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Common buckwheat (CBW) is grown and consumed worldwide. In addition to its already established
reputation as an excellent source of nutrients, CBW is gaining popularity as a possible component of
functional foods. Whereas human studies remain the gold standard for evaluating the relationship
between nutrition and health, the development of reliable in vitro or ex vivo models has made it possible
to investigate the cellular and molecular mechanisms of CBW effects on human health. Herein is a sys-
tematic review of studies on the biological effect of CBW supplementation, as assessed on various types
of cellular models. Although the studies reported here have been conducted in very different experi-
mental conditions, the overall effects of CBW supplementation were found to involve a decrease in cyto-
kine secretion and oxidation products, related mainly to CBW polyphenols and protein or peptide frac-
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tions. These chemical species also appeared to be involved in the modulation of cell signaling and
hormone secretion. Although further studies are undoubtedly necessary, as is their extension to in vivo
systems, these reports suggest that CBW-based foods could be relevant to maintaining and/or improving

rsc.li/food-function human health and the quality of life.
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1. Introduction

Pseudocereals are among the main components of many func-
tional foods associated with several benefits to human health."
Fagopyrum esculentum (common buckwheat, CBW) is a pseudo-
cereal native to southwest Asia, now grown in temperate cli-
mates and valued for its high levels of fiber, vitamins, and pro-
teins with a balanced amino acid composition and high bio-
logical value. CBW also contains significant amounts of bio-
active components such as polyphenols, phytosterols, squa-
lene, and fagopyritols.” Since it does not contain gluten, CBW
may be consumed harmlessly by people with celiac disease,
who have a limited selection of suitable food that responds to
their peculiar needs.’

Several health-related benefits (hypotensive, hypoglycemic,
hypocholesterolemic, neuroprotective) were associated with
CBW and with its milling and processing by-products, thus
bringing into the limelight the potential of CBW in the formu-
lation of functional foods* and therefore leading to an increase
in their agricultural, industrial, and pharmacological use.
However, there is still some misinformation and a general lack
of knowledge about how CBW-based or CBW-enriched foods
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can be advantageously exploited and included in the human
diet.”

Although human studies remain the gold standard for
assessing the association between nutrients and health, the
continuing progress of consistent in vitro/ex vivo models
allowed us to investigate the cellular/molecular mechanisms of
the reported effects of specific food compounds. The use of
models represents a primary - and unquestionably necessary —
step when exploring the health-promoting properties of bio-
active species. As an additional advantage, the use of cellular
models also facilitates the exploration of the possible synergies
among individual compounds - or classes of compounds -
that are present in foods.®

Cell cultures are most frequently used in clinical settings to
develop model systems for studying fundamental traits of cell
biology,” for simulating disease mechanisms,® or for assessing
the toxicity or the safety of specific molecules.’ Additionally,
the homogeneity of clonal cell populations or of cell types in
well-defined culture systems eliminates confounding genetic
or environmental factors, enabling the collection of data with
levels of reproducibility and consistency that are not possible
when studying whole organs or organisms."°

To date, several studies investigated the effect of single food
bioactive compounds,"* ™ food extracts,"*" or food digests in
cell cultures."®'” Studies aimed at evaluating the nutritional
and healthful properties of specific fractions/compounds in

Food Funct, 2024,15, 2799-2813 | 2799


http://rsc.li/food-function
http://orcid.org/0000-0001-8219-0191
http://crossmark.crossref.org/dialog/?doi=10.1039/d4fo00202d&domain=pdf&date_stamp=2024-03-13
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015006

Open Access Article. Published on 20 februar 2024. Downloaded on 10-01-2026 19:12:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

CBW are systematically reviewed here, to highlight any connec-
tion between their molecular properties and their effects on
the investigated system. This may allow a somehow deeper
insight into the molecular bases underpinning the potential
advantages of using CBW as a key ingredient in functional
foods.

2. Methodology

This systematic review was performed according to the pre-
ferred reporting items for systematic reviews and meta-ana-
lyses guidelines (PRISMA)."® The search was carried out by
using the PubMed database in August 2023, and was carried
out using the following keywords and Boolean operators:
“common buckwheat” OR “Fagopyrum esculentum” NOT
“review”. The initial search yielded 1492 hits. During the
screening process (reviewing titles), 1433 records were
excluded. After abstract analysis, another 39 articles were
ousted. Altogether, 20 records were assessed for eligibility and
12 were included in the review. Chosen studies were published
between 1995 and 2023 without restrictions on the timeframe
or the publication status. Exclusion criteria were: (i) titles irre-
levant to the research topic; (ii) abstract inappropriate or not
related to the topic; (iii) use of Tartary buckwheat (Fagopyrum
tataricum) or not-defined buckwheat species which may vary in
the type and content of bioactive substances;'® (iv) studies or
data comparing treated buckwheat or buckwheat in combi-
nation with other species; (v) studies involving single mole-
cules or purified compounds; (vi) studies or data with
inadequate statistical analysis or inappropriate controls.
Reviews, letters, abstracts, and articles without a complete text
in the English language were also excluded. Two of the
authors (SMB and ARS) checked the titles and abstracts of
studies, and disagreements between the two reviewers were
resolved through senior authors acting as mediators (SI and
MDN). The detailed selection process is presented in Fig. 1.

3. Results

Using the criteria detailed under methodology, a total of 12
studies on the effects of CBW extract supplementation in cul-
tured cells have been selected. The most relevant results are
summarized in Table 1.

A first general observation is that the CBW-derived
materials used for defining bioactivity were very different. Four
studies were conducted on CBW flour,?°®* three on CBW
powder,>**® two on CBW hull?”*® and CBW sprout,”>*° and
one on dehulled CBW flour.*’ Moreover, the CBW extracts
spanned a broad range of concentrations (from 10 pg mL™"
(ref. 24-26 and 28) to 5 mg mL ™" (ref. 20)) and supplemen-
tation times (from 6 minutes®’ to 48 hours®*>").

Also, two studies were conducted on CBW protein
extracts”™** or on the products of their in vitro digestion
protein extract,””*® thus highlighting effects that may be
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Fig. 1 Flow chart of papers included in the review.

mainly attributed to the protein fraction/peptide fraction.
Conversely, five studies used hydroalcoholic extracts,>>”>°7*
and one was limited to an aqueous extract,”® so the reported
effects may be mostly accredited to the phenolics fraction.
Finally, three studies used a solubilized CBW powder,***° in
which both phenolics and proteins/peptides could be present.

Moreover, four of the studies were conducted in basal

conditions,>>**?73% whereas two studies included simul-
taneous or subsequent exogenous stress.”®?° A total of six
studies compared both basal and exogenous stress
responses.”> %31

A further challenge to assessing some unifying mechanism
is represented by the heterogeneity of cell models used in
these studies. Seven studies used cell line models,>023:28:30:31
three relied on primary cells,>*>® and two on both types of
model cells.””*°

Among the studies involving cell cultures, studies, three
were conducted on intestinal cells,>**"** four on hepatic
cells,>*?”?%31 and one each for pre-adipocytic cells,*® breast
cells,”” lung cells,”” gastric cells,”” cervical cells,”” and macro-
phages.”® Among primary cell studies, three were conducted
on ovarian granulosa cells,**° and one on embryonal kidney
cells*” and peritoneal macrophages.>

The studies considered cover a wide range of the biological
effects induced by CBW extracts, and this is useful in providing

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d

View Article Online

Review

UOIRUONORI)
pue uoperedaid 10§ pasn JuaA[0S
a3 uo urpuadap ‘sauly [[99 190UBD
Jo Kyarrea e ysurede sanzodord
I20UBDTIUE SMOYS JOBIIXD [[NY MED

renuajod
aanpajordojeday ue juepixonue
9[qBISPISUOD SBY IOBNXD [[NY MID

sanaadoid aanepxo
-nue Pm Aianoe sisauadodipe
-nue fenuajod sey J0eIXy

sjuaad uonejhroydsoyd pajos[as uo
Zunoe £Aq ayeadn asoon(3 paje[nwins
-uInsul pue [eseq SIAIYUT JOBIIXT

£anoe
J1xojouddnue Y3y sey joenxg

APanoadsar ¢, _Tw
w1 pue ‘| _u 8w 670 ¢, _Tw 3w 0
‘LT 3W 6T°0 I8 %S6 PUB ‘%S6 ‘%0L
‘%S¢ Aq uoniqryur uonedjrord [j2D |

Aandadsar ¢
3w T pue ¢, _Tw Sw 6/°0 ,_Tw 3W §°0
‘,_Tuw SW €770 38 %0L PUB ‘%09 ‘%09
‘909 &q uoniqryur uonesdyroxd 2D |

Appandadsar ¢
3w T pue ‘T Swgso ‘L _Tw Bw g
‘W 3W ST°0 I8 %06 PUE ‘%06 ‘%0~
‘9%5S Aq uoniqryur uonerajijoid [[aD |

Apandadsar ¢

3w T pue ¢, _Tw 3w 6£°0 ,_TW 3W §°0

¢ _Tw 3W €70 38 %0L PUB ‘%S9 ‘%0€
‘%1 Aq uoniquyur uoperdjijoxd 2D |
Ajoanoadsarx

‘T 3 o5 pue ‘T 31 ¢z 18 96T pue
%¥T Aq 93eea] LTV PUR ‘%S PUB %0€
Aq 23exed] LSV 1 L _Tw 31 os pue ‘T
3 ¢z ¢ _Tw 31 01 38 %59 pue ‘%0F

‘08T Aq [9A9] VAN 1 ‘A[oan0adsax ‘T
3 o¢ pue |_Tw 31 6T 38 %ST PUB %ST 4q
AIATIOR XdD PUE ‘9%9T Pue %ST Aq A1anoe
IVD ‘%06 PU® %S Aq A1Anoe 4OS

1 ‘Apapdadsar ¢ _Tw 3M og pue ¢ _Tw

3 gz ¢,_Tw 31 0T 38 %09 PUE ‘%0¢ ‘%07
£q Apiqera (199 | :uonipuod onaqelq
A[oAn309dsa1 ‘0568 pue 9% ST

£q uorssaidxa ouad FXON pue HAd9D
pue 9,0z Aq uononpoid SO 1 ‘uorssardxa
uad qOS uz/nD pue ‘Xdo ‘uorssaidxa
unosuodipe pue UOHE[NWNIIE

pidi[ < ‘A[eanoadsar ‘045 pue ‘9% 0¥ ‘%0%
£q uorssaxdxs aual zdv ‘Advdd “odgd/D 1
A1oanoadsai ‘ploj-z pue ¢ Aq

uorssaxdxs urojoid Mava ged-d Sryd vv
/evd-d | :uonipuod payuswarddns-urnsug
(a/8) %¥°0

18 %58 Aq ferdn asoon3Axoap-H, 1 ‘A[oar
-30adsa1 ‘(a/A) %T°0 3& P[OJ-0T PUE ‘FT-S
‘0ST-02T Aq uorssaidxs urjoxd ?N_\E,E
10502d pue S1avn ged-d A vv/crd-d
{(a/A) %T1°0 78 UOIssaidxa uraro1d hmmerS
vsmonm pue ‘oseupy o1s-d ‘ceis-d ‘e-sn-d
‘Prv-d ‘1-s¥1-d “Ysur-d « :uonipuod reseq
Ajoanoadsar ‘y ¥ 103 %1

PUE ‘%0 ‘%7T°0 I8 %EE PUB ‘%EE ‘%0T
Aq 98ewep YNQ 1 :UORIPUOD JALBPIXO
J8ewep YNQ < :UODIPUOD [eseq

—

juasaxd 10N

juasaid J0N

juasaid J0N

juasaid JON

9s0on[3 INW 00T

s uoneyuawa[ddns-on

juasaid JON

urnsur WU 0S¢

m uoneyuswa[ddns-0p

uru g
10} HOO9-? N 00% yam
Juowjean yuanbasqng

Y 8%
10y _Tw duw T pue
f_TuSw 60 ¢, T
Sw g0 ¢, _Tw 8w 570
Y8y

103 ,_Tw 3w T pue
‘T 8w 6200 T
3w g0 ¢,_Tw Sw ¢T°0
U 8%

10y ,_Tw 3w T pue
‘T Sw 670 ¢ _Tw
3w g0 ‘,_Tw 3w §T°0

sy

103 ,_Tw 3w T pue
f_Tw 8w 670 ‘T
3w g0 ‘,_Tw 3w sT°0

Y ¥¢ 10§
,_Tw 3 og pue ¢ _Tw
gz ¢, _Tw 3 o1

Yy ¥ 10§ _Tw 31 05

uru 9
10 (A/A) %¥"0 PUB %T°0

U ¥T 10 Y ¥ 10§ (4/A)
%T PUB ‘%¥°0 ‘%T0

(£-30W) dur] [[92
I99ue)d JSealq ueunH

(codon)
au[[ [[99 I90UED
onedoy uewny

(TT-1€) aur| [199
hdodrpeard surny

(A1I7H) auy|
[190 190ued oneday 18y

(codoH)
aup| [[99 120ULD
oneday uewinyg

19BIIX3 D1[0Y0D[R0IPAY
[INY MED pareuonoery
911008 [AYng

J9BIIXD DI[OYOI[ROIPAT]
[INY MdD pajeuonoelj
WLIOJOIO[YD

JOBIIXD 1[0Y02[BOIPAY

[y mad
Pa1euOnoRI) UBXSH

19BIIXd JI[OY0[BOIPAY
[y Mdao

joB1IX9 snoanbe
prouoae[j [[nY MID

191X DI[OY0[BOIPAY
noids gD

J0BIIXd 1[0Y02[e0IPAY
IOy MED PI[[NYaQ

19BIIXD DI[OYOI[BOIPAY
IOy MED

92
wny

N FE]
Suem

0g 10 12 991

W19
ueLn)

2z ‘v 32
ULLSOA

s3urpuyy jo soueoyIudIs

SINSayY

juaunear} mSOEumoxm

uoneqnour
JO oWIN/UONBIIUIIUOD

[opow anssn/[[9D

ardwes jo adAy,

EE |

Food & Function

24n3)Nd 1192 uo sajdwies PaALRP-MED JO 10949 ay} 0} paje)as sbuipuy jo Alewwns T ayqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

'92:2T:6T 9202-T0-0T UO papeo|umoq ‘720z enicp} 0g UO paus!iand ‘901l ss900y uedo

Food Funct, 2024, 15, 2799-2813 | 2801

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d

View Article Online

Food & Function

Review

Ajoanoadsax ‘T

3w T pue ¢, Sw ¢z°0 ¢, _Tw 3w 0
‘_TW BW ST°0 I8 %09 PUE ‘%S¥ ‘%ST
‘% 4q uonmiqryur uonexdyrjoxd 2D |
APanoadsar ¢ _Tw

Bw T pue ¢, _Tw Sw 6£°0 ,_Tw 3w §°0
¢ _TW 3W €70 I8 9%0L PUB ‘0SS ‘%05
‘9%0¢ &q uoniqryur uonesdyioxd 2D |
Aandadsar ¢

Sw T pue f_Tw Swso C_Tw Bw g
¢ _Tw 3W €70 38 %S PUB ‘9609 ‘%05
‘%¢ 4q uomqryur uonexdyroxd [j2p |
Aeandadsar ¢ _Tw

3w T pue ¢, Sw ¢z°0 ¢, _Tw 3w 0
‘_TW BW ST°0 I8 %S8 PUE ‘%0L ‘%08
‘%t &q uomiqryur uonexdgrjoxd 2D |
APanoadsar ¢, _Tw

3w T pue T Swgso L _Tw Sw g
¢ _Tw 3W 6770 I8 %09 PUB ‘%SS ‘%0F
‘%5t Aq uoniqryur uonerdyroxd 2D |
Apandadsar ¢

Sw T pue f_Tw Swgso C_Tw Bw ¢
¢ _Tw 3W €70 38 9%0L PUB ‘%0S ‘%0
‘9%ST 4q uoniqryur uopedyiford (2D |
Aoanoadsar ¢ _ux

Sw T pue ‘T Sw 670 ¢ _Tw Su S0
‘,_TW BW ST°0 8 %08 PUE ‘%SL ‘%S
‘%09 &q uoniqryur uonesdyrjoxd 2D |
APanoadsar ¢, _Tw

3w T pue T Swsso C_Tw 3w g0
¢ _TW 3W €70 B 9%0S PUB ‘0605 ‘%SE
‘%S¢ Aq uoniqryur uonedjrord (2D |
Apandadsar ¢,

Sw T pue f_Tw Swgso C_Tw Bw g
¢ _Tw SW €70 38 %0L PUB ‘059 ‘%S9
‘9%0¢ 4q uoniqryur uopersjiford (2D |
Aoanoadsar ¢ _ux

3w T pue ‘T Swgso ¢ _Tw mﬁﬂc <)
‘_TW BW ST°0 I8 %S8 PUE ‘%S8 ‘%S9
‘%0¢ &q uoniqryur uonesdyrjoxd 2D |
APanoadsar ¢, _Tw

3w T pue T Swsso _Tw 3w g
¢ _TW 3W €70 8 %S9 PUB ‘0609 ‘%05
‘%0t 4q uoniqryur uomedjijord 12D |
Aoandadsar ¢ _Tw

Sw T pue f_Tw Swsso T 3w g0
‘W 3W €70 38 %09 PUB ‘%0€ ‘%0T
‘%¢ 4q uonmqryut uonexdyroxd [j2p |
APanoadsar ¢ _Tw

3w T pue T Swgso L _Tw Sw g0
‘_TW 3W ST°0 I8 %09 PUE ‘%S¥ ‘%ST
‘%ST &q uoniqryur uonesdyrjoxd 2D |

juasaid JON

juasaxd 10N

juasaid JON

juasaid J0N

juasaxd 10N

juasaid JON

juasaid JON

juasaxd 10N

juasaid JON

juasaid J0N

juasaxd 10N

juasaid JON

juasaid J0N

8y

10y ,_Tw 3w T pue
‘T w620 ¢, T
3w g0 ‘,_Tw 3w sT°0
y 8y

103 ,_Tw 3w T pue
‘T 8w 6200 ‘| _Tw
Sw g0 ¢, _Tw 8w 570
Y8y

103 _Tw S T pue
T 8w 6200 ‘T
3w g0 ¢,_Tw Sw 620
Y8y

103 ,_Tw 3w T pue
T 3w 620 ‘T
3w g0 ‘,_Tw 3w 70
Yy 8%

10 ,_Tw 3w T pue
‘T 8w 6200 ¢ _Tw
Sw g0 ¢, _Tw 8w 570
U 8y

103 ,_Tw 3w T pue
_Tudw 62°0 4 _Tw
3w g0 ¢,_Tw Sw 6T°0
Y 8y

10y ,_Tw 3w T pue
‘T w620 ‘T
3w g0 ‘,_Tw 3w §T°0
Y 8%

10y ,_Tw 3w T pue
‘T 8w 6270 ¢, _Tw
Sw g0 ¢, _Tw 3w 570
Y8y

103 ,_Tw 3w T pue
‘T 8w 6200 ‘T
3w g0 ¢,_Tw Sw §T°0
y 8y

10 _Tw 3w T pue
‘T Bw 6270 ‘T
3w g0 ‘,_Tw 3w §T°0
Y 8%

1oy ,_Tw 3w T pue

¢ _Tw 8w 620 ‘| _Tw
Sw g0 ¢,_Tw Sw 570
Y8y

103 ,_Tw 3w T pue
f_Tudw 6°0 4 Tw
3w g0 ‘,_Tw 3w sT°0
Y 8%

10y ,_Tw 3w T pue
f_TuSw 60 ¢ T
3w g0 ‘,_Tw 3w §T°0

(6%Sv) aur| 122
Jodued Mﬂ:: uewnyH

(aedoH)
auI| [0 190UBD
oneday uewnyg

J0BIIXd 1[0Y02[e0IPAY

[y Mddo
pajeuonoely joueIng

JOBIIX3 DI[OY0d[eOIPAY
[INY MED pajeuonoely
9je300® [APA

JOBIIXd DI[OY0I[e0IPAY
[INY MdD pajeuonoely
wI0joIo[yD

J0BIIXd D1[0Y02[e0IPAY

[y Mdo
P2IeUONORI JUBXIH

JOBIIXD 1[0Y02[BOIPAY
[y mgo

19BIIXd O[O 0OTBOIPAY

MYy MddD
PajeuonoeIy 10JeM

JOBIIXd 1[0Y02[B0IPAY

[y Mddo
pajeuonoely joueing

19BIIX3 D1[0Y0d[R0IPAY
[INY MED pareuonoey
are100e [Ayng

J9RIIXD DI[OYOI[ROIPAT]
[INY MdD pajeuonoely
wI0JoIo[yD

JOBIIXD 21[0Y02[B0IPAY

[y mad
Pa1euonoRl) SUBXSH

J0BIIXd 1[OY0d[e0IPAY
[y mdao

19BIIXd DI[OY0[BOIPAY
[y Mao
Pa7BUONRI] IR

JOBIIXD 1[0Y02[BOIPAY
Ny Mdo
pajeuonoely joueIng

sdurpury Jo 2ouedIYIU3IS

SISy

JUSWIEII} SNOUIIOXT

uoneqnoul
JO oWIN)/UONEIIUIIUOD

[opow anssn/[[2D

ordwes jo 2dAL,

‘1od

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

'92:2T:6T 9202-T0-0T UO papeo|umoq ‘720z enicp} 0g UO paus!iand ‘901l ss900y uedo

(‘pauocD) T elqeL

This journal is © The Royal Society of Chemistry 2024

2802 | Food Funct., 2024,15, 2799-2813


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d

View Article Online

Review

Food & Function

Aoanoadsax _Tw 3w g

pue ‘,_qur Sw /€70 ¢, _Tw 3w 6770

¢ _TW SW STT°0 38 %0S PUEB ‘%0F ‘%ST
‘%0t 4q uoniquyur uopersjijord ;2D |
Aoanoadsax L _Tw Sw g0

pue ¢ _Tuw Sw ¢/g°0 ¢,_Tw Sw 5270

¢ _Tw W STT°0 38 %08 PUB ‘%08 ‘%05
‘906 4q uoniqryur uomesdyijord (2D |
Aoanoadsax T 3w ¢o

pue ¢, _Tuw Sw 670 ¢,_TW SW ST°0

¢ _Tw W STT°0 ¥8 %08 PUB ‘%S ‘%SL
‘9%S¥ £q uoniqryur uopedyijord (2D |
A[oanoadsar L _Tw 3w g0

pue ‘| _Tuw 3w G0 ¢, _Tw W §Z°0

¢ _TW SW STT°0 38 %08 PUEB ‘%0L ‘%ST
‘%S 1 Aq uoniquyur uopesjijord (2D |
Aoanoadsax L _Tw 8w g0

pue ‘| _w 3w /€0 ‘,_Tw 3w §T°0

¢ _Tw W STT°0 ¥8 %SS PUB ‘%St ‘%0F
‘%S¢ £q uoniqryur uopesdyijord 12D |
Apandadsar ¢, _w Sw g0

pue ‘,_Tw 3w /g0 ¢,_Tw SW §T°0

¢ _TW W STT°0 ¥8 %0L PUB ‘%0L ‘%0S
‘9%0¢ 4q uoniqryur uopesyiford (2D |
Aoanoadsar ¢ _Tw Sw g0

pue ‘| _Tuw 3w G0 ¢, _Tw W 620
‘_TW BW STT°0 I8 %S9 PUE ‘%08 ‘%0T
‘%1 Aq uoniqryur uopexdzroid 130 |
Aoanoadsax L _Tw 8w g0

pue ‘| _w 3w /€0 ‘,_Tw 3w §T°0

¢, _Tw W STT°0 38 %08 PUB ‘%09 ‘%09
‘9609 4q uoniqryur uomedjijord (2D |
Aoanoadsax T Sw g0

pue ‘,_Tw 3w /g0 ¢,_Tw SW §T°0

¢, _Tw W STT°0 38 %08 PUB ‘%08 ‘%0S
‘9%0¥ 4q uoniqryur uopersjijord (2D |
A[oanoadsar ¢ _Tw Sw 60

pue ‘,_Tw 3w G/ ¢, _TwW W §g°0
‘_TW 3W STT°0 I8 %08 PUB ‘%SF ‘%ST
‘%¢ Aq uoniqryur uonexdzioid 130 |
Aoanoadsax L _Tw 8w g0

pue ‘| _w 3w /€0 ‘,_Tw 3w §T°0
‘_TwW 3W STT°0 18 %06 PUE ‘%09 ‘%0¥
‘90t 4q uoniqryur uomesdyijord 12D |
Aoanoadsax T Sw g0

pue ¢, _Tuw Sw ¢/g°0 ¢,_TW SW $T°0

¢, _TW W STT°0 I8 %06 PUE ‘%08 ‘%SS
‘951 4q uoniqryur uopersjiford (2D |
APanoadsar ¢ _Tw

3w T pue T Swgso L _Tw Sw g0
‘_TW BW €T°0 8 %09 PUE ‘%0S ‘%S¢
‘%t Aq uoniqryur uonexdzoid 130 |

juasaid JON

juasaxd 10N

juasaid JON

juasaid JON

juasaxd 10N

juasaid JON

juasaid J0N

juasaxd 10N

juasaid JON

juasaid JON

juasaxd 10N

juasaid JON

juasaid J0N

Y 8% 10§ ,_Tw 3w ¢
pue ‘ _Tw 3w $/¢°0
¢ _Tw Sw €70

¢ _Tw 3w STT°0

Y 8% 10§ ,_Tw 3w ¢'Q
pue ¢, _Tuw 3w 6/£°0
¢ _Tw 3w §T°0

¢ _Tw 8w STT°0

Y 8% 10§ ,_Tw 3w &'
pue ¢, _Tuw 3w 6/£°0
¢ _Tw 3w §Z°0

¢ _TW W STT°0

Y 8% 10§ ,_Tw 3w ¢
pue ‘ _Tw 3w 5/¢°0
¢ _Tw Sw €70

¢ _Tw 3w STT°0

Y 8% 10§ ,_Tw 3w ¢
pue ‘| _Tw 3w /€0
¢ _Tw 3w §T°0

¢ _Tw SW STT°0

Y 8% 10§ ,_Tw 3w ¢'0Q
pue ¢, _Tuw 3w 6/£°0
¢ _Tw 3w §T°0

‘_TW W STT°0

Y 8% 10§ ,_Tw SW 60
pue ‘ _Tw 3w 5/¢°0
¢ _Tw Sw ¢T°0

¢ _Tw 3w STT°0

Y 8% 10§ ,_Tuw 3W 60
pue ‘| _Tw 3w /€0
¢ _Tw 3w 6Z°0

¢ _Tw 8w STT°0

Y 8% 10§ ,_Tw 3w €'
pue ¢, _Tuw 3w 6/£°0
¢ _Tw 3w §T°0

‘_TW SW STT°0

Y 8% 10§ ,_Tuw 3w 60
pue ‘ _Tw 3w /€0
¢ _Tw Sw ¢T°0

¢ _Tw 3w STT°0

Y 8% 10§ ,_Tuw 3W 60
pue ‘ _Tw 3w /€0
¢ _Tw 3w 6T°0

¢ _Tw SW ¢TI0

Y 8% 10§ ,_Tw 3w ¢'0Q
pue ¢, _Tuw 3w 6/£°0
¢ _Tw 3w §Z°0

¢ _Tw 3w STT°0

q 8y

10y _Tw 3w T pue
f_TuSw 60 ¢ T
Buwr g0 ‘,_Tw 3w 6270

(eToH) aur] [[90 190UBD
[BO1AT0 UBWUNE

(6¥5v) au] [22
I20UeD d1Ised uewny

JOBIIXd 1[OY02[e0IPAY

[y Mddo
PajeuonoeIy 10JeM

19BIIXd J[OY0[BOIPAY
[y Mo
pajeuonoely joueing

J9BIIXD DI[OYOI[ROIPAT]
[INY MdD pajeuonoely
9183208 [APA

JOBIIXD 1[0Y02[e0IPAY
1INY MED pajeuonoely
WI0JOI0[YD

19BIIXd 1[0 0D[ROIPAY
[y Mdo
PajeUONORI} SUEXOH

19BIIXD DI[OYOI[BOIPAY]
1y Mddo

JOBIIXD 1[0Y0o[e0IPAY

[y Mdo
PajeuonoeIy 10JeM

19BIIXD DI[OYOI[BOIPAY
1y Mad
pajeuonoely joueing

JOoBIIX9 UEOSOENO‘:EAS
[INY MdD pajeuonoely
9)e3208 [APA

JOBIIX 1[0Y02[B0IPAY
1INY MED pajeuonoely
WI0JOI0[YD

19BIIXD DI[OYOI[ROIPAY]
1y Mdd
Pareuonoely SUBXoHq

J9BIIXD DI[OYOI[BOIPAY
[y Mdo

JOBIIXD 1[0Y02[BOIPAY
Ny Mdo
PajeuonoeIy 10JeM

sdurpury Jo 2ouedIYIU3IS

SISy

JUSWIEII} SNOUIIOXT

uoneqnoul
JO oWIN)/UONEIIUIIUOD

[opow anssn/[[2D

ordwes jo 2dAL,

‘1od

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

'92:2T:6T 9202-T0-0T UO papeo|umoq ‘720z enicp} 0g UO paus!iand ‘901l ss900y uedo

(‘pauocD) T elqeL

Food Funct, 2024, 15, 2799-2813 | 2803

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d

View Article Online

Food & Function

Review

Aoanoadsax ¢ _Tw 3 o5 pue

¢ _Tu 3 gg1 ¢, _Tw 31l 679 38 %81 pue
‘%ST ‘%0T Aq UOIAIO3S V-INL PUE ‘| _Tw
3 ogz pue ‘| _Tw 3 g1 ¢ _Tw 3 579
J€ 9%S8 PUB ‘9609 ‘%0T Aq UONIDAS

T1-11 ¢, _Tw 3 ogg pue ¢, _Tw 31 ¢g1
‘,_Tw 31 679 I8 %SF PUE ‘%0F ‘%07 Aq
UOAINAS 9-T[ 1 :UONIPUOD AT0JeWITIRIFUL
uo1ssaidxe YNYW ¢T-TI pue

9Tl < £, _Tw 31 057 18 %07 Aq uorssaxdxa
VNI W 0-INLL T ‘A[oanoadsax ‘T 3 osz
pue ,_Tw 31 6'¢9 18 9% FT Aq UOIIDI0AS
0-INLL PUE ‘%S £q UONAId3s ¢T-TI

¢ _Tw 3l gz pue _Tw 31 STT 38 %00T
pue 9,21 Aq uona193s 9-T1 1 ‘uorssardxa
uryoiad yya-d pue MN(-d < ‘Ajaanoadsal
‘T 31 osz pue _Tw 3 629 38 %07
pue o,6¢ Aq uorssaxdxa urejord HRIN-d
pue ‘,_Tw 31 6 79 38 9%0¥% Aq uorssardxa
uroxd ged-d ¢, _ur 8 057 3 9%ST

4q uorssaxdxe urazoxd gyy-d ¢, _w 3 05T
pue ‘w3 ¢g1 ¢, _Tw 3 679 3e 9%0%
PUe ‘9409 ‘0S¢ Aq uorssaidxa urajord
T-X0D ¢,_Tw 31 ggz pue ,_Tw 3 ¢zT 38
%0F Pue %0, Aq uorssaidxa urajoxd SONI

SISPIOSIp Ar0yeuruejul
parerpaw-a3eydordew Suissarppe

Sd'T,_Tw 3u 00T
s uoneyuawa[ddns-op

Y ¥¢ 10}
T 31 05z pue |_Tw
gy ¢ _Tw 3 ¢z9

Y ¥ 10§

sadeydordewr
[eauoarad
Q01w o/gTVe Arewtig

JOBIIXD DI[OY0I[BOIPAY
synoxds pgD

syuade A10jewrwuefjuI-IIUE 14T 31 521 38 9%ST Aq uonoNpoid SdT ,_TW 1 LT 3 psz pue Tw (£'%9¢ MVY) auT] [[22 JOBIIXd DI[OY0d[e0IPAY o102
Jo 201nos [enuajod B oq Ued J0RNXT ON 1 :UonIpuod A10jeWIWIE[JUL 3 uoneyudwa[ddns-op gy ‘T 8 gz9 sadeydoroew 9SNOW synoxds pgD weN
AToanoadsar ¢ _Tw U8y
! -
3w T pue T Swsso C_Tw 3w g0 10y _Tw duw T pue JOBIIXD 21[0Y02[B0IPAY
¢, _TW W €T°0 38 %0T PUB ‘%ST ‘%ST ‘T 8w 6270 ¢, _Tw MYy MdD
‘00T 4q uoniqryur uoneiajioid [[2D | jussardJoN  Sw g0 ‘,_Tw Sw 5770 PpajeuonorIy 193eAM
Apandadsar ¢, qsy
Sw T pue T Swgso L _Tw Bw g 103 ,_Tw 3w T pue J0BIIXd DI[OY0d[e0IPAY
¢ _Tw 3W €70 38 %0 PUB ‘%0€ ‘%ST T 8w g0 ¢ _Tw Y Mdo
‘00T £4q uoniqryur uonedjroid [[20 | jussard JoN  Bwr ¢°0 ¢, _Tw SW ST°0 payeuonoely joueing
Aoanoadsar ¢ _ux q 8%
I -
3w T pue T Swgso T Bw g 10 _Tw 3w T pue JOBIIXD 21[0Y02[B0IPAY
¢ _TW SW ST°0 I8 %SE PUB ‘%ST ‘%0T f_TuSw 670 ¢ T Y MED pajeuonoely
‘060G T Aq uoniqryur uoneidjroid 20 | jussard JON  Sw g0 ‘,_Tw W §T°0 .08 [APA
AToanoadsar ¢ _Tw U8y
! -
3w T pue T Swsso _Tw 3w g 103 ,_Tw duw T pue JOBIIXD 21[0Y02[B0IPAY
¢, _TW W ST°0 J8 %0€ PUB ‘%0T ‘%0T T 8w 60 ‘T [INY MED pajeuondesy
‘00T 4q uoniqryur uoneiajioid [[2D | jussard JoN  Sw g0 ‘,_Tw 8w 5770 wiI0J0I0[YD
Aoandadsar ¢ _Tw y sy
Sw T pue T Swgso L _Tw 3w g0 103 ,_Tw Sw T pue JOBIIXd DI[OY0d[e0IPAY
‘W 3W €70 38 9%ST PUB ‘%07 ‘%ST T 8w g0 ¢ _Tw 1Y MED
‘00T £4q uoniqryur uoneidjroid [[20 | juesard JoN  Sw g0 ¢, _Tw W §g°0 pareuOnORly JUBXOH
Aoanoadsar ¢ _ux y 8%
I -
w1 pue ¢, Sw ¢z°0 ¢, _Tw 3w 0 10y ,_Tw 3w T pue (€62) s1e0 Aoupny
T SW 670 38 %0F PUR ‘%0€ ‘%ST ‘_Tu 3w gz0 f_Tu [euoliquua Arewrrad JOBIIX9 DI[OY0d[e0IPAY
‘0601 Aq uoniqryur uoneidjroid [[20 | jussard JoN  Swr g0 ‘T 3w §T°0 pauIojsuen uewny [y Mdan
sdurpury Jo 2ouedIYIU3IS sInsoy JuaUIIBI) SNOUIIOXH uoneqnour [opow anssn/[[eD ordwes jo 2dAL, e

JO oWIN)/UONEIIUIIUOD

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"92:2T:6T 9202-T0-0T U0 papeojumod 20 enige) 0z Uo paustignd 8|0y sseooy usdo

(‘pauocD) T elqeL

This journal is © The Royal Society of Chemistry 2024

2804 | Food Funct,, 2024, 15, 2799-2813


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d

View Article Online

Review

Food & Function

%0.S Aq Uor3a199s MDD |

%0¥8 Aq U0TI2103s MDD |

UONAINAS MDD <

juasaxd JON

juasaxd 10N

juasaid J0N

Yz 10§ ,_TW Sw g

Y ¢ 10§ ,_Tw 8w g

Y ¢ 10§ ,_Tw Sw g

J0B13X2 Urajoxd

INOT} MID PAISAJIP
o314 up KrqoydorpAy
ysry £19A

joenxs Urjoid Inofy
MID pa3saAFIp o414 U1
Arqoydorpdy y3rH
1oenX Urajoid nogy
MID Pa3sa3Ip o41a ui
AiqoydoipAy mo
joenX9 urejord

INO[J MED PAISAIP

(-0oLs)  oumaup prqoydorphy

10959 uon2IIS MDD < yuasaid JoN y¢ioy ,_Twdw g au[[ [[99 I90UED MO[ K19
S1UI3IX2I0UE PAIRIPIW-DID B MOYS JUIIO0PUI0INAU 1oenx9 urajod o103
surajord pAgD paIsadIp o1a up 9%0¢¢ Aq U0OTI2199S MDD | Juasaxd Jo0N Y 7 10§ _TW W § [EUTIS2IUT 9SNON MID PaIsa3Ip o410 ur 3uog

surnqo3

%0¥ Aq 3reyd-y3ry yPIm

uoeAnOR 8-1 1 :UONIPUOd ATojRWIEjUl d1-11 ,_Tw Su o1 INO[} MAED pauondery

UONeANDR §-TI < :UONIPUOD [esed  3m uoneyudwaddns-op Y ¥ 10§ _Tw Sw T Pp231sa31p 04314 uf

surnqor3

%0£ Aq 231eYd-MO[ IIM

UomeAn)OR 8-1 1 :UONIPUOd AT0jRWUWEjUT g1-11 ,_Tw 3u 01 INO[} MED pauonoeIy

UOIBATIOR 8-] <> :UOBIPUOD [esed  (3m uoneyuswsddns-0D Y ¥ 10§ ,_Tw 3w T Po1saldIp oup1a uy

surnqor3

%S9 Aq 381y MO A19A IIM

UomeAn)IE §-11 1 :UONIPUOD AT0JeWWEJUT g1-11 ,_Tw Su 01 INOTj ME D pauonodely

UOIIBAT)OR §-T[ < :UONIPUOD [eseg  yim uoneyuawaddns-0p Y ¥ 10§ _Tw Sw T Pa3sa31p o.z1a Uy

%09 £q sururnqre

UoIeAN)IR §-11 1 :UONIPUOD AT0jeWWEjUT g1-11 ,_Tw Su 01 INO[J MED pauondely

UOIIBATIOR 8-[ <> :UONIPUOD [eseqd  yIm uoneyuawsddns-0D Y ¥ 10§ _Tw Sw T pa1salIp o.p1a uf

%S¢ Aq uoneAnde surnqord

g3-IN 1 :UOIIPUOD AI0jeWIWIE[JUL g1-11 ,_Tw 3u 01 adreyd-ySiy yPm

UOTRATIOR gX-IN < ‘UONIPUOd [eseg  ym uoneyuswoaddns-0D q ¥ 10§ ,_Tw 3w T INOJ MED pauondelq

%07 Aq uoneAnde surnqord

g3-IN 1 :UonIpuod Arojewuueyuy d1-11 ,_Tw Su 01 931ey0-MO] YIIM

uoneAnde gi-IN < UONIpuod [esed  I3m uoneyuswa[ddns-opn Y ¢ 103 ,_Tw 3w T INO[J MED pauondelq

%SS Aq uoneAnde surnqord

g3-AN 1 :UONIpuOod A10jeWUIWIE[JUL g1-1 ,_Tw Suort 231eyd-MO[ A10A IIM

UOTIBATIOR g-IN < :UODIPUOd [eseg  yim uoneyuawsddns-0D Yoy, _Twdw INO[} MED pauondeI]

A1anoe A10jewwRfjUI-NUE %09 A UOTIBATIOR (z
moys surnoid gD paleuonoely g3-AN 1 :UONIPU0d A10jeWUWIE[JUL J1-11 ,_Tw Suor -00B)D) JUI] [[90 190UBD Inog MdaD e 10 92
pue pajsagip o714 ul pue 3oe3UL UONIBATIOR g3-IN < :UODIPUOd [eseg  yim uoneyuawsddns-0D Y ¥ 10§ _Tw Sw T [eunsojur UeWINH  WIOIJ UOIOBI} UTWN[Y orexden
(c

soniadoid axeidn [o193s9[0YD -00B)) JUI] [[20 I90UBD 30B13X9 Urajord P12
-nuEe SMoys 1oenxd urajord mgo %65 Aq oxerdn [o1a3s910yD 1 Juasaid JoN urw 06 10y (/M) %720 [eunsauI UBWNH INofy MED d[qn[osuf 193730
sdurpury Jo 2ouedIYIU3IS sInsoy JuaUIIBI) SNOUIIOXH uoneqnour [opow anssn/[[eD ordwes jo 2dAL, e

JO oWIN)/UONEIIUIIUOD

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

'92:2T:6T 9202-T0-0T UO papeo|umoq ‘720z enicp} 0g UO paus!iand ‘901l ss900y uedo

(‘pauocD) T elqeL

Food Funct, 2024, 15, 2799-2813 | 2805

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d

View Article Online

Food & Function

Review

"0-1030€J SIS0I0dU Jown) :0-IN.L ‘op1xo1adoIpAy [AIng-2497 :HOOI-? ‘sa1oads uadhxo aanoear :sQY ‘€ uonduosuen jo 10jea

-1oe pue 1onpsuen reudis-oydsoyd :g3e3s-d ‘A 103da0a1 pazeanoe 10ye1ayijord swosixorad :AYvdd ‘oseun| parendai-feusdis re[nypoenxs yi/gyd-oydsoyd ad vv/cvd-d ‘ged-oydsoyd :ged-d ‘oseuny urejord
pareanoe-uadoyrwu ged-oydsoyd MIVIA 8ed-d ‘& aseuny aseun] urejoid pajeanoe-usadoyrwr-oydsoyd :HDIA-A ‘eseun| [eurwiai-N unf-o-oydsoyd HIN[-d ‘T a3ensqns 103dasar urnsur-oydsoyd :1-s¥r1-d ‘g
103daoar urnsur-oydsoyd :ysur-d ‘g jo ronqryur-oydsoyd :gy-d ‘g aseun| aseyiuis uadooh[3-oydsoyd :g-xsn-d ‘oseuny parengdai-reudis renjeoenxs-oydsoyd Hryg-d ‘g sseun| urazord-oydsoyd :pjy-d
12 auruoaIyy Je aseuny 9 0/d :(TgrIyL) M9s0.d ‘68¢ auruoary) je aseuny 9s 0d :(68€IYL) M9S0.d ¥ aseprxo areydsoyd aprIOd[ONUIP SUIUIPE IPIWEUNOIIU :FXON ‘OPIXO JLNTU :ON ‘g>-1010BJ Tea[onu
AN ‘opAyaplerpuoew VAN ‘soprieyooesAjodod] :SdT (9SBYIUAS SPIXO JINIU [IONPUT :SONI ¢9-URNS[IANUI :9-T1 ‘JT-UDR[NS[INUI :JT-1I ‘ZT-URNa[INuUI :gT-T] ‘osepixorad asuonpeinid :xgo ‘aoseuad
-01pAyap areydsoyd-9-as00n(3 :HAJ9D ‘erueiny uo payroddns saponredoueu 10ddod :ZQLL/SANND ‘aseInwisip aprxoradns ourz/1oddod :qOS uz/nD {g-9seuaZAX00[04d :Z-XOD ‘UIUR[0ISAI9[oYDd DD ‘o urejoid
Surpuiq 100ueYUL/IYVDD 1030e) uonduosuen oddga/D desymyong :MgD ‘oseurwresuen ajeledse ISV ‘¢dv 10308} uondiiosuen) :gdy ‘oseurwesuel} sUIUE[e (ITV 09JJ0 OU i< ‘OSBAIdAp :1 ‘asearoul
1} “Ajorewrxoxdde se parapIsuod aq Isnw AU UOTIBLIEA "SUORIPUOD [EIUIWIIIAXS [[B 0 PAIISJAI I8 SI0QH0 9y ‘paiiodal J0U dIe SaW)/SUONIEIIUDIU0Y/SI[dUIes PIALIIP-MED UYM “pariodar are sadueyd
JuedyIUSIS AJ[EoNISTIE)S AJUO ‘oW JUSWIIEdI}/UOHEIIUIIUOD dUO UBY) JIOW JOo 20udsaxd oy U "SUONIPUOD PIssals IO [eseq UI IOUIIS S[[90 [onuod pajuswa[ddnsun 2a1oadsar 03 pairsjor are s109pH

UONRINAS JUOUWLIOY [BNXIS
S[OTIU0D pUE 2INs0dXd dUIZUI( JO
S$109JJ0 9SIaApE 93 Sa1eINIW MD

(JaENGEN

SUOWLIOY] [BNXJS SIIRIIPOT
pue a1nsodxa auAX Jo 3030
[BIUSWILIAP ) SAIBIAS[[E MID

UOT}2I09S JUOULIOY [BNXAS SB[
-npour pue ¢QLL/SINND 0} a1nsodxa
JO 109JJ2 3sI2ApE A} SAIEINTW MID

uopeIagrjord (99 < ¢ _Tw Su 00T pue
,_Tw 3u 0T I %S9 PUB %0¥ Aq asBI[a1
Juo1asadoid pue ‘T 3u 0001 pue
Tu 3U 00T 18 %9 pue %S Aq sisoydode
14w 3U 000T pue |_Tw 3U 00T I %S¢
PUB 9%0¥ Aq 9SEI[aI [OIPEIISd pUE 94/ pUE
%¢ Aq AI[IqRIA [[20 | :UONIPUOI IX010IAD)
Aoanoadsal ‘o9 pue o,ze Aq uonyerayrjord
pue AI[IqerA [[99 1 :UORIPUOD [eseq
Ajoanoadsax

¢,_TW 3U 00T I %8T PUE %¢ET Aq IsBI[AI
[o1pensa 1 pue uonerdjrjoid [[90 | ‘AJoAT
-10adsax f_Tw 3u 0001 pue T 3u oot
18 04G/ pUR 9,0, Aq aseafa1 auoinsadord
1 ‘9%, pue 9%¥ Aq sisoydode ‘ope pue

%S Aq AI[IqeIA [[99 | :UODIPUOD JIX0I0IAD
9sea[a1 [oIpeNns? pue ‘Quordlsadord
‘KIIqRIA T[99 < ‘A[oaT3oadsal

‘9505 PUE %G Aq 9SBI[aI [OIpBIISD

1 pue uonerdyoid | :uonIpUOd [eseq
A[oanoadsax ‘T 3 oot pue LT Mot
18 90% PUe %0¢ Aq 9SEI[I [OIpeNSd

pue ¢, _Tuw 3r 00T pue ‘,_Tw 3 01 ¢ _Tw
3 1 38 9451 Aq pue ‘0605 ‘9GS2 Aq dSBITAI
SUO019)S0359) ¢ | _TwW 3 oot pue ¢ _Tu
3ot ‘,_Tw 31 T 38 9401 4q pue ‘oSt
‘%07 Aq uoneagrjoxd 199 ¢, _w 31 00T
pue _Tw 31 0T 38 %, pue %8 4q AI1q
-elA [[99 1 ‘{A[Panoadsar ‘pue _Tuw 31 00T
18 %% Aq sisoydode pue LT S e 90T
Aq A11qeIA [[90 | :UONIPUOD JIX0I0IAD
Jsea[ar

[orpensa pue ‘auoiaysadord ‘uonersyijord
1199 < ‘9509 £q 9s€I[21 SU0IISOIS)

1 ‘A[oanoadsar ‘osST pue o ¥ Aq sisoydode
pue AI[IqeIA [[90 | :UORIPUOD [eseq

auazua(q

,_Tw 3u 0001 pue
‘,_Tw Su 00T ‘,_Tw 3u 0T
m uoneyuswa[ddns-0p

QUIAX | _Tuwr 3U 000T pue
¢ _Tw 3u 00T ‘,_Tw 3u 0T
P uonejuawa[ddns-op

“OlL

/SANND |_Tw 31 00T pue
‘- Tudior‘ _quiddy
s uoneyuswa[ddns-on

Y 8% 103 ,_Tw 31 01

y 8% 10§ ,_Tw 3 0T

y 8% 10y ,_Tw 3 o1

S[[ed
eso[nueld UBLIBAO
aurorod Arewrig

S[[9d
eso[nueld UeLIBAO
aurorod Arewrig

S[[2d
eso[nuerd ueLeAo
ourorod Arewrtig

sdurpury Jo 2ouedIYIU3IS

SISy

JUSWIEII} SNOUIIOXT

uoneqnoul
JO oWIN)/UONEIIUIIUOD

[opow anssn/[[2D

ve 1P 72

1apmod MED PIAJOSSIA uppoIIs
Y CFE]

1opmod MgD PIA[OSSIA uDpoIIs
o 10 72

1opmod MgD PIA[OSSIA unpoIIs
ordwes jo 2dAL, e

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

'92:2T:6T 9202-T0-0T UO papeo|umoq ‘720z enicp} 0g UO paus!iand ‘901l ss900y uedo

(‘pauocD) T elqeL

This journal is © The Royal Society of Chemistry 2024

2806 | Food Funct, 2024,15, 2799-2813


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00202d

Open Access Article. Published on 20 februar 2024. Downloaded on 10-01-2026 19:12:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

an overview of the many facets of “bioactivity”. Five studies
focused on cytotoxicity,>*">® four on hormone secretion,?*>*2¢
three on oxidative stress and antioxidant defenses,?**®3° two
on response to inflaimmatory stimuli***° and to changes in
cell signalling pathways,>®?' whereas only one focused on
CBW effects on cholesterol uptake.**

By piecing together, the most relevant information gathered
in this review, it appears that the overall effects of CBW sup-
plementation were consistently associated with a decrease in
cytokine secretion,>*° with low levels of intracellular oxi-
dation products®*?*®**° and - in general - with improved
response to inflammatory agents. Modulation of the levels of
molecules involved in cell signaling®’' and changes in
hormone secretion®®?*2® were also consistent in all the
studies that addressed these parameters.

However, cytotoxicity data remain ambiguous, as contrast-
ing effects on cell viability and/or proliferation were detected
in cancer and primary cells.”*?® Further studies are needed to
clarify these issues and to assess whether the observed effects
may be of general relevance.

4. Discussion

Numerous facets of the complex relationship between nutri-
tion and health have been clarified by the expansion of studies
and investigations aimed at examining the molecular basis of
functional nutrients and food components. When researching
this subject, it should always be considered that foods - rather
than specific single compounds - form the basis of the human
diet. Therefore, it is crucial to show whether food ingredients
in their entirety have any good effects on health.*? Also of rele-
vance in real food systems are the interactions among poten-
tial or established bioactives. These interactions occur only in
food and often have been proven to impair or promote specific
biological activities.

The increasing interest in pseudocereals in general, and on
CBW in particular, was first based on their content of active
components being higher than in other grain crops, such as
modern wheat varieties,*® to the point of pseudocereals being
described as “the grains of the twenty-first century”.**
Consuming CBW and CBW-enriched products has been linked
to a variety of biological and physiological responses, includ-
ing hypoglycemic,*” and anti-inflammatory effects,*® and there
is a consensus on the phenolics and the proteins in CBW
being responsible for a good share of these advantages.?”

Phenolic compounds are present in pseudocereal grains
mainly in two forms: soluble species (either free or conjugated
to simple sugars and oligosaccharides), and insoluble species
that are mostly bound to biopolymers.*® Due to their chemical
nature,® free polyphenols aglycones, along with their glyco-
sides, can be readily extracted by solvents such as methanol,
ethanol, acetonitrile, and acetone, used alone or mixed with
water.*! In a recent paper, Borgonovi et al. reported that most
phenolic compounds in CBW were in the free form rather than
in the bound one (1421 pg per g dw vs. 55 pg per g dw, respect-
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ively). According to the same study, flavan-3-ols such as epica-
techin-3-(3"-O-methyl)  gallate, epicatechin-O-3,4-dimethyl
gallate, and catechin-glucoside were the most abundant
species in CBW.*?

Here we reviewed six studies in which the materials used
for supplementing cell cultures were resembling a standard
phenolics-rich extract.>>*”*! Vogrin¢i¢ et al.,”> Wang et al.,”®
and Lee et al*® showed that supplementation with aqueous/
hydroalcoholic CBW extracts (from flour and hull) was able to
reduce oxidative damage in basal or oxidative stress and to
improve diabetes conditions in human hepatic and murine
preadipocyte cell lines. This effect was also accompanied by an
increase in cellular antioxidant defenses,”® and by a decrease
in the expression of enzymes involved in the generation of
reactive oxygen species (ROS).*® It is believed that dietary flavo-
noids exert powerful antioxidant action for protection against
ROS/cellular oxidative stress by directly scavenging ROS and
chelating metal ions relevant to ROS formation and stability.*?
Polyphenols reduce free radicals by donating one electron to
the phenolic OH group, and the aromatic group is kept stable
by the resonance of the resulting aroxyl radicals.** A radical
form of the antioxidant is created after interaction with the
initial reactive species and is stabilized by charge delocaliza-
tion brought on by the interaction of the phenolic hydroxyl
groups with the benzene ring’s electrons.*” The amount and
arrangement of the hydroxyl group determine the phenolic
compounds’ antioxidant capacity, and their antioxidant
activity is correlated with the number of hydroxyl groups
present.*® In addition, polyphenols also exert their antioxidant
effects in an indirect way, that involves the up regulation of
antioxidant enzymes expression in vivo. Ajiboye et al. evi-
denced that polyphenolic extract of Sorghum bicolor grains
enhances ROS detoxification in N-nitrosodiethylamine-treated
rats by improving serum superoxide dismutase (SOD), catalase,
glutathione (GSH) peroxidase, and GSH reductase activities.”
Similarly, type 2-diabetic Wistar rats given CBW hull flavonoid
extract showed an increase in SOD activity and GSH content in
serum.”® Also, several polyphenolic compounds have been
shown to inhibit pro-oxidant enzymes such as lipoxygenase,*®
cyclooxygenase,*® myeloperoxidase,”® NADPH oxidase,”* and
xanthine oxidase,®® thus preventing the endogenous gene-
ration of ROS.

The studies reviewed here also report that different CBW
extracts may inhibit proliferation”” and inflammatory
response®® by appropriate modulation of signalling
pathways®>®>! in several cancer cell lines. Noteworthily, these
activities were different when using polar (i.e., aqueous)
extracts®® or extracts prepared by using alcohols or non-polar
solvents.*>*”?31 Of course, the chemical properties of the
extraction media used in these studies resulted in the solubil-
ization of different classes of compounds. In this regard,
Meneses et al. evaluated the efficacy of different solvents and
their mixtures for extracting antioxidant phenolic compounds
from brewer’s spent grains. Although all the produced extracts
showed antioxidant activity, the extract prepared with aqueous
acetone (60%, v/v) had the most elevated content of total
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phenols.>® In addition to the type of solvent used, the extrac-
tion methods can also produce extracts with varying concen-
trations of polyphenols. Dobrinc¢i¢ et al. reported that micro-
wave, ultrasound, and high-pressure-assisted extraction
resulted in higher total polyphenol content in extracts com-
pared to conventional heat-reflux extraction.>

Substantial progress has been made in outlining the
mechanisms through which polyphenols inhibit cell prolifer-
ation and act on the cellular response to inflammatory stimuli.
Flavan-3-ols — which are the most abundant class of phenolics
in CBW** - have been shown to inhibit cell proliferation
through the modulation of multiple signalling pathways. For
instance, Deguchi et al. evidenced that catechin supplemen-
tation determined a dose-dependent growth inhibition effect
associated with phosphorylation of c-Jun N-terminal kinases/
stress-activated protein kinase and of the p38 protein in
human breast cancer cells.>® Catechins can exert significant
anti-inflammatory properties by regulating the activation or
deactivation of inflammation-related cell signalling pathways,
such as nuclear factor-kappa B (NF-kB), mitogen-activated
protein kinases (MAPKs), signal transducer activator of tran-
scription 1 (STAT1) activation and the activator of transcription
1/3 pathways.’®”

In addition to polyphenols, recent research identified the
potential health benefits of food proteins and bioactive pep-
tides.”® The multifunctional properties, including antioxidant,
antimicrobial, anti-hypertensive, and anti-diabetic activities
demonstrated for some of these proteins and peptides, have
led to CBW gaining importance as an ingredient for foods
aiming at the prevention and/or management of various
chronic diseases.®® In the reports reviewed here, evidence was
provided for anti-inflammatory activity*® and inhibition of
cholesterol uptake®' in intestinal cells both by fractionated
and total CBW protein extracts. To date, very few plant proteins
have been reported to possess anti-inflammatory properties in
their intact form.**°*°° The most studied peptide presently is
lunasin, a biologically active peptide originally discovered as a
2S albumin protein first found in soybean and subsequently
detected in cereals and pseudocereals.®’ Various studies evi-
denced that lunasin supplementation to lipopolysaccharide
(LPS)-stimulated macrophages resulted in the decrease of pro-
inflammatory biomarkers associated with an inhibition of
nuclear translocation of the p65 and p50 NF-kB subunits and
the protein kinase B-mediated NF-«xB pathway.®*"®> This effect
is mediated by the interaction between the Arg-Gly-Asp motif
present in lunasin with oVB3 integrin, which is reportedly
associated with the activation of inflammatory pathways.*®

Different mechanisms have been proposed for the reported
hypocholesterolemic capacity of CBW proteins in vivo,*”*® which
almost invariably appears to require intact proteins. One hypoth-
esis assumes that insoluble and hydrophobic CBW proteins — as
well as other specific plant proteins - may interfere with the
organization of cholesterol-rich micelles, affecting their solubility
and impairing their uptake by intestinal cells.**

In addition to intact proteins, bioactive peptides can be
found in enzymatic protein hydrolysates and fermented pro-
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ducts. Of course, peptides are also released during the gastro-
intestinal enzymatic digestion of proteins.®® Several studies
evidenced that bioactive peptides from CBW protein hydrolysis
possess in vitro radical scavenging properties,”>”%”! display a
remarkable reducing power and metal ion chelating activity,>®
and may be capable of inhibiting platelet aggregation’” and
the activity of dipeptidyl peptidase Iv.”®

Capraro et al.>® reported that the anti-inflammatory activity
of in vitro digested CBW proteins was higher than that
measured - in an intestinal cell model - for the corresponding
native intact proteins. The biological functions of peptides are
governed by either the presence of a definite amino acid
sequence or by the relative ratio among specific amino acids
or amino acid classes.”* Song et al. evidenced that most of the
peptides obtained after in vitro digestion of CBP were highly
hydrophobic, due to the frequency of amino acid residues
such as Pro, Phe, Gly, and Val.>® Hydrophobicity of the pep-
tides has been reported as one of the major factors responsible
for the anti-inflammatory responses, as most of the peptides
with anti-inflammatory activity (independently of their size)
were rich in hydrophobic amino acids. In oligopeptides, hydro-
phobic side chains were mainly clustered toward the
N-terminal, while the C-terminal contained mainly polar side
chains.”® The molecular mechanisms of the anti-inflammatory
peptides at the cell level may include a modulation of NF-xB
and mitogen-activated protein kinase pathway, a reduction of
TNF-o induced inflammatory pathway, and an inhibition of
both NO production and histamine release.”

One of the studies considered here also evidenced a
hunger-suppressing effect of in vitro-digested CBW proteins on
an intestinal cell model, that was attributed to the release of
cholecystokinin (CCK).2° Phe and Try,”® as well as the soybean
B51-63 peptide,”” can stimulate the release of CCK from intes-
tinal cells through the mobilization of intracellular calcium
and that this effect was abolished by a specific calcium-sensi-
tive receptor antagonist.”® Making sense of all these obser-
vations may undoubtedly benefit from yet unexplored
approaches based on the facile synthesis of definite amino
acid sequences. Such an approach might elucidate the struc-
tural requirements for either the anti-inflammatory activity or
the stimulation of intestinal hormone secretion by small pep-
tides of both plant and animal origin.

Finally, this review includes studies in which cultured cells
were supplemented with solutions/suspension of various types
of CBW milling products in the absence of any prior extraction
step.>*7° This experimental approach makes it next to imposs-
ible any attribute the reported biological effects to specific
classes of bioactive compounds. However, this approach could
provide some information on whether the possible simul-
taneous presence of different types of bioactive compounds
may lead to a cellular response different from the one observed
with individual classes of potential bioactives.

In conclusion, whereas progress in future studies should
always consider purity/identity issues, the involved researchers
should consider that the in vivo effects may be the result of a
synergistic effect between the various bioactive compounds. A
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recent authoritative review has summarised as synergistic
treatment approaches of polyphenols may be effective in the
treatment of many diseases providing information about the
benefits of these compounds in combination.”® The effects of
these combinations may be greater than the sum of the separ-
ate effects of individual chemical species, but the possibility
that the simultaneous presence of species addressing different
molecular events in a conflicting way — and thus being useless
from a health-promoting standpoint — should be considered as
well.*® Although cell cultures are often used to evaluate the
effectiveness and mechanism of action of bioactives in vitro, to
avoid misleading results it is crucial to employ concentrations
comparable to those found in vivo, which can vary from nM to
uM.2182 One major concern when using cell cultures to study
biomarkers triggered by bioactive compounds is the cancer-
related origin of many commercially available cell cultures
respect primary non-cancerous cell. This is because several
bioactive peptides and polyphenols selectively induce apopto-
sis in cancer cells by deregulating the cell cycle, making them
potential anticancer agents.**"®® In particular, Sak et al.®” con-
ducted a study reviewing the cytotoxicity of flavonoids on over
150 cell lines. The Authors concluded that the toxicity effect
varied greatly depending on the type of flavonoid, dose, and
cell line origin. In contrast, previous studies have reported that
polyphenols increase cell viability in primary cells,**>*?° high-
lighting the significance of cell type (primary vs. cell lines) in
interpreting the biological effects of bioactive compounds.
Also worth considering are issues related to the modulation of
bioavailability of any bioactive (and the timing of their release
in an active form from foodborne precursors) by the many
other components, be they natural or man-made, that are
almost unavoidable in most of the foods consumed by
humans in all corners of an increasingly globalized world.

5. Conclusion

CBW shows promise as a natural source of physiologically
active substances that have positive effects on human health,
including anti-inflammatory, anti-tumor, and antioxidant pro-
perties. This suggests that CBW-based foods could be useful in
promoting and maintaining consumers’ health and quality of
life.

This said, much work remains to be done to clarify several
yet unaddressed issues. For instance, most of the reports
reviewed here**?* %2831 have assessed the effects of various
extracts without considering the bioaccessibility of polyphe-
nols.®® Future research examining the modifications that take
place during digestion will be beneficial in determining the
effectiveness of the bioactive substances included in food.

Also, various research groups have shown how technologi-
cal processes, such as sprouting, fermentation, exogenous
enzyme treatment, and thermal processing, can lead to an
increase in the content of free (and thus more easily extracta-
ble) polyphenols in CBW, as well as facilitate the release of bio-
active peptides from CBW proteins.*>®°™! These results
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emphasize the importance of addressing the role of techno-
logical processes in determining the overall bioactivity of
foods. Investigation on this topic is currently undergoing novel
popularity, also because of the increasing interest in: (i)
advanced and sustainable methods for implementing optimal
nutritional characteristics using bioprocesses and bio-pro-
cessed ingredients; (ii) ongoing change in consumer needs,
preferences, and expectations; (iii) of the impact of climate
changes on the availability (and processing characteristics) of
both established and novel plant-based raw materials.

In any case, further investigations are required, as in vivo
studies in animal models, clinical trials and cohort studies are
yet not available, in contrast with the promising - but far from
exhaustive — data from cellular models and food extracts. In
vivo approaches should allow also to address properly most of
the bioavailability issues and to define more accurately the
nature and the mechanism of action of bioactive species in
CBW and their synergies. The resulting holistic view should -
hopefully - confirm the health benefits of CBW consumption
and provide a sound molecular basis for the determinants of
the “bioactive quality” of this pseudocereal.
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