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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
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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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to the aim of this review (7 =
1,433)

Articles with potential
relevant abstracts (n = 59)

Excluded for abstract not
pertinent to the aim of this
review (n = 39)

Full text articles assessed for

elegibility
(n=20)
Excluded records due to
inadequate statistical

analysis or inappropriate
control (n=238)
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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
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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

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

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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