, the two epilepsy and all other chemical model studies
demonstrated a positive role for FA on cognition. This lack of
effect is surprising and may indicate that these models are not
as effective at mimicking ROS damage if indeed ROS activity is
mechanistically involved in the disease process.

In order to comprehensively evaluate the effect of FA on cog-
nition, several factors should be considered simultaneously. The
physiological importance of FA is determined by its pharmacoki-
netic properties (absorption, metabolism, distribution, elimina-
tion) and subsequent interaction with the target tissues.!®”] Com-
pared to other phenolic compounds due to its low molecular
weight (194.18 g mol™!), FA has high bioavailability and can be
easily absorbed through stomach, jejunum and to a significantly
lesser extent from ileum mucosal cells.[*}] It is conjugated with
glucuronide and/or sulfate in the hepatic portal vein. 56.1% of
the perfused FA has been recovered from the plasma mesenteric
vein as conjugated forms.[*”] FA-glucuronide, FA-sulfate, and FA-
sulfoglucuronide are the main conjugated metabolites of FA de-
tected in the plasma and urine.*)] Free and conjugated FA en-
ter the systemic circulation and are distributed in peripheral tis-
sues and brain. Approximately, 4%, 10%, and 53% of the orally
administered FA were estimated to be distributed in the gastric
mucosa, blood and other tissues (including liver and kidney),
respectively.’”38 Moreover, FA has been shown to be able to cross
blood-brain barrier which is important to exert neuroprotective
effect.31711 30 min after oral administration of 521 umol kg~! BW
of FA, 2.6 pg g~! tissue (approximately 13.39 nmol L") was de-
tected in the rat brain.[273] Plasma concentrations of FA was de-
tected to reach maximum levels at 24 min after oral administra-
tion, with a half-life of 42 min.[2!7!] The urinary excretion of FA
was reported to reach maximum at 7-9 h after administration in
humans.7+7°]

A low bioavailability (3%) of FA in humans has been observed
after the consumption of cereal products, particularly the bran
portion.27677] The absorption of FA in whole grains is limited
because it is mainly esterified to arabinoxylans (5-O-feruloyl-1-
arabinofuranose and 5-O-feruloyl-arabinoxylane) and other cell
wall polysaccharides which are able to resist to digestion in the
upper GI tract.”] Therefore, the releasing degree of FA from the
food matrix is one of the primary factors determining its absorp-
tion. In cases of being free or bound to simple sugars rather than
complex carbohydrate polymers, higher absorption rates of FA
can be observed.?! In a human study, after administration of
wheat bran cereals (22.5 umol kg=! BW FA), FA concentrations in
the plasma were determined to reach 150-210 nM (mainly in the
glucuronidated form) between 1 and 3 h postingestion, decreas-
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ing rapidly between 3 and 6 h and then more slowly up to 24 h.
In a different study, plasma concentrations of FA were reported
to increase from 2.2 mg L~! (baseline) to 5.70 mg L~! after whole
grain breakfast cereal consumption.”® Similar to absorption rate
and plasma concentration, urinary excretion of FA is also affected
by its chemical structure. After bran consumption, FA elimina-
tion rate was found to be 15-fold slower than after intake of the
free form.[7579:80]

The dose or dietary intake of FA is another important factor to
consider to determine whether it is able to generate a biological
effect. Estimated daily intake of FA was reported to range between
150 and 250 mg day~! through consumption of cereals, vegeta-
bles, fruits, coffee, and juices. Whole grains may contribute to
this extent up to 167 mg day~'.?!l Daily intake of FA was reported
to vary between 45 and 159.3 mg day~! in another study.®!) Re-
garding these reports, estimated FA intake per kg body weight
might be up to 2-3 mg kg™ via whole grains. The concentration
of FA can range between 25 and 3300 mg/100 g in grains while
the range in the wheat bran can be 1351-1456 mg/100 g.[*!] How-
ever, although whole grains are the major dietary source of FA,
free FA accounts for only 1%—-4% of total FA which is quite a
lot below the dose generally used in vivo animal experiments.
In this context, different processing methods might be a promis-
ing approach to increase bioaccessibility/bioavailability of FA and
hence to observe potential cognitive enhancing effect.[8?]

5. Conclusion

Although this review has identified a number of studies inves-
tigating effect of FA on cognition, most of them have focused
on experimental models of cognitive deficits in animal models.
Overall, depending on the dose and duration of the study, an ame-
liorating role of FA has been reported in those which employed
disease models. However, only four articles were identified which
reported a cognitive enhancement effect of FA in animals with-
out any induced cognitive damage. Critically, no human studies
were found. In the light of its marked neuroprotective effects in
animals, there is a knowledge gap in the scientific literature re-
lated to the effect of dietary FA on cognitive function in healthy
animals and more importantly, a complete lack of data on the
cognitive effects of FA in humans. Regular consumption of FA
via cereals, vegetables, fruits, coffee, and juices could potentially
confer cognitive enhancing effects in humans. The evidence re-
viewed here suggests that there may be good reason to hypoth-
esize particular benefits in people with age related cognitive im-
pairment or early stage neurodegenerative disease. However, the
bioaccessible FA content in the cereals, the major source of FA in
human daily diet, will need to be substantially increased to con-
fer any beneficial effect of cereals on cognitive function in the
healthy individuals.

Acknowledgements

The authors would like to thank to The Republic of Turkiye, Ministry of
National Education for funding this study.

Conflict of Interest

The authors declare no conflict of interest.

© 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH.

85US017 SUOWIWIOD SAES1D) 3|l dde au Ag peuenob 8.2 S9[ole YO 8sN JO S3|N. Jo} Akeuq1 ] 8UIUO AB[IM UO (SUO I PUOD-PpUe-SWLBIALD"AB| 1M Aleaq U1 juo//SdNL) SUOTIPUOD PUe SWLB | 38U} 89S *[7202/0T/ST] U0 ARiqiT auljuo AB|im ‘ARiqi uopeloig ay 1 spee 10 AIsPAIUN Ad 92500£202 1JULU/Z00T 0T/I0p/L0d A8 | Aselqijpuluoy/sdiy wouy papeoiumod ‘ST ‘v20z 'SETYETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

lar Nutrition
ood Research

Mo

Author Contributions

Y.K.

was involved in design, search strategy development, database

searching, study selection, data extraction, analysis and writing of the
manuscript. L.D., A.M. and K.T. were involved in design, search strategy
development, secondary study selection, quality appraisal and critical re-
view of the manuscript.

Keywords

cognition, dementia, ferulic acid, in vivo, phenolics

Received: July 22, 2023
Revised: November 1, 2023
Published online: February 11, 2024

(2]
(3]
(4]

3]
(6]

7]

(8]
9]

(1]

!

(2]

[13]

[14]
[15]
[16]

(17]
(18]

[19]
(20]

(21]
(22]

(23]

(24]
(25]

[26]

Mol.

A. C. Reichelt, R. F. Westbrook, M. J. Morris, Front. Behav. Neurosci.
2017, 11, 96.

F. G6mez-Pinilla, Nat. Rev. Neurosci. 2008, 9, 568.

C. E. Greenwood, G. Winocur, Neurobiol. Aging 2005, 26, 42.

D. Commenges, V. Scotet, S. Renaud, H. Jacgmin-Gadda, P.
Barberger-Gateau, . F. Dartigues, Eur. J. Epidemiol. 2000, 16, 357.

K. Beking, A. Vieira, Public Health Nutr. 2010, 13, 1403.

E. Nurk, H. Refsum, C. A. Drevon, G. S. Tell, H. A. Nygaard, K.
Engedal, A. D. Smith, J. Nutr. 2009, 739, 120.

L. Letenneur, C. Proust-Lima, A. Le Gouge, ). F. Dartigues, P.
Barberger-Gateau, AJE 2007, 165, 1364.

M. Okuda, Y. Fujita, H. Sugimoto, Biol. Pharm. Bull. 2019, 42, 1694.
C. Suzukamo, R. Ochiai, Y. Mitsui, N. Osaki, T. Ono, Brain Sci. 2022,
11, 370.

J. Godos, F. Caraci, A. Micek, S. Castellano, E. D’Amico, N. Paladino,
R. Ferri, F. Galvano, G. Grosso, Antioxidants 2021, 10, 700.

M. F. Castro, C. E. Assmann, N. Stefanello, K. P. Reichert, T. V. Palma,
A. D. da Silva, V. V. Miron, V. B. Mostardeiro, V. M. M. Morsch, M. R.
C. Schetinger, J. Nutr. Biochem. 2023, 115, 109280.

S. Y. Jeon, K. Bae, Y. H. Seong, K. S. Song, Bioorg. Med. Chem. Lett.
2003, 173, 3905.

K. Matsuzaki, T. Noguch, M. Wakabayashi, K. Ikeda, T. Okada, Y.
Ohashi, M. Hoshino, H. Naiki, Biochim. Biophys. Acta. 2007, 1768,
122.

K. Ono, Y. Yoshiike, A. Takashima, K. Hasegawa, H. Naiki, M. Yamada,
J. Neurochem. 2003, 87, 172.

M. Sato, K. Murakami, M. Uno, H. lkubo, Y. Nakagawa, S. Katayama,
K. Akagi, K. Irie, Biosci Biotechnol Biochem 2013, 77, 1100.

X. Feng, N. Liang, D. Zhu, Q. Gao, L. Peng, H. Dong, Q. Yue, H. Liu,
L. Bao, J. Zhang, J. Hao, Y. Gao, X. Yu, J. Sun, PLoS ONE 2013, 8.

D. Vauzour, Oxid. Med. Cell. Longev. 2012, 2012, 16.

A. Georgieva, S. Belcheva, R. Tasheyv, S. Valcheva-Kuzmanova, C. R.
Acad. Bulg. Sci. 2015, 68, 401.

K. Vafeiadou, D. Vauzour, . P. E. Spencer, Endocr. Metab. Immune
Disord. Drug Targets 2007, 7, 211.

L. M. Willis, B. Shukitt-Hale, J. A. Joseph, Curr. Opin. Clin. Nutr.
Metab. Care 2009, 12, 91.

Z. H. Zhao, M. H. Moghadasian, Food Chem. 2008, 109, 691.

M. Skrajda-Brdak, |. Konopka, M. Tariska, Eur. Food Res. Technol. 2019,
245, 2247.

V. Van Craeyveld, U. Holopainen, E. Selinheimo, J. Agric. Food Chem.
2009, 57, 8467.

T. Wang, F. He, G. Chen, J. Funct. Foods 2014, 7, 101.

K. Katina, K. H. Liukkonen, A. Kaukovirta-Norja, J. Cereal Sci. 2007,
46, 348.

N. M. Anson, A. M. Aura, E. Selinheimo, J. Nutr. 2011, 147, 137.

Nutr. Food Res. 2024, 68, 2300526 2300526 (14 of 16)

(27]
28]
(29]

(3]

(37

(32

33]
(34]
35]

36]

37]
(38]
(39]
(40]

(41]

[42]

[43]
(44]

45]
(46]

[47]

48]
[49]

[50]
(51]

[52]

53]
[54]

(53]

[56]

www.mnf-journal.com

M. Kikugawa, H. Tsutsuki, T. Ida, H. Nakajima, H. Ihara, T. Sakamoto,
Biosci. Biotechnol. Biochem. 2016, 80, 547.

P. Hassanzadeh, E. Arbabi, F. Atyabi, R. Dinarvand, Life Sci. 2017, 179,
9.

K. ). Gohil, S. B. Kshirsagar, R. S. Sahane, Int. J. Pharm. Sci. Res. 2012,
3,700.

Y. Ji-Jing, C. Jae-Young, K. Hee-Sung, K. Kyoung-Li, . Jun-Sub, H.
Sung-Oh, S. Hong-Won, K. Yung-Hi, S. Dong-Keun, Br. J. Pharmacol.
2001, 733, 89.

W. Wu, S. Y. Lee, X. Wu, J. Y. Tyler, H. Wang, Z. Ouyang, K. Park, X. M.
Xu, J. X. Cheng, Biomaterials 2014, 35, 2355.

K. C. Machado, G. L. Oliveira, K. C. Machado, M. T. Islam, A. L.
Junior, D. P. De Sousa, R. M. Freitas, Chem. Biol. Interact. 2015, 242,
273.

T. Mori, N. Koyama, M. V. Guillot-Sestier, ). Tan, T. Town, PLoS ONE
2013, §, 2.

H. Wang, X. Sun, N. Zhang, Z. Ji, Z. Ma, Q. Fu, R. Qu, S. Ma, Physiol.
Behav. 2017, 182, 93.

A. Sgarbossa, D. Giacomazza, M. di Carlo, Nutrients 2015, 7,
5764.

E. Bami, O. B. Ozakpinar, Z. N. Ozdemir-Kumral, F. Ercan, Z. Cirakli,
T. Sekerler, F. V. I1zzettin, M. Sancar, B. Okuyan, Environ. Toxicol. 2017,
54,105.

A. Suzuki, D. Kagawa, A. Fujii, R. Ochiai, I. Tokimitsu, |. Saito, Am. J.
Hypertens. 2002, 15, 351.

J. Kanskia, M. Aksenova, A. Stoyanova, A. Butterfield, J. Nutr.
Biochem. 2002, 13, 273.

T. Yabe, H. Hirahara, N. Harada, N. Ito, T. Nagaia, T. Sanagi, H.
Yamada, Neuroscience 2010, 165, 515.

J. ). Yan, J. Y. Cho, H. S. Kim, K. L. Kim, J. S. Jung, S. O. Huh, H. W.
Suh, Y. H. Kim, D. K. Song, Br. J. Pharmacol. 2001, 133, 89.

M. J. Kim, S. J. Choi, S. T. Lim, H. K. Kim, H. J. Heo, E. K. Kim, W. J.
Jun, H. Y. Cho, Y. ). Kim, D. H. Shin, Biosci. Biotechnol. Biochem. 2007,
71, 1063.

D. L. King, G. W. Arendash, F. Crawford, T. Sterk, J. Menendez, M. |.
Mullan, Behav. Brain Res. 1999, 103, 145.

Z.Zhao, Y. Egashira, H. Sanada, J. Nutr. 2004, 134, 3083.

E. Mhillaj, S. Catino, F. M. Miceli, R. Santangelo, L. Trabace, V.
Cuomo, C. Mancuso, Mol. Neurobiol. 2018, 55, 905.

W. H. Xia, E. Veljkovic, K. Koshibu, M. C. Peitsch, ). Hoeng, Eur. J.
Pharmacol. 2019, 865, 172809.

C. Yu, P. Siwen, Z. Jing, L. Xiaoming, N. Yingcai, J. Nutr. Biochem.
2021, 917, 108603.

B. Michels, H. Zwaka, R. Bartels, O. Lushchak, K. Franke, T. Endres,
M. Fendt, I. Song, M. Bakr, T. Budragchaa, B. Westermann, D. Mishra,
C. Eschbach, S. Schreyer, A. Lingnau, C. Vahl, M. Hilker, R. Menzel, T.
Kahne, V. LeBmann, A. Dityatev, L. Wessjohann, B. Gerber, Sci. Adb.
2018, 4, 24.

J. S. Jung, J. ). Yan, H. M. Li, M. T. Sultan, ). Yu, H. S. Lee, K. J. Shin,
D. K. Song, Eur. J. Pharmacol. 2016, 782, 30.

T. Mori, N. Koyama, M. V. Guillot-Sestier, ). Tan, T. Town, PLoS ONE
2013, §, 2.

L. Chen, J. Pharm. Pharmacol. 2010, 62, 915.

T. Mori, N. Koyama, J. Tan, T. Segawa, M. Maeda, T. Town, J. Biol.
Chem. 2017, 292, 11310.

T. Mori, N. Koyama, J. Tan, T. Segawa, M. Maeda, T. Town, J. Biol.
Chem. 2019, 294, 2714.

T. Mamiya, M. Kise, K. Morikawa, Neurosci. Lett. 2008, 430, 115.

J. J. Yan, J. Y. Cho, H. S. Kim, K. L. Kim, Y. S. Jung, S. O. Huh, H. W.
Suh, Y. H. Kim, D. K. Song, Br. J. Pharmacol. 2001, 133, 89.

M. J. Kim, S. J. Choi, S. T. Lim, H. K. Kim, H. J. Heo, E. K. Kim, W. J.
Jun, H.Y. Cho, Y. ). Kim, D. H. Shin, Biosci. Biotechnol. Biochem. 2007,
71, 1063.

Z. K. Ren, R. P. Zhang, Y. Y. Li, Y. Li, Z. Y. Yang, H. Yang, Int. J. Mol.
Med. 2017, 40, 1444,

© 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH.

85US017 SUOWIWIOD SAES1D) 3|l dde au Ag peuenob 8.2 S9[ole YO 8sN JO S3|N. Jo} Akeuq1 ] 8UIUO AB[IM UO (SUO I PUOD-PpUe-SWLBIALD"AB| 1M Aleaq U1 juo//SdNL) SUOTIPUOD PUe SWLB | 38U} 89S *[7202/0T/ST] U0 ARiqiT auljuo AB|im ‘ARiqi uopeloig ay 1 spee 10 AIsPAIUN Ad 92500£202 1JULU/Z00T 0T/I0p/L0d A8 | Aselqijpuluoy/sdiy wouy papeoiumod ‘ST ‘v20z 'SETYETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[57]
(58]
[59]
(60]
(67]
(62]
(63]
(64]
65]
(66]
(67]
(68]

(6]

Mol.

lar Nutrition
ood Research

Mo

S. H. Zhang, D. H. Liu, Q. Y. Hu, J. L. Zhu, S. Q. Wang, S. B. Zhou,
Epilepsy Res. 2019, 156, 106183.

J. J. Yan, J. Y. Cho, H. S. Kim, K. L. Kim, J. S. Jung, S. O. Huh, H. W.
Suh, Y. H. Kim, D. K. Song, Br. J. Pharmacol. 2001, 733, 89.

J. M. G. Antony, W. Van Marle, D. A. Opii, Nat. Neurosci. 2004, 7,
1088.

S. U. Rehman, T. Ali, S. I. Alam, R. Ullah, A. Zeb, K. W. Lee, B. P. F.
Rutten, M. O. Kim, Mol. Neurobiol. 2019, 56, 2774.

H. Wang, X. Sun, N. Zhang, Z. Ji, Z. Ma, Q. Fu, R. Qu, S. Ma, Physiol.
Behav. 2017, 182, 93.

A. Boultadakis, P. Liakos, N. Pitsikas, Prog. Neuropsychopharmacol.
Biol. Psychiatry 2010, 34, 5.

D. ). Lamport, L. Dye, . D. Wightman, C. L. Lawton, Nutr. Aging 2012,
1,5.

C. M. Williams, M. A. El Mohsen, D. Vauzour, C. Rendeiro, L. T. Butler,
J. A. Ellis, Free Radic. Biol. Med. 2008, 45, 295.

H. Schroeter, |. P. E. Spencer, C. Rice-Evans, R. . Williams, Biochem.
J- 2001, 358, 547.

J. P. E. Spencer, C. Rice-Evans, R. ). Williams, J. Biol. Chem. 2003, 278,
34783.

M. Srinivasan, A. R. Sudheer, V. P. Menon, J. Clin. Biochem. Nutr.
2007, 40, 92.

D. A. Butterfield, C. M. Lauderback, F. Radic, Biol. Med. 2002, 32,
1050.

G. Joshi, M. Perluigi, R. Sultana, R. Agrippino, V. Calabrese, D. A.
Butterfield, Neurochem. Int. 2006, 48, 318.

used to improve host health.

Nutr. Food Res. 2024, 68, 2300526 2300526 (15 of 16)

(70]
(71]
[72]
(73]
(74]

[75]
[76]

[77)

(78]

[79]
(80]
(81]

(82]

www.mnf-journal.com

J.). Yan, J. S. Jung, T. K. Kim, A. Hasan, C. W. Hong, J. S. Nam, D. K.
Song, Biol. Pharm. Bull. 2013, 36, 140.

C.Yang, Y. Tian, Z. ). Zhang, F. G. Xu, Y. Chen, J. Pharm. Biomed. Anal.
2007, 43, 945.

D. Szwajgier, E. Baranowska-Wojcik, K. Borowiec, Curr. Alzheimer Res.
2018, 175, 531.

M. X. Chang, L. Y. Xu, J. S. Tao, Y. Feng, Zhongguo Zhong Yao Za Zhi
1993, 18, 300.

L. C. Bourne, C. Rice-Evans, Biochem. Biophys. Res. Commun. 1998,
253, 222.

E. Barone, V. Calabrese, C. Mancuso, Biogerontology 2009, 10, 97.

S. M. Kern, R. N. Bennett, F. A. Mellon, P. A. Kroon, M. T. Garcia-
Conesa, J. Agric. Food Chem. 2003, 51, 6050.

A. Adam, V. Crespy, M. A. Levrat-Verny, F. Leenhardt, M. Leuillet, C.
Demigne, C. Remesy, J. Nutr. 2002, 132, 1962.

A. Costabile, A. Klinder, F. Fava, A. Napolitano, V. Fogliano,
C. Leonard, G. R. Gibson, K. M. Tuohy, Br. J. Nutr. 2008, 99,
110.

L. Rondini, M. N. Peyrat-Maillard, A. Marsset-Baglieri, C. Berset, J.
Agric. Food Chem. 2002, 50, 3037.

L. Rondini, M. N. Peyrat-Maillard, A. Marsset-Baglieri, G. Fromentin,
P. Durand, D. Tome, J. Agric. Food Chem. 2004, 52, 4338.

R. Zamora-Ros, ). A. Rothwell, A. Scalbert, V. Knaze, I. Romieu, N.
Slimani, G. Fagherazzi, BJN 2013, 110, 1500.

N. M. Anson, R. van den Berg, R. Havenaar, A. Bast, G. Haenen, J.
Cereal Sci. 2009, 49, 296.

Yesim Karademir, is postgraduate researcher at University of Leeds, School of Food Science & Nutri-
tion. Her current research topicis focused on increasing the bioavailability of bound phenolic acids
inthe wheat bran. She completed her PhD study at Middle East Technical University, Food Engineer-
ing Departmentin 2019. She has research experience on Food Chemistry (Specifically lipid derived
protein modifications in the foods) and Food Analyses, also.

Alan Mackie is currently Head of School of Food Science & Nutrition, University of Leeds. Heis an
internationally recognised expertin modelling intestinal digestion of food and was involved in design
and validation ofthe INFOGEST model. He has a keen interest in fibre functionality and how it can be

© 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH.

85US017 SUOWIWIOD SAES1D) 3|l dde au Ag peuenob 8.2 S9[ole YO 8sN JO S3|N. Jo} Akeuq1 ] 8UIUO AB[IM UO (SUO I PUOD-PpUe-SWLBIALD"AB| 1M Aleaq U1 juo//SdNL) SUOTIPUOD PUe SWLB | 38U} 89S *[7202/0T/ST] U0 ARiqiT auljuo AB|im ‘ARiqi uopeloig ay 1 spee 10 AIsPAIUN Ad 92500£202 1JULU/Z00T 0T/I0p/L0d A8 | Aselqijpuluoy/sdiy wouy papeoiumod ‘ST ‘v20z 'SETYETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

ADVANCED
SCIENCE NEWS

Mo lar Nutrition
ood Research

www.advancedsciencenews.com www.mnf-journal.com

Mol. Nutr. Food Res. 2024, 68, 2300526

Kieran Tuohy is a Professor in Energy Metabolism and Microbiome at the School of Food Science &
Nutrition, University of Leeds. His background is in microbiology and nutrition and investigating how
diet:microbe interactions in the gut and along the food chain impact on human health and disease
risk. His has a keen interest in identifying the communication channels linking dietary modulation of
the gut microbiota and host physiological function.

Louise Dye is Professor of Nutrition and Behaviour in the School of Food Science & Nutrition, Univer-
sity of Leeds and Co-Director of the Institute for Sustainable Food at the University of Sheffield. Sheis
a Chartered Health psychologist whose research focuses on the effects of nutrition and dietary com-
ponents on cognitive function across the life course. She is interested in evaluating the potential for
dietary interventions to maintain cognitive performance under conditions of stress and to prevent
cognitive decline.

2300526 (16 of 16) © 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH.

85US017 SUOWIWIOD SAES1D) 3|l dde au Ag peuenob 8.2 S9[ole YO 8sN JO S3|N. Jo} Akeuq1 ] 8UIUO AB[IM UO (SUO I PUOD-PpUe-SWLBIALD"AB| 1M Aleaq U1 juo//SdNL) SUOTIPUOD PUe SWLB | 38U} 89S *[7202/0T/ST] U0 ARiqiT auljuo AB|im ‘ARiqi uopeloig ay 1 spee 10 AIsPAIUN Ad 92500£202 1JULU/Z00T 0T/I0p/L0d A8 | Aselqijpuluoy/sdiy wouy papeoiumod ‘ST ‘v20z 'SETYETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

	Effects of Ferulic Acid on Cognitive Function: A Systematic Review
	1. Introduction
	2. Methods
	3. Results
	3.1. Healthy Animals
	3.2. Disease Models

	4. Discussion
	5. Conclusion
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Keywords


