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Review article
Section: Nutrition

Diet-Induced Adipocyte Browning

Oskar Wojciech Wisniewski'*®, Aleksander Rajczewski'®, Agnieszka Szumigata'®, Magdalena Gibas-Dorna?

IStudents’ Scientific Society, Faculty of Medicine, Poznan University of Medical Sciences,
10 Fredry Street, 61-701 Poznan, Poland
’Department of Applied and Clinical Physiology, Collegium Medicum, University of Zielona Gora,
28 Zyty Street, 65-046 Zielona Gora, Poland

Key words: adipocyte browning, beige adipose tissue, brite adipose tissue, diet, diet therapy, obesity

The adipocyte browning process is a phenomenon that consists in the molecular and morphological remodeling of preadipocytes or mature
white adipocytes into multilocular beige fat cells expressing thermogenesis-associated genes. Adipocyte browning may occur physiologically, mainly
upon cold or exercise stimulation. However, it can also be induced by exogenous compounds, such as drugs or dietary components. Since adipocyte
browning is followed by increased energy expenditure, weight loss, and improved metabolic health, it emerges as a novel therapeutic target in the treat-
ment of obesity and obesity-related diseases. In addition, it contributes to the lowering of both systemic and adipose tissue inflammation, which are
promoted in obese states. Thus, the role of adipocyte browning should be emphasized in the context of a dramatically increasing population of obese
individuals. In this paper, we focus on dietary components and general dietary modifications, which may affect adipocyte browning by its stimulation
or inhibition. We discuss browning properties of amino acids, carbohydrates, fatty acids, and retinoids, as well as present adipocyte browning potential
of the wide range of non-nutrients, including glucosinolates, alkaloids, terpenes and terpenoids, flavonoids and other phenolic compounds. We also
demonstrate the influence of edible plant extracts and food ingredients of animal origin on adipose tissue browning. Finally, we analyze browning ef-
fects of caloric restriction, intermittent fasting and various dietary macronutrient compositions, as well as the significance of microbiota in adipocyte

browning process.

ABBREVIATIONS

AMPK: 5-AMP-activated protein kinase; B,-AR: p,-
-adrenergic receptor; BAT: brown adipose tissue; C/EBPa:
CCAAT/enhancer-binding protein o; CIDEA: cell death activa-
tor CIDE-A; CITEDI: Cbp/p300-interacting transactivator 1;
COXT7AL: cytochrome ¢ oxidase subunit 7A1, mitochondrial;
COX8B: cytochrome ¢ oxidase subunit 8B, mitochondrial;
CPTIA: carnitine O-palmitoyltransferase 1, liver isoform;
CPTIB: carnitine O-palmitoyltransferase 1, muscle isoform;
Cyt C: cytochrome c¢; DHA: docosahexaenoic acid; DIO2:
type II iodothyronine deiodinase; ELOVL3: elongation of very
long chain fatty acids protein 3; EPA: eicosapentaenoic acid;
eWAT: epidydimal white adipose tissue; FGF21: fibroblast
growth factor 21; GPRs: G protein-coupled receptors; HDL-C:
high-density lipoprotein cholesterol; IL-6: interleukin 6; iWAT:
inguinal white adipose tissue; LDL-C: low-density lipoprotein
cholesterol; NRF1: nuclear respiratory factor 1; NRF2: nuclear
respiratory factor 2; PGCla: peroxisome proliferator-activated
receptor y coactivator 1-a; PPARa: peroxisome proliferator-
activated receptor a; PPARy: peroxisome proliferator-activated

* Corresponding Author:

E-mail: (O.W. Wisniewski)

QIOKIC]

( ).

receptor y; PRDM 16: PR domain-containing protein 16; rWAT:
retroperitoneal white adipose tissue; SWAT: subcutaneous WAT;
TBXI1: T-box transcription factor TBX1; TFAM: transcription
factor A, mitochondrial; TMEM26: transmembrane protein 26;
TNF-o:: tumor necrosis factor o; UCP1: uncoupling protein 1;
WAT: white adipose tissue.

INTRODUCTION

Over the last decades, the understanding of adipose tis-
sue has changed unquestionably. Gradually, it came out that
it is not only the storage site of lipids but also an active en-
docrine organ, which modulates the functioning of the whole
organism [Luo & Liu, 2016]. In addition, recent years of pre-
clinical trials have proven that white adipose tissue (WAT) has
a transformative potential, as it can differentiate into beige
adipose tissue upon definite stimulation in the process called
adipocyte browning (also known as beiging or britening)
[Rosenwald ef al., 2013].

More precisely, the adipocyte browning process is a phe-
nomenon, which involves not only already existing white
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adipocytes, but also preadipocytes, which can differentiate
into both white or beige fat cells [Harms & Seale, 2013].
During the adipocyte browning, the clusters of stimulated
cells undergo histological, cytological, and molecular chang-
es, finally acquiring the beige adipose tissue phenotype [Wu
etal., 2012].

Beige adipose tissue (also called brite adipose tissue,
brown-like adipose tissue, inducible-brown adipose tissue)
is a subtype of brown adipose tissue (BAT), which contains
adipocytes that share features of both white and “classical”
brown fat cells [Lidell et al., 2013]. Their unique gene expres-
sion pattern includes genetic hallmarks specific for beige adi-
pocytes as well as genes expressed in both “classical” brown
and beige fat cells ( ) [Wu et al., 2012]. In contrast to
white adipocytes, beige cells are abundant with uncoupling
protein 1 (UCP1)-positive mitochondria, which enables
the process called non-shivering thermogenesis [Shaba-
lina et al., 2013]. Heat generation and distribution as a key
function of beige cells, is associated with their high degree
of sympathetic innervation and vascularization [Kajimura
et al., 2015]. As compared with WAT cells, beige adipocytes
contain more, but smaller in size, lipid droplets, which results
in multilocular morphology of beige adipose tissue (in con-
trast to unilocular WAT) [Harms & Seale, 2013]. These lipid
droplets are rich in triglycerides that supply an energy for
thermogenesis.

Taken together, the adipocyte browning process that oc-
curs when body’s demands for heat generation and dissipa-
tion are greatly elevated, involves induction of mitochondrial
biogenesis, UCP1 expression, triggered B-oxidation, angio-
genesis and enhanced sympathetic innervation [Harms &
Seale, 2013].

The assessment of gene expression alterations is es-
sential to confirm adipocyte browning, therefore detailed
knowledge about genes involved in this process is neces-
sary to interpret the scientific results ( ). Cdi37, Thxl,
and Tmem26 seem to be specific markers for beige adipocytes,
while the expression of other genes differs a lot when most
prevalent WAT depots are considered: epidydimal, inguinal
and retroperitoneal WAT (eWAT, iWAT, and rWAT, respec-
tively) [de Jong et al., 2015].

There is a wide range of browning activators including
endogenous (hormones, growth factors, or cytokines) and ex-
ogenous (mostly dietary components or pharmacological
agents) factors, whereas browning inhibitors are relatively rare
[Wisniewski et al., 2018]. The most studied and presumably
the most potent browning-positive effect is associated with in-
creased sympathetic nervous system activity and p,-adrenergic
signaling pathway in response to cold [Contreras ez al., 2014].
Importantly, adipocyte browning is reversible, and so-called
whitening of beige adipocytes may occur, depending on envi-
ronmental conditions [Rosenwald et al., 2013].

The clinical significance of adipocyte browning is associ-
ated with an improvement of metabolic health [Wisniewski
et al., 2018; Wisniewski, 2019]. Induction of beige fat thermo-
genesis results in increased lipolysis and energy expenditure,
followed by reduced adiposity and weight loss [Yoneshiro
etal.,2013]. Furthermore, adipocyte browning decreases low-
grade systemic inflammation by diminishing proinflammatory

cytokine concentrations and enhancing anti-inflammatory
adipokines production [Min et al., 2016; Zhuanget al., 2019],
as well as improves glucose tolerance [Chondronikola et al.,
2014]. Hence, adipocyte browning emerges as a novel thera-
peutic approach to obesity and obesity-related complications,
such as type 2 diabetes, hypertension, dyslipidemia, or non-
-alcoholic steatohepatitis [Wisniewski et al., 2018].

In order to summarize the knowledge and inspire fur-
ther research, we aimed to present a comprehensive review
of the current literature about dietary components and dietary
interventions that may elicit adipocyte browning.

AMINO ACIDS

Betaine

Betaine (trimethylglycine) is a common natural amino
acid mostly found in wheat, spinach, beetroots, and shellfish
[Ross et al., 2014]. In humans, it is well known as an inter-
mediate product of choline degradation, although it exhibits
multiple positive metabolic effects by itself [Ueland, 2011].
Apart from improving insulin sensitivity, blood lipid profile,
and anti-inflammatory activity, betaine affects adipogenesis
and promotes adipocyte browning [Du et al., 2018]. Du et al.
[2018] proved that betaine suppresses proliferation and dif-
ferentiation of 3T3-L1 preadipocytes by cell cycle block-
age between G1/S phases and downregulation of C/EBPa
and PPARy. Furthermore, betaine upregulates Ucp!l, Pparg,
Ppargcla, Cidea, and Cd137, as well as stimulates mitochon-
drial biogenesis, in Kunming mice after 13-week administra-
tion of a high-fat diet and 1% betaine in water, which, in turn,
results in reduced body fat, lowered lipid accumulation
and increased B-oxidation in myocytes mass [Du et al., 2018].

Leucine

Leucine is an essential branched-chain amino acid with
the highest content in proteins of soybeans, meat, eggs,
and nuts [Rondanelli ef al., 2021]. Unlike another essential
amino acid — methionine, there are many significant incon-
sistencies in the role of leucine in the adipocyte browning
process.

Two studies confirm the browning properties of leucine
supplementation [Binder ez al., 2014; Jiao et al., 2016]. The first
one revealed that 21-week supplementation of CS57BL/6J
mice with 1.5% L-leucine resulted in increased Ucpl, Ucp3,
and Cptl mRNAs in eWAT, albeit these changes were not
associated with elevated energy expenditure and weight loss
[Binder et al., 2014]. The other research evidenced reduced
body weight and enhanced expression of browning-related
proteins, such as UCP1, PGCla, B,-AR, and FGF21, in e WAT
and BAT of C57BL/6J mice after 24 weeks of dietary inter-
vention with both 1.5% or 3.0% L-leucine [Jiao ef al., 2016].
Furthermore, decreased adipocyte size, lowered concentra-
tions of lipogenic enzymes (acetyl-CoA carboxylase and fatty
acid synthase) as well as encouraging lipolysis by increasing
adipose triglyceride lipase and phosphorylated hormone-sen-
sitive lipase at the protein level were found upon diet supple-
mentation with both 1.5% or 3.0% vr-leucine. Thus, the signs
of adipocyte browning, raised thermogenesis, and adipose tis-
sue remodeling were reported [Jiao et al., 2016].
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TABLE 1. Genes used in adipocyte browning research (based on UniProt database).

Gene names HUMAN (Murine) Encoded protein Abbreviation

Genes highly expressed in both beige and “classical” brown adipocytes

ADRB3 (Adrb3)

B,-adrenergic receptor B,-AR
CIDEA (Cidea) Cell death activator CIDE-A CIDEA
DIO2 (Dio2) Type I1 iodothyronine deiodinase DIO2
EBF2 (Ebf2) Early B-cell factor 2 EBF2
ELOVL3 (Elovi3) Elongation of very long chain fatty acids protein 3 ELOVL3
PPARA (Ppara) Peroxisome proliferator-activated receptor o PPARa
PPARG (Pparg) Peroxisome proliferator-activated receptor y PPARy
PPARGCIA (Ppargcla) Peroxisome proliferator-activated receptor y coactivator 1-a PGCla
PRDM16 (Prdm16) PR domain-containing protein 16 PRDM16
UCPI (Ucpl) Uncoupling protein 1 UCP1
Genes specific for beige adipocytes
CD137 (Cd137) CD137 CD137
CITEDI (Citedl) Cbp/p300-interacting transactivator 1 CITEDI1
FGF21 (Fgf21) Fibroblast growth factor 21 FGF21
HOXC9 (Hoxc9) Homeobox protein Hox-C9 HOXC9
TBXI (Thx1) T-box transcription factor TBX1 TBX1
TMEM26 (Tmem26) Transmembrane protein 26 TMEM26
Genes specific for “classical” brown adipocytes
EVAI (Eval) Protein eva-1 EVA1
LHXS (Lhx8) LIM/homeobox protein Lhx8 LHX8
ZICI (Zicl) Zinc finger protein ZIC 1 ZIC1
Genes strongly associated with mitochondrial biogenesis
NRFI (Nrfl) Nuclear respiratory factor 1 NRF1
NRF2 (Nrf2) Nuclear respiratory factor 2 NRF2
TFAM (Tfam) Transcription factor A, mitochondrial TFAM
Genes strongly associated with p-oxidation and mitochondrial activity
ACADM (Acadm) Medium-chain specific acyl-CoA dehydrogenase, mitochondrial MCAD
COX7AI (Cox7al) Cytochrome ¢ oxidase subunit 7A1, mitochondrial COX7A1
(Cox8b) Cytochrome ¢ oxidase subunit 8B, mitochondrial COX8B
CPTIA (Cptla) Carnitine O-palmitoyltransferase 1, liver isoform CPTIA
CPTIB (Cptlb) Carnitine O-palmitoyltransferase 1, muscle isoform CPTI1B
CYCS (Cycs) Cytochrome ¢ CytC
Genes highly expressed in white adipocytes
ALDHIAI (Aldhlal) Retinal dehydrogenase 1 ALDHI
CEBPA (Cebpa) CCAAT/enhancer-binding protein o C/EBPa
FABP4 (Fabp4) Fatty acid-binding protein type 4 FABP4
LPINI (Lpinl) Phosphatidate phosphatase LPIN1 LIPIN1
PSATI (Psatl) Phosphoserine aminotransferase PSAT1
RETN (Retn) Resistin
SREBPI (Srebpl) Sterol regulatory element-binding protein 1 SREBP1
(Zfp423) Zinc finger protein 423 ZFP423
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However, another two study groups have indicated that ad-
ipocyte browning is induced by leucine restriction rather than
by supplementation [Chenget al., 2010; Wanders et al., 2015].
Two papers described elevated expression of UCP1 at both
protein and mRNA levels as well as upregulated Ppargcla,
Pparg, and Adrb3 in BAT of C57BL/6J mice after 1-week
of total leucine restriction [Cheng et al., 2010, 2011]. More-
over, the same alterations of the abovementioned lipogenic
and lipolytic enzymes, as well as weight loss and diminished
adipocyte size, were observed. In addition, a significant in-
crease in UCP1 at both mRNA and protein levels in iWAT
and BAT of C57BL/6J mice as well as a raised transcription
of Cidea, Cox7a, and Cox8b in iWAT were detected upon
8 weeks of leucine restriction by 85% [Wanders et al., 2015].
Similarly, a low-leucine diet resulted in broadened deposits
of multilocular adipocytes, nevertheless heightened acetyl-
CoA carboxylase and fatty acid synthase mRNAs were noted
in eWAT and iWAT contrarily [Wanders et al., 2015]. Taken
together, based on the presented data, the impact of leucine
on adipocyte browning remains not fully recognized.

Similarly as for methionine restriction, FGF21 overex-
pression and sympathetic nervous system activation were sug-
gested as the possible mechanisms of the adipocyte browning
in the case of leucine deprivation [Cheng et al., 2010, 2011;
Wanders et al., 2015 1, while no mechanisms supporting
the browning on leucine-rich diet were presented [Binder
etal.,2014; Jiao et al., 2016].

Positive effects resulting from leucine administration or
restriction beneficially influence metabolic outcomes. Upon
prolonged leucine supplementation, decreased production
of proinflammatory cytokines, diminished circulating leptin
and leptin resistance were reported [Binder et al., 2014; Jiao
et al., 2016]. Nevertheless, there are discrepancies, whether
higher or lower leucine intake contributes to improved glu-
cose metabolism [Binder ez al., 2014; Cheng et al., 2011; Jiao
etal.,2016].

Methionine

Eggs, meat, grain, and dairy products are the predomi-
nant source of dietary methionine, an essential amino acid
which profoundly modulates human metabolism [Gorska-
-Warsewicz et al., 2018]. However, recent data suggest that
methionine restriction may also be beneficial in obesity
and obesity-related diseases due to adipocyte browning stim-
ulation [Jiang ef al., 2015; Stone et al., 2015; Wanders et al.,
2017]. Over a 5-fold reduction in dietary methionine intake
significantly elevated Ucp1, Ppargcla, Cidea, Cox7al, Cox8b,
and Adrb3 mRNAs in murine iWAT in vivo [Stone et al.,
2015; Wanders ef al., 2017]. Furthermore, the upregulation
of Ucpl, Cidea, and Elovi3 was also present in BAT. In ad-
dition, methionine restriction activates sympathetic drive
and leads to the liver overexpression of FGF21 [Stone et al.,
2015; Wanders et al., 2017], which is recognized as an inde-
pendent activator in browning processes [Fisher e al., 2012].
As a result of the adipocyte browning and pleiotropic func-
tions of FGF21 itself, improved insulin sensitivity, weight
loss, and a reduction in plasma and hepatic triglycerides were
also reported [Stone et al., 2015; Wanders et al., 2017]. Simi-
lar browning and metabolic effects (1 UCP1 and FGF21;

| body mass, glucose, and hepatic triglycerides) were also
evidenced in mice with impaired intestinal and renal methio-
nine absorption due to methionine transporter knockdown
[Jiang et al., 2015].

Taurine

Seafood is the primary source of exogenous taurine, one
of the most common amino acids in the human body compo-
sition [Laidlaw ef al., 1990]. Guo et al. [2019] studied the im-
pact of taurine on adipocyte browning and reported that
intraperitoneal taurine administration resulted in the upregu-
lation of Ucep1, Ppargcla, Tfam, and Cpt1b expression in iWAT,
eWAT, and BAT of C57BL6 mice. The same alterations
of browning-specific genes were observed in C3H10T1/2 cells
upon taurine supplementation [Guo et al., 2019]. Conse-
quently, dietary taurine promoted mitochondrial biogenesis,
increased B-oxidation, and raised energy expenditure, lead-
ing to higher free fatty acids utilization, reduced adiposity,
and weight loss with improved glucose tolerance and insulin
sensitivity. Mechanistically, taurine stimulates AMPK phos-
phorylation, thus activating the AMPK/PGCla pathway
[Guoet al., 2019].

CARBOHYDRATES

L-Rhamnose

L-Rhamnose is a monosaccharide that is a component
of plant cell walls and bacteria [Jiang er al., 2021]. It is used
as a sweetener that is able to reduce both cholesterogenesis
and triacylglycerol synthesis [Bai ef al., 2015]. In addition,
3T3-L1 preadipocyte supplementation with L-rhamnose
resulted in an elevated concentration of browning-related
proteins such as UCP1, PRDM16, and PGCla as well as
Cd137, Citedl, Prdml6, ThxI, and Tmem26 mRNAs [Choi
et al., 2018]. Several different signaling pathways, includ-
ing B,-AR, SIRT1, PKA, and p-38, take part in this process.
L-Rhamnose administration was associated with activation
of the AMPK and acetyl-CoA carboxylase proteins, increased
acyl-coenzyme A oxidase, carnitine O-palmitoyltransfer-
ase 1, and phosphorylated hormone sensitive lipase levels.
What is more, L-thamnose activated HIB1B brown adipo-
cytes by increasing expression of brown-fat markers (UCP1,
PRDM16, and PGCla) and changing morphology of fat cells
[Choietal., 2018].

Trehalose

Trehalose is an anti-inflammatory disaccharide [Arai
et al., 2019] present in honey, fungi and yeast [Oku & Na-
kamura, 2000] that exhibits the ability to reduce insulin se-
cretion and improve glucose tolerance [Arai ef al., 2019].
A 16 weeks of drinking water with trehalose resulted in WAT
browning in experimental mice, which was confirmed by in-
creased expression of Cidea and Ucpl mRNAs in iWAT [Arai
et al., 2019]. Similar but not significant tendency was ob-
served in the mesenteric adipose tissue. Trehalose-induced
WAT browning was accompanied with reduced serum glucose
and elevated core temperature as a consequence of thermo-
genesis intensification. Moreover, trehalose caused the expan-
sion of multilocular UCP1-positive adipocytes in both iWAT
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and mesenteric WAT. Also, possible fibroblast growth fac-
tor 21 (FGF21) involvement in trehalose-induced adipocyte
browning was investigated, though its concentration did not
increase during the experiment, suggesting a different under-
lying mechanism [Arai et al., 2019].

Inulin

Over 30,000 plant species (e.g., Cichorium intybus, As-
paragus sp., Allium sp.) are sources of inulin, a non-digestible
carbohydrate known especially as a prebiotic and dietary
sugar replacer in diabetics [Shoaib et al., 2016]. A recent
study by Weitkunat er al. [2017] evidenced browning prop-
erties of inulin, mainly attributed to short-chain fatty acids
production. The 30-week inulin supplementation significant-
ly raised Ucpl, Ppargcla and Cidea mRNA levels in sWAT
of C57BL/6JR]j mice. Moreover, inulin ameliorated high-fat
diet induced adipocyte hyperplasia and altered fecal micro-
biota composition, preferring overgrowth of Bifidobacterium
[Weitkunat et al., 2017].

FATTY ACIDS

a-Linolenic, y-linolenic and pinolenic acids

Primary subcutaneous adipocytes of C57BL/6 mice were
reported to upregulate the expression of Ucp! upon in vitro
a-linolenic acid, y-linolenic acid or pinolenic acid administra-
tion, which are different octadecatrienoic acid isomers, found
mainly in the wide range of seeds [Shin & Ajuwon, 2018a].
Moreover, an insignificant increase in Ppargcla mRNA
was noted. However, only the pinolenic acid potentiated
the browning effect of norepinephrine associated with sym-
pathetic nervous system stimulation, while y-linolenic acid
additionally decreased Cidea transcription [Shin & Ajuwon,
2018a]. Furthermore, y-linolenic acid slightly but insignifi-
cantly elevated Ucp! in both 3T3-L1 and 10T1/2 adipocytes
[Shin & Ajuwon, 2018a].

Linoleic and conjugated linoleic acids

Conjugated linoleic acid is a mixture of linoleic acid
isomers, mostly cis-9, trans-11 and trans-10, cis-12, derived
from sunflower oil, ruminant meats, or dairy products [Shen
& Mclntosh, 2016]. Results obtained in murine trials proved
that conjugated linoleic acid is an adipocyte browning induc-
tor since it increased mRNAs of Ucp!, Ppargcla, and Cptlb
in epididymal WAT as well as energy expenditure [Wendel
et al., 2009]. The possible mechanism of browning initiation
might be connected with B,-adrenergic activity but the effect
is rather short lasting and not maintained over a few weeks
of conjugated linoleic acid supplementation [Wendel ef al.,
2009]. Therefore, the other pathways play a significant role
in conjugated linoleic acid-driven browning process. In ad-
dition, results of conjugated linoleic acid administration
may be partially mediated by a group of G protein-coupled
receptors (GPRs) [Sauer et al., 2004]. The conjugated lin-
oleic acid browning properties were indirectly observed
in several clinical trials reporting significant weight loss
in conjugated linoleic acid subjects [Blankson ef al., 2000;
Smedman & Vessby, 2001; Watras et al., 2007]. Apart from
the adipocyte browning promotion, conjugated linoleic acid

elevated lipolysis, B-oxidation, white adipocyte apoptosis,
and decreased adipogenesis [Hargrave et al., 2002; LaRosa
et al., 2006]. Interestingly, a few research disclosed raised
inflammatory markers, such as C-reactive protein, upon
dietary interventions with conjugated linoleic acid [Steck
etal., 2007].

Contrary to conjugated linoleic acid, the linoleic acid
supplementation evoked accumulation of fat and increased
body mass as well as diminished thermogenesis and oxygen
consumption in the C57BL/6 mice model [Shin & Ajuwon,
2018b]. Furthermore, no signs of browning-specific gene up-
regulation were noted. Nevertheless, linoleic acid addition
to murine primary subcutaneous adipocytes in vitro resulted
in Ucpl overexpression and insignificant Ppargcla mRNA
elevation [Shin & Ajuwon, 2018a]. Thus, the discrepancy
between conjugated linoleic acid and linoleic acid browning
properties in vivo may be attributed to the fact that high-fat
diet itself leads to adipocyte browning inhibition, and linoleic
acid is not capable of attenuating high-fat diet-induced al-
terations [Shin & Ajuwon, 2018b].

10-Oxo0-12(Z)-octadecenoic acid

10-Ox0-12(Z)-octadecenoic acid is a product of satu-
ration metabolism of linoleic acid by gut microbiota, espe-
cially Lactobacillus spp. [Kishino et al., 2013]. Upon its ad-
ministration, a significant increase in expression of Ucpl,
Prdm16, Ppargcla, Tbx1, Cptlb, and Adrb3 in iWAT, as well
as BAT, of C57BL/6 mice was observed [M. Kim et al., 2017].
10-Ox0-12(Z)-octadecenoic acid induced adipocyte brown-
ing and weight loss via gastrointestinal TRPV1 receptors,
which activated B,-adrenergic signaling, a potent browning
stimulator. Furthermore, its supplementation reduced blood
glucose and triglycerides [M. Kim ez al., 2017].

Oleic acid

Olive oil is the most common source of oleic acid,
a monounsaturated n-9 fatty acid, and a crucial element
of the Mediterranean diet [Marcelino et al., 2019]. Re-
garding adipocyte browning, oleic acid administration re-
sulted in marginally augmented Ucp! expression in 3T3-L1
adipocytes, while no effect of oleic acid was observed
in 10T1/2 cells or murine primary subcutaneous adipocytes
in vitro [Shin & Ajuwon, 2018a]. Surprisingly, oleic acid did
not show a potent browning-inducing effect, in contrast to
the outcomes of olive oil supplementation (see: Olive oil sec-
tion) [Shin & Ajuwon, 2018b].

Stearic acid

Animal fats, as well as cocoa and shea butter, are products
abundant in stearic acid, which acts as a potent adipocyte
browning inhibitor [Shin & Ajuwon, 2018b]. Stearic acid-rich
diet based on high shea butter intake resulted in diminished
Ucpl, Ppargcla, and Adrb3 expression in eWAT and also low-
ered the Ucpl mRNA level in sWAT of C57BL/6 mice [Shin
& Ajuwon, 2018b]. Interestingly, shea butter diet significantly
upregulated Prdmi16 in eWAT and Tfam in sWAT, although
increased content of WAT and total body weight were no-
ticed. Moreover, no alterations of browning-specific genes
were observed in murine primary subcutaneous adipocytes as
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well as 3T3-L1 and 10T 1/2 cell lines in vitro, except for Cidea
downregulation in primary subcutaneous adipocytes [Shin &
Ajuwon, 2018a]. In addition, stearic acid supplementation led
to elevated triglycerides accumulation in the liver as well as
raised blood glucose and insulin [Shin & Ajuwon, 2018b].

Arachidonic acid

Arachidonic acid is a product of linoleic acid metabolism,
which serves as a substrate for prostaglandins production
[Sonnweber et al., 2018]. Common dietary sources of ara-
chidonic acid are eggs, fishes, meat and poultry [Taber et al.,
1998]. Recent research revealed that intake of arachidonic
acid may inhibit adipocyte browning in human multipotent
adipose-derived stem cells, which was manifested by de-
creased UCP1 at both mRNA and protein levels [Pisani et al.,
2014]. In addition, a significant decline in mitochondrial ac-
tivity, as well as impaired browning upon B,-AR agonist, was
observed. Since elevated expression of both isoforms of cy-
clooxygenase (COX-1 and COX-2) and increased concen-
trations of prostaglandins E2 and F2a were noted in adipo-
cytes, a prostaglandins-dependent pathway was suggested as
the mechanism of browning suppression [Pisani et al., 2014].
However, the same prostaglandin E2 was previously con-
sidered as a browning activator in both human and murine
models [Garcia-Alonso ef al., 2013, 2016]. This discrepancy
might be attributed to the stimulation of different receptors
for prostaglandin E2. High affinity EP4 receptor activity was
recognized to promote cCAMP signaling and stimulate brown-
ing, while low affinity EP1 receptor working through calcium
signaling pathway evoked the opposite effect [Pisani et al.,
2014].

Moreover, the suppressive effect of arachidonic acid on
the adipocyte browning was also reported in interscapu-
lar WAT of C57BL/6J mice (| UCP1, PRDM16, PGClo,
C/EBPp), while in gonadal WAT molecular signs of brown-
ing (1 UCP1, PRDM16, PGCla, C/EBPB, CIDEA) were
found [Zhuang et al., 2017]. Interestingly, arachidonic acid
supplementation showed gender-specific effects on metabolic
outcomes and inflammation. Arachidonic acid beneficially
modulated insulin sensitivity and adipose tissue inflamma-
tion in female mice, and did the opposite in males [Zhuang
etal., 2017]. Possibly this is due to altered composition of gut
microbiota in female mice (reduced Firmicutes/Bacteroidetes
ratio), as a result of gender-dependent arachidonic acid inter-
action [Zhuang et al., 2017].

Docosahexaenoic and eicosapentaenoic acids

n-3 Long-chain polyunsaturated fatty acids, such as doc-
osahexaenoic and eicosapentaenoic acids (DHA and EPA,
respectively), are well-known metabolism regulators found
mainly in fish oil [Kris-Etherton er al., 2009]. Recent re-
search has suggested that positive metabolic effects of DHA
and EPA might be associated with stimulation of the adi-
pocyte browning [Bargut ef al., 2019; Laiglesia et al., 2016;
Zhao & Chen, 2014].

Both DHA and EPA, as well as a mixture of DHA with EPA,
reduced adipocyte size and significantly increased expression
of browning-specific genes, such as Ucpl, Cd137, Ppargcla,
Nrfl, Tfam, Ppara, Pparg, in iWAT of C57BL/6 mice [Bargut

et al., 2019]. Interestingly, the most potent effect was exerted
by EPA itself, while DHA+EPA supplementation resulted
mostly in significantly smaller gene upregulation than single
EPA or DHA. Similarly, the above-mentioned genes were also
overexpressed in BAT in response to both DHA and EPA as
well as its mixture, except for insignificant Ppargcla altera-
tion upon DHA+EPA [Bargut et al., 2019]. Furthermore,
both DHA and EPA raised Prdm16, Cidea, Cptib, and Cox8b
in iWAT of C57BL/6 mice; however, only the DHA-treated
group showed a decreased fat mass and adipocyte volume as
well as upregulation of Cebpb and bone morphogenetic pro-
tein 7 [Zhuang et al., 2019]. Moreover, both DHA and EPA
were responsible for the elevated expression of Ucp 1, Ppargcla,
Pparg, Cidea, Cptib, and Cox8h in 3T3-L1 adipocytes
[Zhuang ef al., 2019]. Nevertheless, DHA supplementation
increased the expression of those genes to a greater extent
than EPA and initiated the adipocyte browning a few days
earlier [Zhuang et al., 20191, suggesting DHA to be a more
potent browning activator than EPA, on the contrary to
the previously described paper [Bargut et al., 2019].

Signs of adipocyte browning were also reported in human
differentiated subcutaneous adipocytes upon EPA adminis-
tration in vitro [Laiglesia et al., 2016]. The addition of EPA
to the medium was associated with an enhanced expression
of UCPI, PRDM16, CIDEA, CD137, TBX1, NRFI, TFAM,
and CPTIA, which is in line with the results obtained on mu-
rine model [Zhao & Chen, 2014].

However, one of the in vivo studies completely denied
EPA-induced adipocyte browning presenting no effect of EPA
in upregulating Ucep1, Prdm16, Ppargcla, Pparg, Cidea, Elovi3,
and Fgf2] genes in murine iWAT, while showing that all
of them were significantly enhanced in BAT [Pahlavani ez al.,
2017].

There are also inconsistencies regarding the role of DHA
and EPA in lipolysis and lipogenesis. Two of the studies re-
port significant elevation in hormone-sensitive lipase expres-
sion [Bargut et al., 2019], with concomitant increase in the li-
polytic rate and inhibition of lipogenic enzymes, including
fatty acid synthase [Laiglesia e al., 2016]. On the other hand,
another study showed inhibition of hormone-sensitive lipase
and adipose triglyceride lipase, indicating lipolysis suppres-
sion, as well as overexpression of glycerol-3-phosphate acyl-
transferase 1 and 3 involved in lipogenesis [Zhao & Chen,
2014].

Furthermore, DHA, and EPA elevated serum adiponec-
tin and decreased leptin [Bargut et al., 2016; Zhuang ef al.,
2019]. Interestingly, DHA also reduced the level of low-grade
systemic inflammation, diminishing tumor necrosis factor o
(TNF-o) and interleukin 6 (IL-6) concentrations, and increas-
ing anti-inflammatory IL-10 [Zhuang et al., 2019]. Moreover,
EPA enhanced glucose transporter type 4 and lipoprotein li-
pase mRNAs, which might contribute to lowered blood glu-
cose, low-density lipoprotein cholesterol (LDL-C), and total
cholesterol [Bargut et al., 2019; Zhao & Chen, 2014].

Several mechanisms of DHA and EPA-induced adipocyte
browning have been proposed so far. First of them is the acti-
vation of the sympathetic nervous system, which might be a re-
sult of B,-AR or TRPV1 receptors stimulation or FGF21 ac-
tion [Bargut et al., 2016; Kim ef al., 2015]. Another possible
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TABLE 2. Summary of in vivo studies of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) regarding adipocyte browning stimulation.

Substance Dose Duration Research Adipose tissue Genes/mRNAs Reference
(g/kg/day) (week) material deposit alterations
11 Uepl, Cd137, Ppargcla,
DHA 8.47 5 CS7BL/6 mice  iWAT and BAT Nrfl, Tfam, Ppara, Pparg Barguter al. [2019]
1 Fndc5, Hsl
DHA 10 15 CS57BL/6J mice IWAT 1 Prdmli6, Cidea, Cptlb, Cox8b  Zhuanget al. [2019]
™M1 Uepl, Cd137, Ppargcla,
EPA 8.47 5 C57BL/6 mice  iWAT and BAT Nifl, Tfam, Ppara, Pparg Barguter al. [2019]
1 Fndc5, Hsl
EPA 10 15 C57BL/6] mice iIWAT 1 Prdmli6, Cidea, Cptlb, Cox8b  Zhuanget al. [2019]
« Ucpl, Prdml16, Ppargcla,
EPA 36 11 C57BL/6J mice iWAT Pparg, Cidea, Elovi3, Fgf21 Pahlavani ef al. [2017]
« Fndc5
1 Ucepl, Prdml6, Ppargcla,
EPA 36 11 CS57BL/6J mice BAT Pparg, Cidea, Elovi3, Fgf21 ~ Pahlavani ez al. [2017]
> Fndc5
1 Uepl, Cd137, Ppargcla,
DHA + EPA 4.235 + 4.235 5 CS7BL/6 mice IWAT Nrfl, Tfam, Ppara, Pparg Bargut et al. [2019]
1 Fndc5, | Hsl
DHA + EPA 4235 + 4235 5 C57BL/6 mice BAT 1 Uepl, Cd137, Nifl, Bargut et al. [2019]

Tfam, Ppara, Pparg

BAT: brown adipose tissue; Cidea: cell death activator CIDE-A; Cox8b: cytochrome c oxidase subunit 8B, mitochondrial; Cpt1b: carnitine O-palmitoyl-
transferase 1, muscle isoform; Elovi3: elongation of very long chain fatty acids protein 3; Fgf21: fibroblast growth factor 21; Fndc5: fibronectin type 111
domain-containing protein 5; Hs/: hormone-sensitive lipase; iWAT: inguinal white adipose tissue; Nrf1: nuclear respiratory factor 1; Ppara: peroxisome
proliferator-activated receptor a; Pparg: peroxisome proliferator-activated receptor y; Ppargela: peroxisome proliferator-activated receptor y coactiva-
tor 1-a; Prdm16: PR domain-containing protein 16; 7fam: transcription factor A, mitochondrial; Ucp!: uncoupling protein 1.

mechanism involves AMPK/PGCla or SIRT1/PGCla path-
ways, which play role in mitochondrial biogenesis [Laigle-
sia et al., 2016; Zhao & Chen, 2014]. Interestingly, AMPK/
PGCla signaling may be partially induced by apelin, which
secretion might be augmented in response to fish oil con-
sumption [Yuzbashian et al., 2018]. Moreover, the action
of DHA and EPA is associated with the GPR120 receptor,
which promotes microRNAs miR-30b and miR-378 to modu-
late gene expression as well as may be linked with FGF21 ac-
tivity and attenuation of inflammation-related browning in-
hibition [Kim ef al., 2016; Lund et al., 2018; Quesada-Lopez
etal.,2016].

In addition, both DHA and EPA, as well as DHA+EPA,
were found to elevate fibronectin type III domain-containing
protein 5 expression in murine iWAT, a precursor of irisin,
which is capable of adipocyte browning stimulation itself
[Bargut ef al., 2019]. However, other studies failed to detect
changes in irisin concentrations in iWAT and BAT upon EPA
supplementation [Pahlavani et al., 2017].

The summary of the above-mentioned in vivo and in vitro
studies concerning DHA and EPA browning potential is pre-
sented in and , Tespectively.

Palmitoyl lactic acid

Palmitoyl lactic acid is often used as an emulsifying agent
of food [Unno et al., 2018]. Using the 3T3-L1 preadipocytes
model, Unno ef al. [2018] revealed that palmitoyl lactic acid
as a substantial component of krill Euphausia superba oil frac-
tion had adipocyte browning properties. Through unknown
mechanism, palmitoyl lactic acid increased UCP1, PRDM16,
PPARy, and PGCla at both mRNA as well as protein levels
and upregulated expression of Cidea, Citedl, Cox7al, Fgf21,

and Tmem?26 after 7 days of administration. Moreover, it stim-
ulated adipogenesis, inducing perilipin and fatty acid-binding
protein 4, as well as elevated accumulation of lipids in small
droplets. Interestingly, palmitoyl lactic acid is the only fatty
acid so far that boosted adipogenesis in the presence of dexa-
methasone [Unno et al., 2018].

Short-chain fatty acids

Short-chain fatty acids originate from dietary fibers during
intestinal fermentation, and are an essential source of energy
for colonocytes [Wonget al., 2006]. Acetic, propionic, and bu-
tyric acids are the most prevalent short-chain fatty acids [Tazoe
etal.,2008]. Recently, Luef al. [2016] proved that short-chain
fatty acids also participated in adipocyte browning, leading
to enhanced expression of Ppargcla, Tbx1, Tmem26, Cd137,
Nrfl, Tfam, as well as increased B-oxidation and mitochon-
drial biogenesis, in eWAT of C57BL/6J male mice. More-
over, Hu ef al. [2016] confirmed that acetic acid administra-
tion resulted in elevated UCP1 and PGClo, both at mRNA
and protein level in immortalized brown adipocytes, while
Weitkunat et al. [2017] reported upregulation of Ppargcla
mRNA and cytochrome ¢ oxidase activity in sWAT
of C57BL/6JRj mice. Interestingly, short-chain fatty acids
reversed high-fat diet-induced adipocyte hyperplasia and al-
tered microbiota composition, preferring overgrowth of Bifi-
dobacterium [Weitkunat et al., 2017] and reducing Firmicutes/
Bacteroidetes ratio [Lu er al., 2016]. Furthermore, propion-
ic acid was found to increase transcription of neuregulin 4
[Weitkunat ef al., 2017], a batokine considered as an inhibi-
tor of hepatic lipogenesis [Villarroya et al., 2017]; however,
only acetic acid supplementation resulted in the suppression
of lipogenesis in the liver [Weitkunat et al., 2017]. In addition,
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TABLE 3. Summary of in vitro studies of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) regarding adipocyte browning stimulation.

Substance Concentration Duration Rescarch material Genes/mRNAs Protein Reference
(uM) (day) alterations alterations
) ™1 Uepl, Ppargcla, Pparg, .
DHA 100 8 3T3-L1 cells Cidea, Cpt1b, Cox8h Not studied Zhuang et al. [2019]
B 1 Uepl, Ppargcla, Pparg, .
EPA 100 8 3T3-L1 cells Cidea, Cpi1b, Cox8h Not studied Zhuang et al. [2019]
1 Ucepl, Prdml6, Ppargcla,
. . Cidea, Cd137, Nrfl, .
EPA 200 8 iWAT-derived SVC Tfam, Thxl, Cptla Not studied Zhao & Chen [2014]
| Hsl, Atgl
overweight female- 1 UCPL, PRDM16, CIDEA,
EPA 100 1 & CD137, TBX1, NRFI, Not studied ~ Laiglesia et al. [2016]

-derived sSWAT

TFAM, TMEM?26, CPTIA

Atgl: adipose triglyceride lipase; Cidea: cell death activator CIDE-A; Cox8b: cytochrome ¢ oxidase subunit 8B, mitochondrial; Cptla: carnitine
O-palmitoyltransferase 1, liver isoform; Cpt1b: carnitine O-palmitoyltransferase 1, muscle isoform; Hs/: hormone-sensitive lipase; iWAT: inguinal white
adipose tissue; Nrfl: nuclear respiratory factor 1; Ppara: peroxisome proliferator-activated receptor a; Pparg: peroxisome proliferator-activated recep-
tor y; Ppargcla: peroxisome proliferator-activated receptor y coactivator 1-o; Prdm16: PR domain-containing protein 16; SVC: stromal vascular cells;
SWAT: subcutaneous white adipose tissue; ThxI: T-box transcription factor TBX1; Tfam: transcription factor A, mitochondrial; Tmem26: transmem-

brane protein 26; Ucp!: uncoupling protein 1.

short-chain fatty acids improved carbohydrate and lipid me-
tabolism as well as reduced the concentration of proinflam-
matory cytokines [Lu ef al., 2016; Weitkunat et al., 2017].

All effects of short-chain fatty acids are likely mediated
by GPR43, which promotes phosphorylation of extracellular
signal-regulated kinases 1/2 and cAMP response element-
-binding protein [Hu et al., 2016], while the role of GPR41 re-
mains unclear [Hu et al., 2016; Lu et al., 2016]. Taken togeth-
er, short-chain fatty acids attenuated weight gain in high-fat
diet mice [Lu et al., 2016; Weitkunat ef al., 2017], and acetic
acid was found to have the highest impact [Lu ef al., 2016].

RETINOIDS

All-trans retinoic acid is a bioactive form of vitamin A,
the latter found primarily in vegetables, fruits, dairy products,
eggs, and meat in the form of retinol and its esters, or pro-
vitamin A [Dawson, 2000]. While the role of all-trans reti-
noic acid in the treatment of acute promyelocytic leukemia
and acne is well known [Bershad et al., 1999; Meng-er et al.,
19881, recent studies revealed its involvement in adipocyte
browning activation [Guo ef al., 2016; Murholm et al., 2013;
Tourniaire et al., 2015; Wang et al., 2017].

Administration of all-trans retinoic acid significantly up-
regulated expression of Ucpl, Prdmli6, Pparg, Cidea, Elovi3,
and Cox7al iniWAT of C57BL6 mice in vivo and iWAT-derived
stromal vascular cells in vitro [Wanget al., 2017]. Furthermore,
a similar increase of BAT markers, including Ucp1, Ppargcla,
Ppara, and Cd137, was observed in eWAT and rWAT of Naval
Medical Research Institute mice [Mercader ef al., 2006; Tour-
niaire et al., 2015]; however no molecular signs of the adipo-
cyte browning were reported in human multipotent adipose-
derived stem cells or human preadipocytes upon all-trans
retinoic acid supplementation [Murholm ez al., 2013]. In ad-
dition, all-frans retinoic acid induced mitochondrial biogen-
esis, B-oxidation, and oxidative phosphorylation capacity
in murine in vivo and in vitro models [Tourniaire ef al., 2015].
Finally, all-frans retinoic acid altered adipocyte morphology
to multilocular and elevated angiogenesis by upregulation

of vascular endothelial growth factor A and its receptors
[Mercader et al., 2006; Wang et al., 2017]. All actions of all-
-trans retinoic acid resulted in decreased adiposity, weight loss,
reduced plasma glucose and triglycerides, as well as improved
insulin sensitivity [Berry & Noy, 2009; Wang et al., 2017].

The main mechanism of all-trans retinoic acid is associ-
ated with direct stimulation of retinoic acid response elements
by binding to retinoic acid receptors, which form complexes
with retinoid X receptors in promoter/enhancer regions of all-
trans retinoic acid-dependent genes [Murholm et al., 2013].
Thus, the downstream mechanism of all-zrans retinoic acid-
induced adipocyte browning at least partially refers to the ac-
tivation of retinoic acid response elements on Ucp!, Prdm16,
vascular endothelial growth factor A, and lipocalin 2 genes
[Guoet al., 2016; Murholm et al., 2013; Wang et al., 2017 ].

GLUCOSINOLATES AND OTHER SULFUR-
-CONTAINING PLANT SECONDARY METABOLITES

Glucoraphanin and sulforaphane

Broccoli and cauliflower are the sources of glucosinolates,
including glucoraphanin, which is a precursor of biologically
active sulforaphane — an activator of Nrf2 [Houghton et al.,
2016]. Bioavailability of glucoraphanin ranges from 10%
to 40% [Fahey er al., 2015], the latter achieved upon plant
myrosinase addition, which enhances glucoraphanin con-
version to sulforaphane [Shapiro et al., 2001]. Nagata et al.
[2017] tested glucoraphanin supplementation in wild-type
and Nrf2 knockout (Nrf2-/~) mice. They found that the gluco-
raphanin-rich diet mitigated decreased UCP1 levels in eWAT
and iWAT of high-fat diet wild-type mice through the NRF2-
-related pathway. The browning-positive effect of glucora-
phanin was confirmed with enhanced expression of Ngo! (tar-
get gene of NRF2) and browning-specific genes, such as Ucp 1,
Prdml6, Cidea, and Elovl3, after sulforaphane administration.
Interestingly, BAT in wild-type mice was not affected by gluco-
raphanin supplementation since no differences were noticed
in mRNA levels of Ucpl and Ppargcla [Nagata et al., 2017].
Furthermore, in vitro studies on 3T3-L1 adipocytes evidenced
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that sulforaphane upregulated expression of UCP1, SIRT1,
PGCla, NRF1, and NRF2 proteins, suggesting the activation
of Sirtl/PGCla pathway and NRF-mediated mitochondrial
biogenesis as a primary mechanism of sulforaphane-induced
adipocyte browning [H. Q. Zhang et al., 2016].

Allicin

Allicin is a substance found in garlic and known for its
antimicrobial properties since decades [Cavallito & Bailey,
1944]. The bioavailability of allicin is the highest when gar-
lic is consumed raw (80%), and diminishes significantly when
it is roasted (30%), pickled (19%) or boiled (16%) [Lawson
& Hunsaker, 2018]. Recent studies show that allicin may
affect the adipocyte browning, increasing Ucpl, Prdmlo6,
and Ppargcla mRNAs as well as mitochondria mass in differ-
entiated 3T3-L1 adipocytes [Lee e al., 2019]. In addition, its
browning-positive effect was evidenced in iWAT of C57BL/6J
mice. Upon 8-week supplementation with allicin, multilocular
morphology of the adipocytes, elevated expression of Ucpl,
Prdm16, and Ppargcla, and attenuated weight gain were ob-
served [Lee et al., 2019].

Overexpression of the KLF15 transcription factor and its
enhanced binding to the Ucp! promoter at the Sp1ER site was
suggested as a part of the allicin-induced adipocyte brown-
ing mechanism [Lee ef al., 2019]. Moreover, allicin activated
the extracellular signal-regulated kinases 1/2 pathway, which
additionally intensified the expression of browning activators,
including KLF15.

Interestingly, allicin reduced serum triglycerides and free
fatty acids concentrations, not only preventing obesity but
also improving metabolic health [Lee et al., 2019].

VOLATILE ORGANIC COMPOUNDS

p-Limonene

p-Limonene is the major constituent of citrus oils, found
in orange, mandarin, lemon, grapefruit and lime [Sun, 2007].
After oral administration, 43% of ingested p-limonene is bio-
available, according to a rat study [Chen et al., 1998]. An
in vitro study on 3T3-L1 adipocytes showed that limonene
stimulates transcription of Ucpl, Prdmli6, Pparg, Citedl,
Cidea, Fgf21 as well as translation of UCP1, PRDMI16,
PGClo, and C/EBPB, all indicative of adipocyte browning
[Lone & Yun, 2016]. Mechanistically, the activation of B,-AR
signaling and mitogen-activated protein kinase/extracellular
signal-regulated kinases pathway was suggested in p-limo-
nene’s browning-positive effects. In addition, limonene sup-
plementation elevated phosphorylation of AMPK and ace-
tyl-CoA carboxylase, which stimulated lipolysis and provided
a supply of fatty acids as a source of energy for thermogen-
esis [Lone & Yun, 2016].

Menthol

Menthol, an agonist of the TRPMS receptor, is derived
from i.a. peppermint, or corn mint [Peier et al., 2002]. Af-
ter ingestion, the mean recovery of menthol as glucuronide
ranged from 45.6% (menthol capsule) to 56.6% (mint candy/
tea) [Gelal et al., 1999]. Jiang et al. [2017] examined whether
WAT adipocytes could be deluded by menthol mimicking

cold exposure via TRPMS-related cooling sensation and in-
duce adipocyte browning. Results of their in vitro study on
murine white adipocytes revealed that menthol stimulation
increased mRNAs of Ucpl and Pgclo unless TRPMS8 was
blocked, supporting the role of TRPMS in adipocyte brown-
ing. Mechanistically, TRPMS activation resulted in higher
cytoplasmic content of calcium, which energized PKA in an
unknown pathway [Jiang et al., 2017]. Interestingly, the con-
tribution of TRPA1 in mediating menthol-induced adipocyte
browning is also under consideration [Farco & Grundmann,
2013]. Menthol’s browning-positive effect was also corrobo-
rated in vivo since its supplementation enhanced expression
of Ppargcla, Ucpl, Prdmi6, Trpm8, and Adrb3 in both eWAT
and sWAT of high-fat diet mice, while transcription of Pparg
remained unchanged [Jiang et al., 2017]. Additionally, men-
thol counteracted adipocyte hypertrophy, leading to a re-
duced diameter of fat cells. Of note, there is also evidence
of menthol-mediated browning in human adipocytes in vitro
[Rossato et al., 2014].

Phytol

Phytol, a branched-chain fatty alcohol present in chlo-
rophyll molecules, improves glucose tolerance, expres-
sion of p-oxidation enzymes, and reduces serum fatty acid
concentrations [Zhang et al., 2018]. Rat studies revealed
that bioavailability of phytol given orally varies between
30-66% [Mize et al., 1966]. Its derivative is phytanic acid,
known for WAT browning and increasing the expression
of the UCP1 in HIBI1B cells [Schluter et al., 2002]. Major
food sources of phytanic acid are dairy lipids and ruminant
meat [Verhoeven & Jakobs, 2001].

Reduction of adipocyte diameter and formation of multi-
locular adipocytes, as well as increased expression of UCP1,
PRDM16, PGCla, Cyt C, and pyruvate dehydrogenase, also
suggest the participation of phytol in the browning process
in both iWAT of C57BL/6J mice and 3T3-L1 cells [Zhang
et al., 2018]. Additionally, overexpression of Cidea, Elovi3,
Cd137 and Tmem26 mRNAs was observed in 3T3-L1 preadi-
pocytes. Furthermore, the administration of phytol also mul-
tiplied mitochondrial content and O, consumption, result-
ing in better weight cont. Activation of the AMPKa pathway
is considered as an underlying mechanism of phytol-induced
adipocyte browning [Zhang et al., 2018].

Thymol

Thymol is a phenolic monoterpene component obtained
from the Thymus species, which is used as a food additive
or aroma [Choi et al., 2017]. Its bioavailability after oral
administration is at least 16% [Kohlert et al., 2002]. It acts
as a pleiotropic agent, exerting neuroprotective, anti-in-
flammatory, antibacterial, and anti-diabetic effects. Recent
studies reported, it may also lead to the browning of WAT
[Choietal., 2017].

Upon 6- to §8-day thymol administration, the expression
of BAT-specific genes, such as Ucpl, Prdm16, Ppargcla, Thx1,
Tmem?26, Cidea, Citedl, and Fgf21, significantly increased
in 3T3-L1 adipocytes [Choi et al., 2017]. Elevated concen-
trations of UCP1, PRDM16, PGCla, PPARy, and C/EBPB
proteins were also observed. In addition, a substantial rise
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in mitochondrial biogenesis occurred due to the upregulation
of the Tfam and NrfI genes.

The activation of B,-AR, resulting in the activation of PKA
and p38 mitogen-activated protein kinase, as well as en-
hanced phosphorylation of AMPK, was suggested as a pos-
sible mechanistic explanation of thymol-induced adipocyte
browning [Choi et al., 2017].

By raising the level of carnitine O-palmitoyltransferase 1
and acyl-coenzyme A oxidase thymol intensified B-oxidation
[Choi et al., 2017]. A reduction in triglycerides and lipopro-
tein lipase levels and an increment in hormone sensitive lipase
and perilipin were also noted.

trans-Anethole

trans-Anethole is a compound of essential oils derived
from i.a.: anise, star anise, and fennel [Bartonkova & Dvorak,
20181, characterized with very high bioavailability of 95%
when administered orally [Bounds & Caldwell, 1996]. Kang
et al. [2018] provided evidence of its browning properties
in the C57BL/6 mice model and 3T3-L1 adipocytes. trans-
-Anethole increased BAT marker protein levels PGCla,
UCP1, PRDM16, and upregulated beige adipose tissue-se-
lective genes (Cd137, Citedl, TbxI, Tmem26) by activation
of B,-AR and SIRT1 pathways. In addition, frans-anethole
not only induced browning and elevated BAT mass, but also
activated brown cells and decreased WAT depots and body
weight [Kang et al., 2018].

PHENOLIC COMPOUNDS

Phenolic acids

Ellagic acid is an anti-oxidative phenolic compound
of nuts, raspberries, and other plants or fruits [Vattem &
Shetty, 2005]. However its bioavailability from the diet is low,
only 10% [Doyle & Griffiths, 1980]. Its adipocyte browning
potential was studied in male rats in the timespan of 24 weeks
[L. Wang ef al., 2019]. Results revealed that administration
of ellagic acid evoked browning of iWAT in high-fat diet ani-
mals, which was proved by increased expression of PGCla,
UCP1, Ppara, Prdm16, Cidea, Tmem26, and Cdl37, whereas
C/EBPB, PPARy, and C/EBPa were decreased. This phe-
nomenon could be explained by lowered levels of zinc finger
protein 423 and retinal dehydrogenase 1 mRNAs since both
are responsible for preserving the white adipocyte phenotype
[L. Wang et al., 2019]. Hence, suppression of these molecules
by ellagic acid is considered as the principal mechanism of el-
lagic acid-related browning. In addition, ellagic acid promot-
ed activation of BAT and improved metabolism, leading to
reduced weight, insulin resistance as well as lowered accu-
mulation of lipids in the liver [L. Wang et al., 2019]. Inter-
estingly, ellagic acid supplementation altered adipokines pro-
file, decreasing plasma concentration of “white” adipogenic
marker — resistin, without changing adiponectin which might
possibly prevent effects of resistin on liver steatosis [L. Wang
et al., 2019]. Notably, gut microbiota transforms ellagic acid
into urolithin A [Bialonska et al., 2009], characterized with
higher bioavailability than the ellagic acid [Landete, 2011].
Thus, it needs to be elucidated if the latter contributes to
the browning and metabolic effects of ellagic acid.

Flavonoids

Flowers, honeycombs, and mushrooms are the sources
of the chrysin, which carries numerous health benefits, includ-
ing anti-cancer, anti-inflammatory, anti-diabetic, hypolipid-
emic, and hypocholesterolemic effects [Choi & Yun, 2016]. At
the same time, the bioavailability of chrysin in humans is very
low (0.003-0.02%) [Walle et al., 2001]. Studies on 3T3-L1
cells showed that it is also engaged in adipocyte browning
by increasing the expression of BAT-specific proteins (UCP1,
PRDM16, PGCla, PPARy, C/EBPB) and genes (Ucpl,
Ppargcla, Prdmli6, Cidea, Citedl, Fgf21, Tbxl, Tmem26)
[Choi & Yun, 2016]. Chrysin stimulated this process by ac-
tivating the AMPK pathway. The expansion of multilocular
adipocytes was also reported. Moreover, an increment in hor-
mone-sensitive lipase, perilipin, lipoprotein lipase, carnitine
O-palmitoyltransferase 1 and acyl-coenzyme A oxidase levels
was observed, as well as acetyl-CoA carboxylase phosphory-
lation, which indicates its influence on lipid metabolism [Choi
& Yun, 2016].

Cacao and tea are the rich sources of (-)-epicatechin
[Bartikova er al., 2017, Ramiro-Puig & Castell, 2009].
The bioavailability of this flavan-3-ol was described by uri-
nary recovery ranging from 24.1 to 29.8%, 24 h after inges-
tion of cacao or chocolate, respectively, while the majority
of (-)-epicatechin metabolites (80%) are eliminated in just 8 h
[Baba et al., 2000]. (-)-Epicatechin was tested on human adi-
pocytes (isolated from sWAT during surgery) and adipocytes
from obese C57BL/6 mice [Varela et al., 2017]. (-)-Epicate-
chin provoked adipocyte browning in both groups, which was
demonstrated with higher levels of BAT hallmarks, such as
UCP1, PRDM16, and DIO2. There are a few possible mecha-
nisms of (-)-epicatechin-induced adipocyte browning: raised
phosphorylation of AMPK and acetyl-CoA carboxylase, low-
er acetylation of PPARy and PGCla, as well as the promotion
of mitochondrial biogenesis [Varela ef al., 2017]. Moreover,
(-)-epicatechin multiplies mitochondrial activity and intensi-
fies fatty acid oxidation. Interestingly, (-)-epicatechin reduced
TNF-a and IL-6 plasma concentrations, additionally provid-
ing an anti-inflammatory effect [Varela et al., 2017].

Genistein belongs to isoflavones, phytoestrogens derived
from Fabaceae, e.g., Soiae semen [Jaiswal et al., 2019]. Its ab-
solute bioavailability in mice was found to be 89%; however,
only 9.4% maintained the biologically active aglycone form
[Andrade et al., 2010]. After genistein administration under
both, control and peroxidative stress conditions, Grossini
et al. [2018] reported a dose-dependent increase in UCP1 ex-
pression in human preadipocytes isolated from visceral
WAT. The same effect was also observed in differentiated
brown adipocytes, but to a greater extent, determining genis-
tein as a potent adipocyte browning inductor even in the case
of oxidative stress [Grossini ef al., 2018]. At the molecular
level, browning properties of genistein were associated with
activation of Akt and AMPKoe/B and subsequent elevation
of mitofusin-2. In addition, the browning potential of ge-
nistein was also studied in vivo on female Wistar rats after
ovariectomy [Shen et al., 2019]. Genistein was found to in-
crease translation of UCP1, PRDMI16, PGCla, CIDEA,
NRF1, and TFAM, as well as a transcription of Ppargcla,
Ucpl, and Thbx!I in iWAT after 4-week therapy. The promotion
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of adipocyte browning resulted in upregulation of both nucle-
ar estrogen receptor-o. (ERa) and plasma irisin [Shen et al.,
2019], a browning-inducing myokine [Bostrom et al., 2012].
Moreover, genistein exerted an anti-inflammatory effect, im-
proved insulin sensitivity, mitigated lipogenesis in the liver,
and facilitated weight reduction [Shen er al., 2019]. Thus,
genistein appeared to be beneficial particularly in postmeno-
pausal conditions.

Hesperidin, a citrus flavanone, regulates metabolic pro-
cesses, prevents obesity, sensitizes cells to insulin, and acts
as an antioxidant [Mosqueda-Solis ef al., 2018]. Its bioavail-
ability is variable and depends, to a great extent, on the com-
position of the intestinal flora [Mas-Capdevila ez al., 2020].
According to recent research, hesperidin lessened adipocyte
size in both rWAT and iWAT of Wistar rats after §8-week
supplementation [Mosqueda-Solis et al., 2018]. Besides,
multilocular cells exhibiting positive staining for UCP1 and
CIDEA were detected in the latter. However, hesperidin
caused no difference in the expression of Ucpl, Ppargcla,
Prdm16, and Cidea mRNAs in iWAT. CIDEA protein concen-
trations did not significantly increase in rWAT, while in iWAT
there was a substantial rise after administration of hesperi-
din. In BAT, total UCP1 protein level was higher compared
to the control group. It is also worth noting that after hes-
peridin supplementation rats did not demonstrate a reduction
in body fat percentage [Mosqueda-Solis et al., 2018].

Licochalcone A is found in Glycyrrhiza uralensis. This
chalcone is known for its anti-oxidative and immunomodula-
tory effects [Jia et al., 2017], despite its poor bioavailability
of 3.3% after oral administration [Weng ef al., 2019]. It was
also reported to enhance expression of UCP1 in 3T3-L1 adi-
pocytes after 4 days of exposure [Lee et al., 2018]. Its browning
potential was confirmed by histological and immunochemical
signs of browning in iIWAT after 19 days of its peritoneal ad-
ministration to C57BL/6 mice. PRDM16 and PGClua levels
were increased as well, which may partly explain the mecha-
nism of browning. Another mechanistic evidence might be at-
tributed to the downregulation of PPARy, C/EBPa, and sterol
regulatory element-binding protein lc, which was reported
in 3T3-L1 adipocytes by Quan et al. [2012]. Interestingly,
licochalcone A was also found to multiply the browning ef-
fects of two browning activators: triiodothyronine and rosi-
glitazone [Lee et al., 2018]. Moreover, it may exert beneficial
effects on metabolic health, leading to the weight loss, im-
provement of dyslipidemia and insulin resistance.

Luteolin is a flavone found in plants such as pepper-
mint, broccoli, celery, and oregano [Hostetler ez al., 2017].
When administered orally at the dosage of 50 mg/kg per rat
body weight, only low bioavailability of 4.10% was achieved
[Sarawek et al., 2008]. X. Zhang et al. [2016] proved that lu-
teolin enhanced expression of Ucpl, Ppargcla, Ppara, Cidea,
Elovi3, Tmem26, Cd137, Citedl, and Sirt! in SWAT, but not
in eWAT, of C57BL/6 mice fed a high-fat diet. They also
demonstrated a significant increase in UCP1 and a change
in SWAT adipocyte phenotype (multilocular morphology).
Moreover, luteolin was found to enhance the thermogenic ac-
tivity of BAT by upregulating Ucpl, Ppargcla, Ppara, Cidea,
and Sirtl, though Elovi3 and Prdml6 were not affected.
Interestingly, the browning-positive effect of luteolin was

also evidenced in mice administered a low-fat diet [X. Zhang
et al., 2016]. The action of luteolin is tightly connected with
AMPK phosphorylation, which results in the induction
of PGCla and promotes thermogenesis [X. Zhang ef al.,
2016]. Of note, the effect of luteolin on Prdm 16 mRNA needs
to be elucidated since its elevation was noticed only in vitro
[X. Zhanget al., 2016].

Nobiletin and naringenin are citrus flavonoids that posi-
tively influence glucose and lipid metabolism, as well as reduce
oxidative stress [Gandhi et al., 2020]. According to rat studies,
they are characterized with similar bioavailability of 20-30%
after oral administration [Felgines et al., 2000; Zhang et al.,
2020]. The browning potential of nobiletin was demonstrated
in 3T3-L1 adipocytes in vitro [Lone ef al., 2018]. By activat-
ing PKA and p-AMPK pathways, it enhanced mitochondrial
biogenesis and elevated expression of transcriptional factors
involved in browning: C/EBPB, PPAR , PPARa. Furthermore,
upon nobiletin supply, Cd137, Cidea, and Tmem26 mRNAs,
as well as PGCla, PRDM16, UCPI, and FGF21 concen-
trations, increased. Additionally, nobiletin activated HIBIB
brown adipocytes, upregulating expression of PRDMI16,
UCPI1, and PGCla [Lone ef al., 2018]. However, a study
on Ldlr-/- mice in vivo questions its browning effect since
no significant browning-specific features were found [Burke
et al., 2018]. Thus, the exact impact of nobiletin on adipo-
cyte browning remains inconsistent and requires further stud-
ies. Similarly, there is a discrepancy concerning the brown-
ing characteristics of naringenin. A study on C57BL6/J mice
in vivo disclosed increased Ucp! levels in epididymal WAT
[Assini et al., 2015], which was not confirmed in the in vivo
study performed on Ldlr-/- mice [Burke ef al., 2018]. Never-
theless, beneficial metabolic effects of both nobiletin and nar-
ingenin were observed by Burke ez al. [2018], despite the lack
of adipocyte browning evidence at the molecular level. Re-
duced insulin resistance, improved lipid profile, ameliorated
lipid accumulation in the liver and weight loss were reported.

Quercetin is a flavonol present in onion peel, apples, ber-
ries, and leafy vegetables [Silvester ef al., 2019] with antioxi-
dant, anti-inflammatory [Lee ef al., 2017], and insulin resis-
tance-reducing properties that can affect adipocyte browning
[Forney et al., 2018]. Its bioavailability is influenced by vari-
ous factors, such as the content of lipids or indigestible fi-
ber in the diet [Kagike1 & Bagdatlioglu, 2016]. The absolute
bioavailability of quercetin in rats is estimated at 16.0-27.5%,
depending on the solvent [Khaled et al., 2003]. According to
a 9-week study on C57BL/6J mice, the supply of quercetin
resulted in iWAT and eWAT decrement, as well as the expan-
sion of multilocular cells, increased number and diminished
size of adipocytes in iWAT and eWAT [Forney et al., 2018].
What is more, quercetin supplementation led to an attenu-
ated expression of pro-inflammatory genes, such as Cdl1b,
Cd68 in iWAT, while in eWAT there was a depletion in mono-
cyte chemoattractant protein 1 and Cd68 levels. Additionally,
quercetin administration contributed to a decline in the serum
leptin concentration [Forney et al., 2018].

Pentamethylquercetin is the cardioprotective flavo-
noid found in the sea buckthorn [Mao ef al., 2009]. Due
to the presence of additional methyl groups, its bioavail-
ability is higher than that of quercetin [Chen et al., 2011].
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Pentamethylquercetin is known as an anti-diabetic [Wangez al.,
2011] and anti-obesity agent that reduces serum glucose, tri-
glycerides, total cholesterol and LDL-C concentrations [Han
et al., 2017]. It was also found to reduce intracellular triglyc-
eride concentration without enhancing lipolysis in 3T3-L1
adipocytes [Han er al,, 2017]. Administration of penta-
methylquercetin was associated with elevated levels of Cebpa
and Pparg mRNAs, and PPARy protein, therefore, it was re-
vealed that it did not lower the triglyceride levels by inhibit-
ing their expression. It was also shown to upregulate Ucp!,
Ppargcla, Cidea, Prdm16, and increase the size and density
of eWAT adipocytes in C57BL/6 mice, which was indica-
tive of adipocyte browning [Han et al., 2017]. Consequently,
the number of cells showing multilocular morphology was
multiplied due to pentamethylquercetin supplementation. Be-
sides, an increment in interscapular BAT with simultaneous
decline in eWAT mass was noted, compared to the control
administered a high-fat diet [Han et al., 2017].

Other phenolic compounds

Curcumin (diferuloylmethane) is an anti-inflammatory,
anticancerous [Lone ef al., 2016], antidiabetic, and antiobe-
sity turmeric-derived curcuminoid [Silvester et al., 2019; Shan
Wang et al., 2015], known for its ability to inhibit adipogen-
esis and adipocyte differentiation [Lone et al., 2016]. Unfor-
tunately, its bioavailability in both humans and rats is poor,
though may be enhanced by concomitant piperine adminis-
tration [Shoba ef al., 1998]. Curcumin is often used as an
ingredient in dietary supplements and flavor/color-enhancers
for foods, such as curry powders, mustards, butters, cheeses
[Lone ef al., 2016]. Recent studies revealed that its supply
resulted in overexpression of the Ucpl, Ppargcla, Prdmlo6,
and Cidea genes in C57BL/6 mice iWAT [Shan Wang e al.,
20151, as well as 3T3-L1 cells and primary white adipocytes
from iWAT of rats [Lone ef al., 2016]. Intensified mitochon-
drial biogenesis was also demonstrated, indicated by accre-
tion in PGCla amount [Lone et al., 2016; Shan Wang et al.,
2015]. In C57BL/6 mice, curcumin supplementation was also
found to increase the expression of thermogenic genes regu-
lating adaptive thermogenesis and to beneficially influence
weight and fat mass. These effects were observed in iIWAT
[Shan Wang et al., 2015]. In cultured white 3T3-L1 adipo-
cytes and in primary white adipocytes isolated from iWAT
of rats, curcumin administration enhanced the expression
of genes and increased contents of protein markers specific
for BAT. Higher expression of Pparg, Tmem?26, Fgf21, and
Cidea genes and significant rise of UCP1, PGCla, PRDM16,
and C/EBPB was noted [Lone et al., 2016]. Furthermore,
the addition of curcumin resulted in a substantial rise in lev-
els of carnitine O-palmitoyltransferase 1, Cyt C, hormone
sensitive lipase, and phospho-acetyl-CoA carboxylase, which
suggests an intensified mitochondrial oxidation, as well as
reinforced lipolysis and reduced fatty acid synthesis [Lone
et al., 2016]. Two different mechanisms leading to the oc-
currence of the above effects are considered. The first one
indicates the activation of the AMPK pathway [Lone et al.,
20161, while the second suggests the influence of an elevated
noradrenaline level on B,-AR [OKla ez al., 2017; Shan Wang
etal., 2015].

Raspberry ketone is a food additive used in beverages
and sweets which is sourced from Rubus idaeus [Leu et al.,
2018]. According to the murine study, its bioavailability is very
high and its metabolism is rapid [Zhao et al., 2019]. The ef-
fect of its administration on the browning of 3T3-L1 adipo-
cytes was investigated by Leu et a/. [2018], who demonstrated
elevated levels of browning-specific proteins: UCP1, PGCla,
PRDM16, and C/EBPB. What is more, raspberry ketone sup-
pressed adipocyte autophagy, which normally is involved
in WAT adipocyte differentiation and adipogenesis, and,
in turn, increased the activity of BAT. Similarly, a substantial
rise of PRDM16 and PGCla was observed in iWAT of Wistar
rats with ovariectomy-induced obesity [Leu ef al., 2018].

Red wine and grapes skin are rich in a natural phenolic
compound named resveratrol, which belongs to stilbenoids
[S. Wang et al., 2015; Zou et al., 2017; Zu et al., 2018]. De-
spite over 70% absorption, bioavailability of oral resveratrol
is very low, but it has been shown to accumulate in the cells
of the gastrointestinal tract [Walle ef al., 2004]. Resveratrol
has a beneficial influence on metabolism, preventing obesity
and inhibiting adipogenesis [Rayalam ez al., 2008]. Studies
revealed that its properties result mostly from involvement
in WAT browning activation [Andrade et al., 2019; S. Wang
et al., 2015; Zou et al., 2017]. In CDI1 mice, a 4-week sup-
plementation with resveratrol attenuated weight gain,
and lowered insulin and triglyceride serum levels [S. Wang
et al., 2015]. Additionally, its administration contributed to
the expansion of smaller, multilocular adipocytes in iWAT,
which are typically found in BAT. Besides, increased UCP1,
PRDM16, and Cyt C contents with overexpression of phos-
phorylated AMPKa were observed, without affecting PPARy
and fatty acid-binding protein 4 concentrations. Resveratrol-
supplemented mice consumed significantly more oxygen,
with the level of CO, excreted being the same as in the con-
trol group, suggesting that fatty acid oxidation was the main
source of energy [S. Wang ef al., 2015]. Thus, the average
heat production was intensified. Furthermore, iWAT-derived
stromal vascular cell analysis evidenced that resveratrol in-
hibited the expression of adipogenic markers, such as Pparg
and fatty acid-binding protein 4, and prevented lipid ac-
cumulation, but only when used in higher concentrations
(20 uM or 40 uM) [S. Wang et al., 2015]. Resveratrol en-
hanced the expression of BAT hallmarks (Ucpl, Prdmlio,
Cidea, Elovi3) as well as Ppargcla, which is crucial for mito-
chondrial biogenesis and intense oxidative phosphorylation.
Beige fat markers, such as Cd/37, Thx1, and Tmem26, were
also elevated and UCP1, PRDM16, Cyt C, and pyruvate de-
hydrogenase protein levels were raised. Finally, it augmented
oxygen consumption. The effects of resveratrol on metabolic
health are due to multiple mechanisms, including activation
of AMPK pathway [S. Wang et al., 2015]. Interestingly, preg-
nant mice supplementation with resveratrol induced brown-
ing and increased BAT metabolic activity in their offspring
[Zou et al., 2017]. This effect contributed to enhanced ex-
pression of UCPI protein and Ucpl, Ppargcla, Prdmlé6,
Cidea, ElovI3 mRNAs in BAT, iWAT, and eWAT of their off-
spring. Upregulation of Cox7al was also observed in BAT,
while an accretion of Cyt C, Cd137, Thx1, and Tmem26 was
demonstrated in both iWAT and eWAT where fatty
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TABLE 4. Summary of in vivo studies of resveratrol regarding adipocyte browning stimulation.

Duration Research Adipose tissue Genes/mRNAs . .
Dose . . . Protein alterations Reference
(week) material deposit alterations
. . . 1+ UCP1, PRDM16, Cyt C
100 (mg/kg/day) 4 CDI mice iWAT Not studied o PPARy, FABP4 S. Wanger al. [2015]
1 Uepl, Ppargcla, Prdml6,
C iWAT and Cidea, Elovi3, Cyt C, 1 UCP1, Cyt C
STBL/6] eWAT Cdi37, Thxl, Tmem26 > PPARy, FABP4
200 (mg/kg/day) 3 mice < Fabp4, Pparg Zouetal [2017]
(pregnant) '
BAT 1 Uepl, Ppargcla, Prdmlo, + UCPI
Cidea, Elovi3, Cox7al
swar Ul P d}”,ga‘sr’gfj’a” » Fndcs Not studied
400 (mg/kg/day) 8 FVB/N mice vWAT . UCTpf"?”;a]ng[; s Not studied Andrade ez al. [2019]
1 Ucepl, Prdml6, Sirtl .
BAT o Ppargela, Frdcs Not studied
1+ UCPI, PRDM16,
500 (mg/day) 4 human SWAT FNDC5, SIRT1 Not studied Andrade et al. [2019]

— PPARGCIA

BAT: brown adipose tissue; Cidea: cell death activator CIDE-A; Cyr C: cytochrome c; Elovi3: elongation of very long chain fatty acids protein 3; eWAT:
epidydimal white adipose tissue; Fabp4: Fatty acid-binding protein type 4; Fndc5: fibronectin type 11 domain-containing protein 5; iWAT: inguinal white
adipose tissue; Pparg: peroxisome proliferator-activated receptor y; Ppargela: peroxisome proliferator-activated receptor y coactivator 1-a; Prdm16: PR
domain-containing protein 16; Sir¢/: sirtuin 1; SWAT: subcutaneous white adipose tissue; 7bx/: T-box transcription factor TBX1; Tmem26: transmem-

brane protein 26; Ucp!: uncoupling protein 1; vVWAT: visceral white adipose tissue.

acid-binding protein 4, Pparg mRNAs and their protein lev-
els were not affected by resveratrol. What is more, resvera-
trol administration reversed high-fat diet-induced attenua-
tion of AMPKa phosphorylation in BAT, iWAT, and eWAT,
and also decreased serum triglyceride and insulin, but not
glucose [Zou et al., 2017]. Most of the above-described al-
terations, except for those present in eWAT, were also dem-
onstrated in 3-month-old adult descendants, which implies
a significant long-term effect of resveratrol supplementation
in pregnant mice on the metabolic processes of the offspring
[Zou et al., 2017]. It is worth noting that there are forms
of resveratrol characterized by greater bioavailability, stabil-
ity, and solubility than the free resveratrol — resveratrol en-
capsulated lipid nanocarriers and resveratrol encapsulated
liposomes [Zu et al., 2018]. Both of them dose-dependently
stimulated expression of Ucp! mRNA and other browning
markers, although resveratrol encapsulated liposomes ex-
hibited greater biological activity. These compounds may
be degraded in the digestive system, therefore to evoke a full
browning effect they should be administered intravenously,
which is invasive, carries a risk of complications and gener-
ates higher costs [Zu et al., 2018]. An 8-week resveratrol sup-
plementation was also assessed in Friend Virus B NIH mice
[Andrade et al., 2019], and was found to cause a substantial
reduction in body adiposity and an increment of BAT mass.
Moreover, upregulation of Ucpl, Prdml16, and Sirt] mRNAs
in BAT and sWAT, as well as elevation of adiponectin concen-
tration and decline in glucose and insulin levels were demon-
strated in the resveratrol-supplemented high-fat diet group.
Furthermore, the enhancement of Prdm 16 and Sirtl expres-
sion was observed in visceral WAT in the mice administered
the resveratrol-supplemented high-fat diet [Andrade et al.,
2019]. In the human study, 4-week administration of res-
veratrol to obese study participants demonstrated overex-
pression of UCPI, PRDM16, SIRT1, and fibronectin type III

domain-containing protein 5, and no change in PPARGCIA,
regardless of resveratrol intake [Andrade ef al., 2019]. Over-
all, the researchers concluded that the effects of resveratrol
are likely related to the activation of thermogenesis genes
and fibronectin type III domain-containing protein 5 [An-
drade ef al., 2019]. Crucial data on resveratrol-induced adi-
pocyte browning are summarized in (in vivo studies)

and (in vitro studies).
ALKALOIDS
Caffeine

As a component of coffee and some beverages, caf-
feine seems to be a common adipocyte browning stimulant
characterized by more than 99% bioavailability upon oral
administration [Bonati ef al., 1982]. Velickovic ef al. [2019]
demonstrated that drinking 65 mg of caffeine (the equivalent
of a cup of coffee) resulted in a significantly higher temper-
ature of the supraclavicular region (the vital BAT location)
in young adults with BMI within the normal limits, assessed
after 30 min. Furthermore, when testing the effect of caf-
feine in vitro, using mouse mesenchymal stem cells and hu-
man bone marrow-derived stem cells, they found an increase
in UCP1 levels confirming caffeine as a browning inductor.
Mechanistically, caffeine exerted its browning-positive effect
by upregulation of PGCla, Pparg, Prdml6, and Adrb3, as
well as downregulation of Adra2 and Tipv2 [Velickovic et al.,
2019]. In addition, enhanced expression of ,-AR and dimin-
ished of a,-AR, acting antagonistically to B,-AR [Lafontan
et al., 1997], may potentiate adipocyte browning in response
to B-adrenergic stimulation, e.g., during cold exposure [Ve-
lickovic et al., 2019]. Nevertheless, it needs to be highlighted
that elevated temperature of the skin could be evoked by an
increase in blood flow rather than BAT activity, although Ve-
lickovic et al. [2019] undermined this possibility.
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TABLE 5. Summary of in vitro studies of resveratrol regarding adipocyte browning stimulation.

Substance Concentration Duration Research Genes/mRNAs Protein Reference
(uM) (day) material alterations alterations
1 Ucepl, Prdml6, Cidea, +UCPI
Resveratrol 10 7 WAL Geved - Elorts Fpargela, €137, prpig, s Wangeral. [2015)
« Fabp4, Pparg CnC
1 Ucepl, Prdm16, Cidea, + UCPI
Resveratrol 20 or 40 7 1WA”I;\c/iEr1ved EIOVI;bZI;arTé;%];;ZCgH37' PRDM16,  S.Wangetal. [2015]
| Fabp4, Pparg €
Resveratrol
1 Prdmli6
%{;:;rzzrcegrrr(i)::rs) Sorl0or20 7 3T3-L1 cells « Ucepl, Pparg, Ppargcla, Not studied Zuetal [2018]

Resveratrol (liposomes)

Cd137, Tmem26, Tfam

Cidea: cell death activator CIDE-A; Cyt C: cytochrome c; Elovi3: elongation of very long chain fatty acids protein 3; Fabp4: Fatty acid-binding protein
type 4; iWAT: inguinal white adipose tissue; Pparg: peroxisome proliferator-activated receptor y; Ppargcla: peroxisome proliferator-activated receptor y
coactivator 1-a; Prdm16: PR domain-containing protein 16; SVC: stromal vascular cells; Thx1: T-box transcription factor TBX1; Tmem26: transmem-

brane protein 26; Ucp!: uncoupling protein 1.

Capsaicin

Capsaicin, a TRPV1 agonist, is an ingredient present
in chili peppers [Baboota e al., 2014] with anti-inflamma-
tory, antioxidant, antiobesity, and antidiabetic properties
[Mosqueda-Solis et al., 2018]. Regarding bioavailability,
nearly 94% of the oral capsaicin dosage was rapidly absorbed
from the gastrointestinal tract of Wistar rats and just as fast
metabolized in the liver, reaching 24.4% of maximum tissue
distribution an 1 h after the administration [Suresh & Srini-
vasan, 2010]. Capsaicin exhibits a dose-dependent effect
on lipid accumulation in 3T3-L1 preadipocytes — low con-
centrations suppress, whereas higher intensify that process
[Baboota ef al., 2014]. Both small and large quantities in-
crease the expression of Pparg, but Ucpl, Ppargcla, Prdmlo6,
Dio2 and Ppara, are raised only at a low dose of capsaicin.
Surprisingly, its low dose caused the enhanced expression
of Ucpl negative regulator — vitamin D receptor, as well as
the increment of anti-adipogenic genes, while the addition
of its high dose caused a significant decrement. Browning-
-positive effects of capsaicin were associated with TRPVI
overexpression on adipocytes [Baboota et al., 2014].

The influence of capsaicin on SWAT was also investigat-
ed, and it was shown that a 3-month consumption resulted
in augmented expression of the BAT genes — Ucp1, Ppargcla,
Cidea, prostaglandin-endoperoxide synthase 2, and brain-
derived neurotrophic factor in Laboratory Animal Centre
A-strain (LACA) mice [Baboota et al., 2014].

MIXTURES OF COMPOUNDS

A few studies investigated the mutual effects of well-estab-
lished adipocyte browning activators ( ). Simultaneous
administration of resveratrol and quercetin were evidenced to
synergistically induce adipocyte browning, leading to more
expressed features of beige adipose tissue and better meta-
bolic outcomes than each of the substances separately [Arias
et al., 2017]. On the other hand, combination of hesperidin
and capsaicin restricted their browning activities, compared
to both isolated hesperidin and capsaicin [Mosqueda-Solis

et al., 2018]. Thus, before implementation of any treatment
with a mixture of compounds, the interactions between
browning activators should be studied, since the cumulative
effect may appear far less significant than expected.

EDIBLE PLANT EXTRACTS/PARTS

Cinnamon extract

Cinnamon is a spice obtained from the bark of the cin-
namon tree with anti-cancer, antibacterial, and anti-inflam-
matory properties [Gruenwald et al., 2010]. It turns out that
it also affects the process of browning adipocytes [Kwan
et al., 2017]. According to the study by Helal e al. [2014],
the bioavailability of the constituents of the cinnamon extract
was 53%, 22%, 47%, 90%, and 64% for quercetin 3-rhamno-
side, syringic and coumaric acids, kaempferol and cinnamal-
dehyde, respectively.

Multilocular morphology of adipocytes was observed
24 h after cinnamon extract was added to 3T3-L1 cells [Kwan
etal., 2017]. Bioactive compounds identified in the cinnamon
extract were protocatechuic acid, (+)-catechin, chlorogenic
acid, esculetin, quercetin, and icariin. Cinnamon extract in-
creased the expression of Ucpl mRNA and UCP1 protein as
well as specific for BAT genes including Prdm16, Ppargcla,
Pparg, Cidea, and Cptl. Enhanced mitochondrial protein
production was also observed. Furthermore, cinnamon ex-
tract augmented the promoter activity of the UCPI1 gene
in HEK293 cells and 3T3-L1 adipocytes [Kwan et al., 2017].
Mechanistically, B,-adrenergic stimulation was involved.
In mature subcutaneous adipocytes obtained from C57BLKS
db/db mice, there was an increase in UCP1 protein, Prdm16,
and Cidea expression after 24 h cinnamon extract supplemen-
tation, which was not observed in eWAT [Kwan et al., 2017].
In addition, in diet-induced obese mice, cinnamon extract
enhanced UCP1 protein level as well as Ucpl, Prdml16, and
Cidea mRNAs in sWAT, but not eWAT or perirenal adipocytes
[Kwan et al., 2017]. Oral administration of cinnamon extract
for 15 days resulted in weight loss without reducing organ
weight or food intake.
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TABLE 6. Summary of the selected mixtures of components influencing adipocyte browning.

Test Duration Results of mixture therapy
Substance Dose subjects (week) (vs. each substance separately) Reference
Attenuation of weight gain
Resveratrol 15 mg resveratrol/kg/day Rats 6 Reduction of subcutaneous WAT Arias
+ quercetin 30 mg quercetin/kg/day and abdominal WAT depots etal [2017]
Increase in multilocular adipocytes
Hesperidin 100 mg hesperidin/kg/day Wistar rats 8 Lesser adipocyte size Mosqueda-Solis
+ capsaicin 4 mg capsaicin/kg/day etal [2018]

Weaker browning-inducing properties

WAT: white adipose tissue.

Germinated soy germ extract

Germinated soy germ extract (rich in nutrients and bio-
active compounds, such as linoleic and linolenic acids,
isoflavones, tocopherols, and free amino acids, including
y-aminobutyric acid) [Kim ef al., 2013] was tested in vi-
tro and in vivo on 3T3-L1 preadipocytes and high-fat diet
fed mice, showing its ability to promote UCP1 expression
and adipocyte browning [Kim ef al., 2019]. Moreover, it up-
regulated B-oxidation and lipolysis in beige adipocytes [Kim
et al., 2019]. In addition, germinated soy germ extract affect-
ed transcription and translation of endocannabinoid system
genes encoding cannabinoid receptor type 2, N-acyl-phos-
phatidylethanolamine-hydrolyzing phospholipase D, diacyl-
glycerol lipase-a, and fatty-acid amide hydrolase 1 proteins
[Kim et al., 2019], which are likely to mediate germinated soy
germ extract browning properties since cannabinoids could
induce adipocyte browning itself [Rossi e al., 2018].

Ginger rhizome

Ginger is a widely used spice obtained from the rhizome
of Zingiber officinale Rosco, that may have beneficial effects
in reducing obesity [J. Wang et al., 2017]. It appears to have
the ability to induce WAT browning and improve BAT func-
tion by increasing brown and beige key proteins and genes,
including UCP1, PRDM16, as well as Cidea, Tmem26, and
Citedl, in both BAT and WAT of ginger-supplemented
CS7BL/6J mice [J. Wanget al., 2019]. The underlying mecha-
nism was the AMPK activation. Moreover, 16-week ginger
supplementation upregulated 7fam and Nrfl genes, as well
as Ppargcla mRNA, involved in mitochondrial biogenesis
and oxidative phosphorylation [J. Wang et al., 2019]. As a re-
sult, not only decreased levels of serum glucose, triglycerides,
total cholesterol and high-density lipoprotein cholesterol
(HDL-C) but also attenuated body weight gain and intensi-
fied energy expenditure were observed.

Glycyrrhiza uralensis extract

A methyl dichloride fraction of Glycyrrhiza uralensis con-
taining licochalcone A, isoliquiritigenin, and liquiritigenin
was tested alongside licochalcone A in the abovementioned
study by Lee et al. [2018]. The same results as for licochal-
cone A were obtained, providing evidence that the Glycyrrhiza
uralensis extract has the ability to induce adipocyte browning.
Upregulation of PRDM16 and PGCla, as well as browning-
-specific adipose tissue remodeling were followed by weight

loss and improvement in glucose and lipid metabolism [Lee
etal.,2018].

Grape extracts

An extract from grape pomace contains many flavonoids
and phenolic caids, of which (-)-epicatechin, quercetin,
(+)-catechin, and syringic acid are the most abundant [Ro-
driguez Lanzi et al., 2016]. The research on spontaneously
hypertensive rats, characterized by increased sympathetic
nervous system drive, and normotensive Wistar—Kyoto rats,
showed browning of eWAT in the spontaneously hyperten-
sive group after 10 weeks of grape pomace extract supple-
mentation to high-fat diet [Rodriguez Lanzi ef al., 2018].
The browning was evidenced with augmented levels of BAT
marker proteins: UCP1, PRDM16, PGCla, and PPARy. On
the contrary, rats of the Wistar—Kyoto fed with the same diet
as spontaneously hypertensive rats displayed an elevated con-
centration of PPARy and only a slight increase in UCP1. Nev-
ertheless, they also (as well as spontaneously hypertensive
rats) profited from the grape pomace extract administration,
achieving healthier eWAT expansion — favoring adipocyte hy-
perplasia over hypertrophy, which lessened WAT inflamma-
tion. In addition, grape pomace extract effects on browning
and the activation of B-adrenergic receptors were studied on
3T3-L1 adipocytes [Rodriguez Lanzi et al., 2018]. The results
disclosed elevated expression of UCP1 following an increase
in p38 and extracellular signal-regulated kinases 1/2 activity.
Thus, the mechanism of grape pomace extract-mediated adi-
pocyte browning is tightly connected with B-adrenergic stimu-
lation and its downstream cascade.

On the other hand, a similar in vivo study describing
the influence of grape seed proanthocyanidin extract on rats
revealed no browning effects in retroperitoneal WAT [Pascu-
al-Serrano et al., 2018]. Nevertheless, grape seed proantho-
cyanidin extract altered adipogenesis, promoting adipocytes
hyperplasia rather than hypertrophy, which is considered to
be protective in the context of metabolic complications related
to obesity [Blither, 2013]. Considering the abovementioned
studies, it seems that some components of grape pomace, but
not grape seeds, are associated with adipocyte browning.

Green tea extract

Flavan-3-ols are major constituents of green tea extract
[Chen et al., 2001]. The bioavailability of compounds of this
flavonoid class is rather low. Chen ef al. [1997] reported that
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only 13.7% of (-)-epigallocatechin, 31.2% of (-)-epicatechin,
and 0.1% of (-)-epigallocatechin-3-gallate administrated to
rats within portion of 200 mg/kg of decaffeinated green tea
were bioavailable. Nevertheless, green tea extract was found to
stimulate adipocyte browning in male C57BL/6J mice, which
was confirmed with an elevated transcription of Ppargcla,
Prdm16, and Citedl, as well as increased UCP1 concentra-
tion, in subcutaneous WAT of the green tea extract-supple-
mented mice [Neyrinck ef al., 2017]. Moreover, the addition
of green tea extract to high-fat diet was able to reverse adipo-
cyte whitening in iBAT by increasing Ppargcla and inhibiting
fatty acid-binding protein 4 expression [Neyrinck ez al., 2017].
Interestingly, tea polyphenols increased the amount of Akker-
mansia muciniphila in the gut microbiota of high-fat diet mice
[Liu et al., 20171, which is believed to be positively correlated
with the browning of WAT [Gao et al., 2018]. On the contrary,
C57BL/6J mice, treated with decaffeinated green tea extract
(a mixture of (-)-epigallocatechin, (-)-epicatechin-3-gallate,
(-)-epigallocatechin-3-gallate, and (-)-epicatechin), did
not present higher levels of Ucpl under similar conditions
[Sae-Tan et al., 2015]. In this study, caffeine was likely to in-
terfere with tea flavan-3-ols by increasing sympathetic drive
and browning effects. Further research is, however, needed to
study the browning properties of tea polyphenols in details.

Immature Citrus reticulata fruit extract

Synephrine (16 mg/g), hesperidin (9.14 mg/g), narirutin
(4.52 mg/g), nobiletin (2.54 mg/g), and tangeretin (1.67 mg/g)
were the predominant phenolic compounds of immature Cit-
rus reticulata fruit water extract [Chou er al., 2018]. Inter-
estingly, the content of synephrine, nobiletin and tangeretin
in the immature Citrus reticulata fruit extract was significantly
higher than in other Citrus species [Sun et al., 2013]. Chou
et al. [2018] proved the browning effects of the immature Cit-
rus reticulata extract-rich diet on murine (C57BL/6) iWAT. Af-
ter 11 weeks of immature Citrus reticulata extract supplemen-
tation, adipocytes became multilocular, and concentrations
of PGCla and UCP1 proteins increased. In addition, imma-
ture Citrus reticulata extract supplementation was responsible
for the upregulation of thermogenic genes and beige adipose
tissue hallmarks, such as Cidea, Tmem26, Prdm16, and Cd137.
The mechanism of browning is most likely linked with p-syn-
ephrine, almost selective ligand to B,-AR [Chou ez al., 2018].
Furthermore, other components of immature Citrus reticulata
extract, naringin and hesperidin, were reported to strengthen
the thermogenic effect of p-synephrine [Stohs et al., 2011].
Besides adipocyte browning, immature Citrus reticulata ex-
tract can improve metabolic health by reducing dyslipidemia,
insulin resistance, obesity, and lipid accumulation in the liver
[Choueral., 2018].

Olive oil

Olive oil, composed of tri-, di-, and monoacylglycerols
build up with mainly oleic, linoleic, palmitic, and stearic ac-
ids, as well as containing a wide range of sterols, tocopherols,
and phenolic compounds, including hydroxytyrosol and oleu-
ropein, is one of the fundamental and highly bioavailable
constituents of the Mediterranean diet [Boskou et al., 2006;
Vissers et al., 2004]. Its consumption reduces inflammation

and prevents from civilization diseases, such as cardiovas-
cular and neurodegenerative ones [Angeloni et al., 2017,
Marcelino et al., 2019]. In addition, recent research reported
that dietary supplementation with olive oil in C57BL/6 mice
reduced weight gain and adipose tissue expansion, which co-
existed with increased thermogenesis and oxygen consump-
tion [Shin & Ajuwon, 2018b]. Nevertheless, these changes
were not supported with overexpression of browning-specific
genes, such as Ucp!, Prdm16, and Ppargcla, in SWAT and BAT,
while Ppargcla, Tfam, Adrb3, and Cptla were upregulated
in eWAT. However, a significant surge in Ucp/ mRNA, but not
protein, was found in BAT of Wistar rats upon 4-week olive oil
supplementation [Rodriguez et al., 2002]. Finally, olive oil ad-
ministration slightly attenuated high-fat diet-induced increase
in blood glucose and insulin [Shin & Ajuwon, 2018b].

Onion peel extracts

Flavonols (quercetin and isoquercetin) and anthocyanins
are major constituents of onion peel extract [Krithika ez al.,
2020; Wijerathne et al., 2019]. A study on C57BL/6 mice
showed no change in body mass, the weight of eWAT
and rWAT, after 8-week supplementation with onion peel ex-
tract compared to the high-fat control diet [Lee ef al., 2017].
Nevertheless, it revealed the influence of the onion peel ex-
tract on gene expression, which included Ucpl, Prdmli6, Ci-
dea, and Ppargcla increment in rWAT, while in SWAT there
was no change in Prdml16 and Ppargcla levels, but Ucpl and
Cidea were raised. Furthermore, elevated Ucpl, Ppargcla,
Thx1, and Cptla expression was reported in 3T3-L1 preadipo-
cytes upon onion peel extract administration [Lee ez al., 2017].

In addition, fractions of onion peel extract were also in-
vestigated by Lee ef al. [2017] on 3T3-L1 cells. Onion peel
ethyl acetate fraction, containing quercetin and isoquercetin,
increased Thx1, Cptla, and Ppargcla transcription, as well as
inhibited fatty acid synthase and acetyl-CoA carboxylase. On
the contrary, onion peel water fraction, consisting of isoquer-
cetin only, did not induce such changes. Nevertheless, both
onion peel water and ethyl acetate fractions were capable
of dose-dependent enhancement of Ucpl expression [Lee
etal.,2017].

Taken together, it seems that quercetin was the compo-
nent of onion peel extracts, which played the pivotal role
in adipocyte browning stimulation. Therefore, activation
of the AMPK pathway is presumably the browning mecha-
nism of the presented onion extracts [Lee et al., 2017].

Raspberry fruits

Raspberry fruits represent a rich source of antioxidants
and anti-inflammatory phenolic compounds [Xing e al.,
2018], such as flavan-3-ols, flavonols, phenolic acids, and an-
thocyanins [Pap er al., 2021], which are also known to have
the ability to induce browning of WAT [Zou et al., 2018].
C57BL/6 mice treated with raspberry fruits for 10 weeks
presented decreased iWAT, eWAT, and body weights, with
a concomitant increment in BAT mass, greater oxygen up-
take and CO, excretion, as well as intensified heat produc-
tion [Zou et al., 2018]. Lowered insulin, triglycerides, total
cholesterol and free fatty acids serum levels were also noted.
Furthermore, raspberry supplementation enhanced mRNA
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and protein expression of Ucpl, Prdml6, Ppargcla mRNA
and Cyt C, in both BAT and iWAT [Zou et al., 2018]. In iWAT,
it upregulated Elovi3, Cdi137, Tbxl, and Tmem26, while
in BAT - Cidea and Cox7al. Moreover, raspberry administra-
tion resulted in diminished adipocyte size in iWAT [Zou et al.,
2018] and eWAT [Xing et al., 2018].

Another 12-week study conducted on C57BL/6J high-fat
diet mice showed that raspberry fruit administration caused
a decline in monocyte chemoattractant protein 1, Cdl4,
Cd68 mRNAs, as well as IL-6, IL-18, IL-1p concentrations,
and macrophages abundance in iWAT [Xing er al., 2018].
What is more, glucose transporter type 4 accretion resulted
in improved insulin sensitivity.

It was suggested that raspberry fruits trigger adipocyte
beiging by stimulating the AMPK pathway [Xing ef al., 2018;
Zou et al., 2018] and activating p38 and extracellular signal-
-regulated kinases 1/2 signaling, which take part in irisin-
-induced browning [Xing et al., 2018].

Rose hip

Rose hip is the fruit of diverse plants belonging to the ge-
nus Rosa, which contains a wealth of ascorbic acid [Stralsjo
et al., 2003], carotenoids [Hodisan et al., 1997], and phenolic
compounds [Daels-Rakotoarison et al., 2002]. The addition
of rose hip to high-fat diet of C57BL/6J mice resulted in in-
creased expression of brown and beige adipose tissue-specific
genes in inguinal subcutaneous WAT, such as Ucpl, Thx15,
Cidea, Cptl, and bone morphogenetic protein 7, which was
mediated by AMPK related pathway [Cavalera et al., 2016].
Surprisingly, neither Ppargcla nor Prdml16 mRNAs were el-
evated. Furthermore, no changes in gene expression were
found in BAT deposits. Interestingly, feces of mice fed a high-
fat diet with rose hip addition had much more energy value
than these of mice fed only with the high-fat diet [Cavalera
et al., 2016]. Hence, the lower body mass of the rose hip-
supplemented group should be attributed not only to elevated
energy expenditure because of adipocyte browning but also
to reduced effective energy intake due to impaired intestinal
absorption. Measurements of fecal content are rarely used
in adipocyte browning studies, although they might be useful
for providing more comprehensive results of future research.

DIETARY INGREDIENTS OF ANIMAL ORIGIN

Fish oils

DHA, EPA, o-linolenic and linoleic acids are major con-
stituents of fish oil [Kowalski et al., 2019]. The browning-pos-
itive effect of fish oil was studied in C57BL/6 mice fed with
fish oil-rich diet [Bargut et al., 2016] or DHA/EPA-enriched
fish oil [Kim et al., 2015]. Fish oil supplementation elevat-
ed UCPI concentration at both mRNA and protein levels
as well as Prdml6, Cidea, Cptlb, Adrb3, and Fgf2] mRNAs
in iWAT and BAT [Kim ef al., 2015]. Furthermore, increased
transcription and translation of Ppargcla, Ppara, Pparg,
and Adrb3 in BAT [Bargut ef al., 2016], and overexpression
of Thx1 in iWAT, were observed [Kim ez al., 2015].

Same as for isolated DHA and EPA, fish oil enhanced
glucose transporter type 4 and lipoprotein lipase mRNAs,
and therefore lowered blood glucose and improved lipid

profile [Bargut ef al., 2019; Zhao & Chen, 2014]. Addition-
ally, fish oil elevated serum level of adiponectin and decreased
that of leptin [Bargut et al., 2016; Zhuang et al., 2019].

Milk fat globule membrane substances

Milk fat globule membrane is composed of three layers
built-up of lipids and proteins, and originates from the apical
part of mammary apocrine glands [Fong et al., 2007]. Since
a few substances included in milk fat globule membrane
may exert beneficial effects, Li ef al. [2018] studied the out-
comes of the whole complex milk fat globule membrane
(the naturally ingested from) administration to high-fat diet
CS57BL/6 mice. They found that milk fat globule membrane
reduced fat mass by both inhibiting adipogenesis in eWAT
and inducing adipocyte browning in iWAT. Mechanistically,
all results of milk fat globule membrane supplementation
were mediated by the AMPK pathway, which led to the down-
regulation of PPARy, C/EBPa, and sterol regulatory element-
-binding protein lc in epidydimal WAT as well as increased
UCP1 in inguinal WAT and BAT. In addition, milk fat globule
membrane altered lipid profile to less atherogenic (| trigly-
cerides, LDL-C; 1 HDL-C/LDL-C) and declined the content
of free fatty acids [Li et al., 2018].

Scallop shell

Scallops are a popular delicacy in Japan, therefore, their
shells, which are composed of calcium carbonate (98%)
and organic ingredients (2%), make up copious industrial
waste [Liu ef al., 2006; Liu & Hasegawa, 2006]. While look-
ing for a way to use them, it was suggested that they might
improve metabolic health. Recent studies revealed that scal-
lop shell powder intensifies lipolysis in 3T3-L1 cells [Liu &
Hasegawa, 2006] as well as in Wistar rats [Liu ef al., 2006].
Moreover, reduced iWAT, eWAT, perirenal WAT, and body
weights, along with no changes in the BAT mass, were ob-
served in the group supplementing scallop shell powder for
5 weeks [Liu et al., 2006; Liu & Hasegawa, 2006]. Further-
more, applying this ingredient resulted in a decreased serum
leptin concentration [Liu ef al., 2006]. Among scallop shell-
-treated animals, it was noted that in BAT there were no alter-
ations in the Ucp! level, while Ucp2 was downregulated. How-
ever, both of them were elevated in eWAT. Though the exact
mechanism leading to metabolic changes caused by scallop
shell is not known, it is probably distinct from B,-adrenergic
stimulation and G protein-coupled receptors activation [Liu
etal., 2006].

GENERAL DIETARY MODIFICATIONS

Caloric restriction

Limiting caloric intake can prevent obesity, insulin resis-
tance, metabolic and cardiovascular diseases [Golbidi et al.,
2017]. A recent study shows that it can also promote adipo-
cyte browning [Fabbiano ez al., 2016]. Among the C57BL/6J
mice subjected to caloric restriction, increased glucose uptake
in WAT, which deposits were smaller and denser, was ob-
served. In the caloric restriction group, the number of adi-
pocytes raised. They were also shrunken and multilocular
compared to the control mice in both inguinal subcutaneous
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adipose tissue and perigonadal visceral fat. In those depos-
its, caloric restriction resulted in upregulation of Ucp!, Cidea,
Ppargcla, Ppara, Prdml6, Pparg, Thx1, and fatty acid-binding
protein 4 — the BAT hallmarks. Cd/37 and Tmem26 expres-
sion was also enhanced in perigonadal visceral adipose tissue.
The above changes appeared after one week of caloric restric-
tion, reached their maximum after 4 weeks, and gradually
disappeared after cessation of the diet. Similar consequences
were noticed in the caloric restriction group kept in the ther-
moneutral environment and obese leptin-deficient (ob/ob)
mice [Fabbiano et al., 2016].

Moreover, using caloric restriction was connected with
lipolysis intensification as a result of improved response to
B-adrenergic stimulation [Fabbiano et al., 2016]. Importantly,
caloric restriction mice were able to maintain a constant body
temperature, unlike the controls. Consequently, it proves
the activity of the newly formed beige adipose tissue in caloric
restriction mice [Fabbiano et al., 2016].

Interestingly, WAT browning caused by caloric depletion
was associated with augmented SIRT1 expression on macro-
phages and activation of type 2 immune signaling, including
enhanced infiltration of eosinophils, macrophages, and in-
creased secretion of cytokines (IL-4, IL-5, IL-13) in both in-
guinal subcutaneous adipose tissue and perigonadal visceral
adipose tissue [Fabbiano et al., 2016]. The study also revealed
that caloric restriction-dependent browning occurred regard-
less of the proportion of diet components.

Dietary macronutrient composition

The influence of low-protein, high-carbohydrate diet
on browning processes was studied by Pereira et al. [2017].
They found that low-protein, high-carbohydrate diet-fed rats
presented a lower body weight but higher iWAT mass com-
pared to the control group, while lipid content was similar
in both iWAT and perigonadal WAT. Moreover, expansion
of multilocular adipocytes as well as elevated levels of UCP1,
TBX1, PRDMI16, and B,-AR were observed in the latter.
Besides, the content of B,-AR and PKA was comparable to
control, but it was reduced in iWAT of low-protein, high-
-carbohydrate diet-fed rats. Additionally, this regimen result-
ed in adipose triglyceride lipase and phosphoenolpyruvate
carboxykinase increment in iWAT, as well as lipoprotein lipase
accretion in perigonadal WAT. Among low-protein, high-
-carbohydrate diet-fed rodents, FGF21 serum level increased,
so did pAMPK/AMPXK ratio in iWAT, whereas it was lessened
in the second fat pad [Pereira e al., 2017].

Effects of a high-carbohydrate diet were also determined
in a 6-week study on wild-type and perulipin-2-null mice,
treated with a 20% sucrose solution [Libby er al., 2018].
This resulted in an elevated level of genes, such as Ucpl,
Elovi3, Cidea, Dio2, Cptlb, Ppargcla, and Ppara. Moreover,
the number of adipocytes with many lipid droplets increased
in iWAT. Also, a diminution in iBAT, iWAT, and eWAT weights
was demonstrated in animals with perilipin-2 deletion. Addi-
tionally, improvement in insulin sensitivity was observed due
to, inter alia, augmented glucose transporter type 4 expres-
sion. It was also revealed that the increase in FGF21, which
occurred in iWAT, BAT, and the liver under the influence

of sucrose, was probably the underlying mechanism of brown-
ing [Libby et al., 2018].

According to recent research, the type of diet may also
affect the expression of irisin, fibronectin type III domain-
-containing protein 5 proteolytic cleavage product produced
in muscles and adipocytes both in mice and humans [de
Macédo et al., 2017]. A 60-day study conducted on Friend Vi-
rus B NIH mice revealed an increment in fibronectin type III
domain-containing protein 5 and irisin concentration induced
by a high-protein diet. It also turned out that their elevation
was probably modulated by the Ucp! and Ppara genes, which
are typical of BAT, suggesting that high-protein diet might
have augmented their expression. Thus, these results differ
from the conclusions presented by Pereira et al. [2017], who
described low-protein, high-carbohydrate diet as the one that
leads to browning activation. In addition, it was observed that
both high-protein diet and high-carbohydrate diet increased
the BAT mass, however, it was more significant in the first
group [de Macédo er al., 2017]. Finally, higher HDL-C con-
centrations were noted in the high-carbohydrate diet-fed mice
compared to the high-protein diet group. Although both high-
-carbohydrate diet and high-protein diet led to elevated glu-
cose levels, the insulin sensitivity test showed no differences
between the groups [de Macédo et al., 2017].

Intermittent fasting

Fasting is recognized as a factor that positively influences
metabolism and prevents insulin resistance or fatty liver dis-
ease by leading to WAT browning [Li et al., 2017]. A study
conducted on growing C57BL/6N mice subjected to 15-cycle
every other day fasting showed higher rectal temperatures
compared to the control animals [Li et al., 2017]. It also en-
hanced lipid utilization and reduced body weight with no ef-
fect on food intake. Comparing fat mass, the eWAT mass de-
creased, while the BAT weight rose. Interestingly, in BAT, there
was no increment in the expression of BAT-specific genes,
such as Ucpl, Ppargcla, Dio2. What is more, every other day
fasting inhibited norepinephrine and did not affect Adrb3 ex-
pression [Liet al., 2017]. However, when iWAT was examined,
the features of browning, such as the occurrence of multilocu-
lar adipocytes and augmented expression of UCP1, were ob-
served. Although every other day fasting discontinuation re-
turned Ucp! mRNA to baseline values after 15 days, reduced
weight was still observed. Furthermore, it was described that
WAT browning was responsible for the increased energy con-
sumption and occurred in the FGF21-independent pathway
[Lietal.,2017].

It seems that the intestinal microflora plays an important
role in the WAT browning process caused by every other day
fasting since an increased abundance of Firmicutes and in-
hibition of other phyla were observed upon fasting [Li et al.,
2017]. Moreover, microbiota in every other day fasting mice
was responsible not only for intensification of lactate and
acetate production, which are known to be factors leading to
the beiging of adipose tissue, but also enhanced expression
of the monocarboxylate transporter 1 gene, which encodes
the protein transporting those molecules into the adipocytes
[Lietal.,2017].
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The intestinal microflora is closely related to human
physiology and health [Moreno-Navarrete et al., 2018] as
it influences various metabolic processes in the body [Sudrez-
-Zamorano ef al., 2015]. Its composition is significantly af-
fected by diet or medicines [Moreno-Navarrete et al., 2018].
The dominant types of bacteria are Firmicutes, Bacteroide-
tes, Proteobacteria, and Actinobacteria. Studies on rodents
showed that Firmicutes increment and Bacteroidetes decrease
was related to obesity, which was also observed in humans.
However, some research has also shown an inverse relation-
ship [Jumpertz ef al., 2011; Patil et al., 2012]. According to
the study conducted on humans, Firmicutes relative abun-
dance increased the expression of BAT markers such as
UCPI1, PRDM16, and DIO?2 in subcutaneous adipose tissue
[Moreno-Navarrete ef al., 2018]. In contrast, obese people
with insulin resistance had lowered Firmicutes and increased
Bacteroidetes, which correlated negatively with BAT markers.

It seems that the mechanistic link between Firmicutes rel-
ative abundance and brown adipocyte differentiation is con-
nected with the acetate production since its concentration
correlated positively with Firmicutes relative abundance, in-
sulin sensitivity, and PRDM16 mRNA level in subcutaneous
adipose tissue [Moreno-Navarrete et al., 2018]. Interestingly,
at Firmicutes relative abundance, the levels of acetate, UCPI,
and PRDM 16 varied with age, gender, BMI, type 2 diabetes,
and antihypertensive therapy.

In addition, an experiment on C57BL/6] mice, adminis-
tered water containing antibiotics, revealed that microbiota de-
pletion led to WAT browning and metabolic changes [Sudrez-
-Zamorano ef al., 2015]. According to this study, improved
insulin sensitivity and augmented WAT glucose uptake, as well
as decreased weight and volume of inguinal subcutaneous
adipose tissue and perigonadal visceral adipose tissue, were
observed in microbiota-depleted mice despite increased food
intake. Besides, their adipocytes were darker and smaller with
multilocular phenotype. Furthermore, the upregulation of pri-
mary BAT proteins, such as UCP1, was demonstrated. Ten
days after recolonization of the antibiotic-treated mice with
microbes, the elevated level of browning markers and greater
cold resistance were still noted, which was due to the develop-
ment of functional beige adipocytes promoted by the deple-
tion of microbiota [Suarez-Zamorano et al., 2015]. Moreover,
adipocytes derived from microbiota-depleted mice responded
more strongly to p-adrenergic stimulation than control mice,
indicating higher thermogenic capacity. Described metabolic
changes occurred as a result of enhanced type 2 cytokine sig-
naling, including secretion of interleukins IL-4, IL-5, IL-13,
and infiltrations from eosinophils in inguinal subcutaneous
adipose tissue [Sudrez-Zamorano et al., 2015].

CONCLUSIONS

There is a wide range of dietary substances that may par-
ticipate in adipocyte browning induction, including amino
acids, carbohydrates, lipids, phenolic compounds, and many
others. Each of the described components upregulated

BAT-specific genes in different WAT depots or cell lines. Nu-
merous research also evidenced signs of adipose tissue re-
modeling associated with britening stimulated by different
food ingredients, and increased BAT activation. Moreover,
improved metabolic parameters, such as lipid profile or glu-
cose concentration, were frequently observed.

However, the vast majority of the molecules were in-
vestigated based on murine models. Nevertheless, most
of the papers focused on the impact of dietary intervention
in obesity-induced animals, which closely resemble the obese
state in humans, albeit interspecies differences should always
be taken into consideration when analyzing the results.

Evidence regarding diet-induced adipocyte browning
in humans or human cell cultures is rather scarce, includ-
ing studies on caffeine, EPA, (-)-epicatechin, genistein, or
resveratrol. Among them, EPA appears the most promising
browning activator, since it upregulated not only the piv-
otal adipocyte browning genes (UCPI, PRDM16), but also
genes involved in mitochondrial biogenesis (NRFI, TFAM)
and B-oxidation (CPTIA), being responsible for the complete
thermogenesis-related metabolic change. In addition, adipo-
cyte browning upon EPA administration was evidenced with
highly-specific beige adipose tissue markers (CD137, TBXI).
Finally, the browning properties of EPA were investigated on
the fully differentiated subcutaneous adipocytes, confirming
its ability to stimulate adipocyte transdifferentiation, which
seems to be the most relevant when considering potential
clinical application in adults. Another optimistic data is as-
sociated with resveratrol, which also enhanced the expression
of browning-fundamental genes (UCPI, PRDM16). Further-
more, the research with the use of resveratrol was performed
on humans in vivo and carefully designed. Moreover, it re-
vealed that even a small dose of resveratrol (500 mg/day)
may contribute to adipocyte browning, which appears crucial,
concerning its limited bioavailability. Additionally, resvera-
trol elevated the expression of fibronectin type III domain-
-containing protein 5, potentially initiating other mechanisms
leading to adipocyte browning via irisin formation. Favorable
outcomes were also reported about (-)-epicatechin, which in-
creased essential proteins concentrations (UCP1, PRDM16)
in fully differentiated subcutaneous adipocytes. Apart from
adipocyte browning stimulation, the anti-inflammatory effect
of (-)-epicatechin was observed. More studies are needed to
appropriately establish the role of caffeine and genistein on
adipocyte browning in humans. However, limited data indi-
cate their ability to raise the level of UCP1.

In our opinion, future research should elucidate the out-
comes of the acknowledged browning activators in human
WAT and cell lines to provide novel therapeutic agents for
the treatment of obesity and obesity-related diseases. Further-
more, the safety doses of dietary substances should be deter-
mined. Simultaneously, more compounds should be screened
for browning-positive effects.
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Petals of edible flowers (EF) are rich in biologically active compounds with many proven benefits for human health. However, studies on the effects
of EF in humans after consumption are lacking. This pilot explorative study evaluated the changes in urinary phenolic excretion in healthy volunteers
to whom different doses of phenolics from edible roses (Gourmet Roses™) have been added to a meal. Rose petals were picked fresh once a week for
three weeks, showing significantly increasing values of total phenolic content, total anthocyanin content, and antioxidant activity (measured as ferric
reducing antioxidant power (FRAP) and as DPPH* and ABTS"* scavenging activities) from the first to the third week. After the meal, direct associa-
tions between urinary phenolics and both the EF phenolic content and the antioxidant activity were found in a multiple regression model. These new
insights on EF consumption, to be confirmed by larger trials, suggest that the urinary phenolic excretion of healthy volunteers increases with increasing

rose phenolic content.

INTRODUCTION

Edible flowers (EF) have been used in human nutrition
for hundreds of years and are popular in the European, Mid-
dle-East, Chinese, and Indian cultures [Lim, 2014a,b; Pires
et al., 2019; Scariot et al., 2018], thanks to their taste, beauty,
and aromas [Takahashi ef al., 2020]. EF are consumed either
fresh or minimally processed or in the form of different prepa-
rations [Fernandes ef al., 2020; Takahashi ef al., 2020]. Since
the late 1980’s, studies revealing the EF chemical composi-
tion and properties linked to the presence of several bioactive
compounds arose [Demasi et al., 2020; Falla et al., 2020; Fer-
nandes et al., 2020; Grzeszczuk et al., 2016; Rop et al., 2012;
Scariot et al., 2018], together with an increased awareness
of consumers towards the consumption of natural sources
of bioactive compounds [Fernandes ef al., 2020; Rop ef al.,
2012; Takahashi et al., 2020]. Petals of fresh EF are rich in vi-
tamins, minerals, and phenolics, a class of biologically active
compounds with many proven benefits [Liu, 2003; Loizzo
et al., 2016; Navarro-Gonzalez et al., 2015; Takahashi et al.,
2020]. Adequate intake of phenolics could confer benefits for
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human health, by reducing the risk of cardiovascular, dysmet-
abolic, and neurodegenerative diseases, and cancer (in partic-
ular gastrointestinal neoplasms), by eliciting anti-inflamma-
tory effects, and by favorably modulating the gut microbiota
composition [Fraga et al., 2019; Zamora-Ros et al., 2013].
Furthermore, phenolics have been reported to be inversely
associated with all-cause mortality and cardiovascular events
[Del Bo et al., 2019]. EF have a low-fat content and are rich
in water similarly to leafy vegetables [Gonzélez-Barrio et al.,
2018; Rop ef al., 2012]. It has also been demonstrated that
many EF contain high amounts of phenolics, exceeding those
found in fresh fruits and vegetables. For instance, Rosa pendu-
lina petals have a total phenolic content of ~1,700 mg/100 g,
more than double than blackcurrant (~800 mg/100 g) or
blackberry (~600 mg/100 g) fruits [Demasi et al., 2021a;
Pérez-Jiménez et al., 2010b]. Looking at single classes
of phenolics, petals of Dianthus pavonius contain more than
2,000 mg/100 g of flavonols compared to ~100 mg/100 g
in spinach, or Paeonia officinalis contains ~800 mg/100 g
of benzoic acid compared to ~120 mg/100 g in raspberry, or
finally Taraxacum officinale have ~800 mg/100 g of cinnamic
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acids compared to the 200 mg/100 g of globe artichoke [De-
masiet al., 2021a; Pérez-Jiménez et al., 2010b]. It is therefore
evident that it is important to deepen the knowledge on flow-
ers composition in order to understand the role of their phe-
nolics in human metabolism.

The quantity and quality of secondary metabolites
and bioactive compounds in petals, similarly to other ana-
tomical parts of plants, may be influenced by several factors.
A wide variability in the amount and composition of metabo-
lites in plants have been recorded depending on the genotype
[Fiehn, 2002], the stage of development [Piccolella et al.,
2018], the environmental conditions [Demasi et al., 2018],
the cultivation practices [Caser ef al., 2019a,b; Najar et al.,
2019], the harvesting time [Pal & Singh, 2013], and storage
[Demasi et al., 2021b].

To date, a few EF species have been investigated and this
number is expected to increase [Fernandes et al., 2020;
Pires et al., 2019]. Rose (Rosa spp.) is one of the most be-
loved and known ornamental plants, with a complex genus
classification [Martinez et al., 2020; Smulders et al., 2019].
It is among the most frequently consumed EF worldwide
[Fernandes ef al., 2020], showing a high phenolic content
and antioxidant activity according to the genotype [Demasi
et al., 2021a; Fernandes et al., 2020; Guimaraes et al., 2010;
Lietal., 2014; Luet al., 2016; Zheng et al., 2018]. At present,
the contribution of EF to human metabolism in vivo is almost
unexplored and data relative to phenolic urinary excretion af-
ter EF consumption in humans are lacking. We carried out an
exploratory pilot study in a small group of healthy volunteers
who were given a week away both a meal and the same meal
with the addition of rose petals with different phenolic con-
tents. Then we explored whether the fresh rose characteristics
(total phenolic content, total anthocyanin content, and anti-
oxidant activity) were associated with the excretion of pheno-
lics in human urine, after standardization of the meals.

MATERIALS AND METHODS

Chemicals and apparatus

Sodium carbonate, sodium acetate, potassium chloride,
potassium persulfate, hydrochloric acid, acetic acid, iron(ITI)
chloride hexahydrate, 2,2’-azino-bis(3-ethylbenzothiazoline-
-6-sulfonic acid) diammonium salt (ABTS), 2,4,6-tripyridyl-
-s-triazine (TPTZ), 2,2-diphenyl-1-picrylhydrazyl (DPPH
radical), Folin—Ciocalteu phenol reagent, and gallic acid were
purchased from Sigma Aldrich (St. Louis, MO, USA). Oaxis
MAX Cartridges were purchased from Waters (Milford, CT,
USA). A Cary 60 UV-Vis spectrophotometer (Agilent, Santa
Clara, CA, USA) was used to perform spectrophotometric
readings.

Plant material

Fresh open flowers of Gourmet Roses™ were provided
by the organic nursery RaveraBio® (Rzero Group di Orsini
L. & C., Albenga, SV, Italy) once a week from 1st to 21st June
2019. From each of the three supplies, part of the fresh petals
was used for the human experiment, and part was grinded
in a mortar using liquid nitrogen, then prepared for the spec-
trophotometric analysis of total phenolic and total anthocyanin

™

content, and antioxidant activity. One gram of flower powder
was extracted with 50 mL of a water-methanol solution (1:1,
v/v) at room temperature with ultrasound-assisted extraction
(Sarl Reus, Drap, France) at 23 kHz for 30 min. Three differ-
ent extractions were performed as replicates for each supply.
The solution was filtered with one-layer of filter paper (What-
man No. 1, Maidstone, UK) and preserved at -20°C until
the spectrophotometric analyses.

Total phenolic content of roses

The total phenolic content was analyzed using the Folin-
-Ciocalteu reagent [Demasi et al., 2021b], by mixing 750 uL
of the reagent (diluted 1:10) with 150 uL of the rose extract
and 600 uL of Na,CO, (7.5%). The solution was left in a dark
room at room temperature for 30 min. Then, its absorbance
was read at 765 nm, and results were expressed as g of gallic
acid equivalents (GAE) per kg of fresh flower (g GAE/kg).

Total anthocyanin content of roses

The pH-differential method was used for anthocyanin
measurement [Demasi ef al., 2020]. The rose extract (1 mL)
was mixed with 9 mL of an aqueous buffer solution at pH 1
(4.026 g KCI + 12.45 mL HCI 37% in a 1 L water volume)
in one flask. In another flask, 1 mL of the same rose extract
was mixed with an aqueous buffer solution at pH 4.5 (32.82 g
C,H,NaO, + 18 mL C,H,O, in a I L water volume). The so-
lutions were kept in the dark for 20 min at room temperature,
and their absorbance was read at 515 nm and 700 nm. Results
were expressed as g of cyanidin 3-O-glucoside (C3G) per kg
of fresh flower (g C3G/kg).

Antioxidant activity of roses

The antioxidant activity of roses was analyzed using dif-
ferent assays: the ferric reducing antioxidant power (FRAP),
DPPH, and ABTS [Demasiet al., 2021b]. The FRAP assay was
performed by mixing 30 uL of the rose extract with 90 uL of de-
ionized water and 900 uL of the FRAP reagent. The solution
was kept for 30 min at 37°C, and then its absorbance was mea-
sured at 595 nm, and results were expressed as millimoles of fer-
rous iron (Fe?*) equivalents per kg (mmol Fe**/kg). The DPPH
assay was performed with the following procedure: a DPPH"
solution was obtained by the reaction of 2 mg of DPPH" with
50 mL of MeOH, up to the absorbance of 1.000 at 515 nm.
Then, 3 mL of the DPPH" solution was mixed with 40 uL
of the rose extract. The mixture was left in the dark at room
temperature for 30 min, and then its absorbance was measured
at 515 nm. The ABTS assay was performed with the follow-
ing procedure: the ABTS radical cation solution was obtained
by the reaction of 7.0 mM ABTS with 2.45 mM K,S,0,, in-
cubated for 12-16 h in the dark at room temperature and di-
luted with distilled water until the absorbance of 0.70 had been
achieved at 734 nm. Then, 2 mL of the diluted ABTS"* solution
was mixed with 30 uL of the rose extract. The mixture was left
in the dark at room temperature for 10 min, and then its ab-
sorbance was measured at 734 nm. In both DPPH and ABTS
methods the results were expressed as mmol of Trolox equiva-
lents (TE) per kilogram (mmol TE/kg).

The water-methanol (1:1, v/v) extraction solution was
used as control in each analysis instead of the rose extract.
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The human experiment

Twenty healthy volunteers were enrolled for the experi-
ment. Inclusion criteria were age 20-70 years, and a body
mass index (BMID) 20-29 kg/m?. Exclusion criteria were:
treatment with any drugs and/or supplements, subjects
in any dietary regimen, pregnant and/or lactating women,
the presence of any known disease, active smoking, inability
to express informed consent to the study, and known flower
allergy. The study was conducted following a randomized
cross-over design [Kuntz ef al., 2015] and all participants
received the same meal without (M; meal without EF) or
with (EFM; meal + EF) the addition of 17 g of rose petals
after 1 week of wash out. Participants were randomized to
receive as a first meal either the meal without EF (M) or
the same meal with the addition of EF (EFM). Meals were
prepared by the same researcher in the same place; each
meal consisted of 2 courses, and their composition is re-
ported in

In a random order, 7, 8, and 5 participants received
the EFM supplied respectively in the first, second, and third
week. Randomization sequence was computer-generated
by a statistician. Participants were to consume either the M
or the EFM in 60-min under researchers’ supervision at
1:00 pm at the kitchen of the School of Dietetics (Univer-
sity of Turin). Volunteers had to eat both the two courses
each of the two days of the experiment. During each meal,
only water was allowed. The same dietary recommenda-
tions for the 24-h before each test and the 24-h after each
test were given to all participants. The energy content was
calculated according to the participant’s energy need (range
1500-1900 kcal); the dietary composition was 20 g/100 g
proteins, 30 g/100 g lipids, 50 g/100 g carbohydrates. Fi-
ber intake was restricted to 17 g/day, by reducing phenolic-
-rich foods (no more than 250 g fruit/day -only peeled apple
and banana allowed-, no more than 200 g vegetables/day
-only lettuce and zucchini allowed-, no wine, no tea, no cof-
fee, no cocoa) in order to avoid interference from dietary
polyphenols. The dietary phenolic intake was calculated
according to the published database [Neveu et al., 2010;

Rothwell et al., 2013]. Each participant completed both
a 1-day food record to collect data relative to food con-
sumption 24-h before each experiment and a validated food-
-frequency questionnaire to obtain data relative to usual di-
etary habits. Diet adherence was verified both by the 1-day
food recall and by telephone interview with each participant
the day before the experiment. Urine collection began from
4:00 pm of the day of the test until 4:00 pm of the day after
the test. Each volunteer was asked to urinate before the meal
and then to wait until 4:00 pm before the next voiding. All
procedures were in agreement with the principles of the Hel-
sinki Declaration; the study protocol, the questionnaires
used, the informed consent, the information for the partici-
pant and the curriculum vitae of the researchers were sub-
mitted to the attention of the Local Bioethics Committee
of the University of Turin on 25 March 2019. The study
protocol was approved by the Local Bioethics Commit-
tee of the University of Turin (No.176859, Turin, Italy) on
2 May 2019. Informed consent was obtained from all indi-
vidual participants included in the study.

Total phenolic content of urine

Urine samples were collected into sterilized 1.5 L bottles,
acidified with HCI to preserve the phenolic compounds in line
with literature [Roura et al., 20061, and processed the follow-
ing morning to avoid formation of artefacts and loss of phe-
nolic content. The total phenolic content excreted in urine
after consumption of the test meals was determined with
Folin-Ciocalteu assay after purifying the samples by solid-
-phase extraction according to literature [Medina-Remon
et al., 2009], with the difference that the solid-phase extrac-
tion was carried out through Oaxis MAX Cartridge Waters
containing the same stationary phase as micro titer 96-well
plate cartridges. Briefly, I mL of acidified urine was applied to
an activated Waters Oasis MAX cartridge. The cartridge was
rinsed with 4 mL of sodium acetate 50 mM pH 7/5% metha-
nol. The phenolics were eluted with 1.8 mL of 2% (v/v) for-
mic acid in methanol. Then, 30 uL of the eluted fractions
were mixed with 340 uL of deionized water adding 25 uL

TABLE 1. Composition of the meal (M) received by the participants. The meal with edible flowers (EFM) was the same with the addition of 17 g

of rose petals.

Meal Ingredient Quantity (g) Proteins (g) Lipids (g) Carbohydrates (g) Fiber (g) Total kcal
Noodles 80 73 1.7 39.5 1.81
Courgettes 60 0.81 0 0.87 0.87
Vegetable noodles Carrots 50 0.55 0 3.8 1.55
Ricotta 40 3.5 4.37 1.4 0
Olive oil 10 0 10 0 0
Cod 100 17 0.3 0 0
Baked fish fillet Natural yogurt 50 1.9 1.95 2.15 0
with yogurt sauce Cucumbers 15 0.1 0 03 0.11
Olive oil 5 0 5 0 0
Intake (per capita) 30 23 48 4.34 520
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of the Folin-Ciocalteu reagent and 60 uL of sodium carbon-
ate (200 g/L). The mixture was incubated for 1 h at room
temperature in the dark. Later, 145 uL of deionized water was
added. Absorbance was measured at 765 nm. Results were
expressed as mg gallic acid equivalent per liter (mg/L) and per
day (mg/day).

Statistical analyses

Flowers’ variables and human data were reported as
means *+ standard deviations. For each rose’s phytochemical
parameter, differences between the three samples were ana-
lyzed by non-parametric analysis of variance using Kruskal-
-Wallis test, with stepwise comparison, and by Spearman’s
correlation analyses. Between-group differences in urinary
phenolic excretion were analyzed by Kruskal-Wallis test. Anal-
yses were performed using SPSS 24.0 Inc. software (SPSS
Inc., Chicago, IL, USA). Crude and adjusted linear regres-
sion models were used to examine the urinary phenolic excre-
tion (dependent variable) in relation to each compositional
characteristics and antioxidant activity of edible rose flowers:
(a) the flower total phenolic, (b) the total anthocyanin con-
tents, and (c) the antioxidant activity. A multiple regression
model adjusted for age, sex, BMI, and dietary phenolic intake
was estimated for each phytochemical characteristic (a, b, c).
These analyses were done with Statistica software (ver. 7.0;
StatSoft Inc., Tulsa, OK, USA).

RESULTS AND DISCUSSION

Bioactive compounds in rose petals

The content of phenolics and anthocyanins in rose pet-
als and their antioxidant activity are reported in
The total phenolic content (6.53, 8.01, and 11.71 g GAE/kg)
and the FRAP (298.23, 407.41, 564.77 mmol Fe’*/kg) sig-
nificantly differed in each sample, increasing from the first to
the third week of EF supply. Similarly, anthocyanin content
(0.86-1.36 g C3G/kg), DPPH" (26.67-45.58 mmol TE/kg),
and ABTS* (9.49-14.12 mmol TE/kg) scavenging activities
were higher in the third sample. All the evaluated parameters
of EF were positively highly correlated with each other (p val-
ues were always lower than 0.01), as reported in

Rosa is an extremely wide and complex genus of plant
and comprises more than 150 species and 30,000 cultivars
[Smulders et al., 2019]. Some of them have already been stud-
ied as edible flowers and source of bioactive compounds (e.g.
Rosa x hybrida, Rosa X odorata, Rosa centifolia, Rosa chinen-
sis, Rosa gallica, Rosa micrantha, Rosa damascena, Rosa bour-
boniana, Rosa brunonii, and Rosa rugosa), and results showed
a wide variability according to the species [Chen et al., 2018;
Guimaraes et al., 2010; Kumar ef al., 2009; Li et al., 2014;
Lu et al., 2016; Mohsen et al., 2020; Rop ef al., 2012; Zhang
et al., 2014; Zheng et al., 2018]. Different analytical assays

TABLE 2. Total phenolic and total anthocyanin contents, and antioxidant activity measured as ferric reducing antioxidant power (FRAP) and as
DPPH" and ABTS"* scavenging activities of edible roses (Gourmet Roses™) supplied in the first, second, and third week of June 2019.

Total polyphenol Total anthocyanin DPPH" ABTS"+
FRAP . . . .

Rose supply content content (mmol Fe*/kg) scavenging activity scavenging activity

(g GAE/kg) (g C3G/kg) g (mmol TE/kg) (mmol TE/kg)
n.1 6.53+0.70° 0.86+0.09 298.23£35.75¢ 26.67=1.47° 9.49+1.92%
n.2 8.01x0.19° 0.97+0.02° 407.41x16.53° 28.36+2.62° 9.960.49"
n.3 11.71x0.40° 1.36=0.08" 564.77+6.45 45.58+0.822 14.12x0.17*
D 0.00003 0.0004 0.00002 0.00002 0.005

Results are expressed as mean of three replicates = standard deviation; different letters indicate significant differences in a column according to
Kruskal-Wallis stepwise comparisons (p<0.05). GAE - gallic acid equivalent; C3G - cyanidin 3-O-glucoside; TE - Trolox equivalent.

TABLE 3. Spearman’s correlation coefficients between total phenolic content, total anthocyanin content, and antioxidant activity measured as ferric
reducing antioxidant power (FRAP) and as DPPH" and ABTS"* scavenging activities of edible roses (Gourmet Roses™).

| FRAP | DPPH" scavenging activity | ABTS** scavenging activity | Total anthocyanin content

Correlation

fficient 0.983 0.850 0.803 0.833
Total phenolic content coctheien
p 0.000 0.004 0.009 0.005
Correlation
FRAP cocfficient 0.883 0.820 0.850
P 0.002 0.007 0.004
Correlation 0.887 0.800
DPPH" scavenging activity coefficient
p 0.001 0.010
Correlation 0.937
ABTS"* scavenging activity coefficient
p 0.000
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(e.g. FRAP, DPPH, and ABTS, or total phenolic content) are
necessary to evaluate the antioxidant activity of matrices. How-
ever, different extraction and analytical methods, and sample
preparation could make the comparison among different stud-
ies difficult [Santos-Buelga et al., 2012]. The range of total
phenolic content has been reported to vary from 5.00 to 24.00 g
GAE/kgin R. X hybrida and R. X odorata [Liet al., 2014; Rop
et al.,2012], while other authors [Chen et al., 2018] found 74 g
GAE/kg in pink R. rugosa (on dry weight). Twelve rose cultivars
are reported to have a total anthocyanin content ranging from
0t02.50 g C3G/kg [Friedman et al., 2010]. In four rose species
[Zheng et al., 2018], ranges of 360-3620 mmol Fe’*/kg were
recorded with FRAP, and 239-1037 mmol TE/kg with ABTS
assay. ABTS** scavenging activities of 2-36 mmol TE/kg
and 653 mmol TE/kg were reported in fresh flowers of 12 rose
cultivars [Friedman ez al., 2010] and in dry flowers of R. rugosa
[Zhang et al., 2014], respectively. In turn, 101 mmol TE/kg
(by ABTS assay) and 451 mmol Fe**/kg (by FRAP) were
recorded in R. X hybrida petals [Li et al., 2014]. Our results
on Gourmet Roses™ petals are consistent with the above-
-mentioned ranges, except for the DPPH assay, which detected
lower values than those reported in literature (243-520 mmol
TE/kg) [Chen et al., 2018; Zheng et al., 2018].

The petals of roses harvested at one-week distance dur-
ing the month of July showed an increasing content over time
in bioactive compounds, namely total phenolics, and antho-
cyanins. Consequently, an increased antioxidant activity was
found. These parameters were positively correlated, confirm-
ing previous results on edible plants and wildflowers [De-
masi ef al., 2021a; Li et al., 2014]. The secondary metabolite
content in roses varies among species and may be triggered
by various stimuli, which commonly occur because of sea-
sonal variations, or biotic and abiotic stresses. Similarly, also
the phenological stage and senescence of the plant could have
determined an increased production of antioxidants, such as
phenolic compounds, as a defense system that can lead to

increments both in the phenolic content and the biological
activity over time [Piccolella et al., 2018].

Urinary phenolic content

Twenty volunteers participated in the study (12 males,
8 females); their mean age and BMI were 41.2+10.8 years
and 22.6=3.2 kg/m?, respectively. Their usual mean pheno-
lic dietary intake was 931.3+219.1 mg/day. The 24-h before
each experiment, the mean phenolic dietary intake was lower
(784.5=230.4 mg/day) in line with the given dietary recom-
mendations for those days. Diet adherence was evaluated
by 1-day food record and telephone interview the day before
each experiment and resulted to be adequate. Out of them,
2 volunteers (1 male and 1 female, both receiving the third
EF sample) did not perform a correct 24-h urine collection.
Therefore, the urine samples of 18 subjects were analyzed.
No adverse effects related to the EF assumption were report-
ed by participants.

The differences in urinary phenolic excretion (expressed
as mg/L or mg/day) between the participant consuming
EFM and M were -1.8x11.4, 7.0=14.6, 59.1x94.6 mg/L
(p=0.15 according to Kruskal-Wallis) and -4.5+20.2,
6.8x10.9, 72.7=124.1 mg/day (p=0.15), respectively from
the first, second, and third supply of roses. The associations
between the urinary human phenolic excretion (dependent
variable) and the EF characteristics, namely total phenolic
and total anthocyanin content, and antioxidant activity are
shown in . Direct significant associations were found
with all the EF characteristics in both crude and adjusted mod-
els, in which four variables potentially impacting the intake or
excretion of phenolics (age, gender, body mass index, and di-
etary phenolic intake) were considered. It is reassuring that
the associations remain statistically significant in the adjusted
model, despite the small size of the sample (20 participants).
This might suggest a potential influence of the rose character-
istics on the human absorption of the rose phenolic content.

TABLE 4. Parameters of a regression model for relationships between differences in 24-h urinary phenolic excretion of participants consuming meal
with and without edible flower, and the roses (Gourmet Roses™) characteristics.

Characteristics Model B, SE, P, B, SE, P,
Total phenolic content Crude 0.11 0.048 0.031 0.15 0.063 0.032
(g GAE/kg) Adjusted? 0.16 0.063 0.030 0.19 0.084 0.044
Total anthocyanin content Crude 121 0.50 0.027 1.58 0.65 0.027
(g C3G/kg) Adjusted 1.65 0.65 0.026 2.03 0.86 0.035
Ferric reducing Crude 0.20 0.09 0.046 0.26 0.12 0.049
antioxidant power

(mmol Fe2*/kg) Adjusted 0.28 0.12 0.047 0.32 0.17 0.07
DPPH- scavenging activity Crude 3.10 124 0.024 4,09 1.62 0.022
(mmol TE/kg) Adjusted 427 1.64 0.023 5.40 212 0.026
ABTS scavenging activity Crude 12.85 5.15 0.024 16.90 6.0 0.023
(mmol TE/kg) Adjusted 17.67 6.78 0.023 22,24 8.79 0.026

“adjusted — multiple regression model adjusted for age, gender, body mass index, and dietary polyphenol intake. B,, ES , p, — parameters for urinary
phenolic excretion expressed in mg/L; B,, ES,, p, — parameters for urinary phenolic excretion expressed in mg/day. f — regression coefficient; SE - stan-
dard error; GAE - gallic acid equivalent; C3G - cyanidin 3-O-glucoside; TE — Trolox equivalent.
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Polyphenols bioavailability varies widely among different
classes of phenolics and they can be absorbed and metabolized
differently according to their chemical structure [Teng & Chen,
2019]. Briefly, part of them are absorbed by the small intes-
tine, while part are metabolized by microbiota. The metabolites
reach the liver to be absorbed by tissues and cells or the kid-
neys, to be ultimately excreted through urine. Phenolic intake
from food has been therefore associated with human total
urinary phenolic excretion [Nielsen ef al., 2002; Mennen et al.,
2006; Pérez-Jiménez et al., 2010a; Roura et al., 2006; Spencer
et al., 2008; Zamora-Ros et al., 2011]. A systematic review has
suggested that urinary phenolics might be considered as an
indicator of phenolic intake [Pérez-Jiménez et al., 2010a]. An
increased consumption of phenolic compounds with diet has
been reported to reduce cardiovascular risk factors [Guo et al.,
2016; Medina-Remon et al., 2017], the incidence of type 2
diabetes mellitus [Wedick et al., 2012], cardiovascular events,
and all-cause mortality [Agudo et al., 2007; Alonso et al., 2004;
Covas et al., 2001; Grassi et al., 2005; Manach et al., 2005;
Tresserra-Rimbau ef al., 2014a,b], and to decrease blood con-
centrations of inflammatory biomarkers [Medina-Remén ez al.,
2017]. The beneficial effects of dietary polyphenols may also
be due to a bi-directional relationship with the gut microbiota:
polyphenols can favorably affect the gut microbiota compo-
sition, and the gut microflora could metabolize polyphenols
into beneficial bioactive compounds, such as chlorogenic
acid and the derived compounds [Fraga et al., 2019; Liu et al.,
2020a; Ozdal et al., 2016; Tomas-Barberan et al., 2014].

At present, only in vitro and animal studies evaluated
the effects of EF phenolics. The anti-inflammatory property
of extract of R. canina, tested on the carrageenin-induced
rat paw edema assay, was demonstrated by the inhibition
of carrageenin-induced edema, similarly to the effect of in-
domethacin [Lattanzio et al., 2011]. Flower compounds have
been reported both to induce cell apoptosis via the p53 signal-
ling and p38 MAPK/FasL (mitogen-activated protein kinase-
-FAS ligand) cascade pathways [Lin ef al., 2005; Lo et al.,
2007] and to ameliorate the ROS-mediated mitochondrial
dysfunction pathway [Hou et al., 2005; Lin et al., 2005; Lo
et al., 2007]. Hibiscus acid from Hibiscus sabdariffa (roselle)
and (+)-epimagnolin A and (+)-magnolin from Magnolia
denudata induced weight loss in animals and in in vitro ex-
periments, by acting on fat metabolism-related enzymes,
down-regulating adipocyte differentiation via the modulation
of the PI3K (phosphoinositide 3-kinase) and MAP-kinase
pathways and inhibiting a-amylase activity and sugar/starch
absorption [Hansawasdi et al., 2001; Kim ef al., 2007; Kong
et al., 2011; Preuss et al., 2007]. Similarly, the methanol ex-
tract of Nymphaeaceae inhibited the lipid storage in adipo-
cytes by promoting lipolysis [Hansawasdi er al., 2001; Lee
et al., 2010; Kong et al., 2011; Velusami et al., 2013]. Rosa
spp. are very rich in quercetin, which has been shown to in-
hibit both a-glucosidase and a-amylase, thus reducing the in-
testinal absorption of glucose [Lu et al., 2016; Oboh et al.,
2015]. However, different EF showed great variability in their
phenolic composition and bio-accessibility through an in vi-
tro digestion model coupled to a simulated intestinal barrier
[de Morais et al., 2020]. Thus, in vivo and human studies are
needed to define the potential role of EF on human health.

This is the first human study analyzing the relationship
between the dietary content of phenolics from EF and the uri-
nary phenolic excretion in healthy volunteers. According to
the multiple regression analysis, we found a direct relationship
between the increasing rose phenolic content and the phe-
nolic excretion, meaning that phenolics have been absorbed
and metabolized by the body [Pérez-Jiménez et al., 2010a].

CONCLUSIONS

The preliminary data of this pilot explorative study suggest
the importance of carrying out further human trials to char-
acterize the absorption of the phenolics contained in the EF
and their impact on the human oxidative status. Indeed, edible
roses were confirmed as a rich source of bioactive compounds
(total phenolics and total anthocyanins) with high antioxidant
activity, and the increasing values of these parameters in flow-
ers corresponded to an increase of the urinary phenolic ex-
cretion in healthy volunteers. Interestingly, the amount of EF
used in the recipes (17 g) provided an amount of phenolics
(111-199 mg GAE) proper to fill the gap between the dietary
recommendations during the trial (784 mg/day) and the usual
mean dietary intake of the participants (931 mg/day), suggest-
ing that no other supplemented phenolics are required to meet
their needs. Though, we cannot exclude the possibility that an
absorption plateau could be reached at a specific threshold
of phenolic intake by EF supplementation. In order to reduce
the risk of bias, the conditions were standardized as much as
possible before and during the human experiment and the par-
ticipants reported an adequate compliance to the given dietary
recommendations. Even though for the purposes of a pilot
study any sample size from 12 upwards has been considered
adequate [Julious, 2005], a larger sample of participants will
be needed for future studies to specifically test a dose-response
relationship [Shader, 2015]. Moreover, the evaluation, besides
urine, also of blood markers of oxidative stress, inflammation,
kidney and liver function would be of interest to define the ef-
ficiency of phenolics absorption and the potential benefits
and safety of adding specific EF in daily diet.
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Colocasia esculenta (Taro) is an edible tuberous plant; however, corms are its most worldwide consumed part while the corm powder is widely used
in food industries. In this work, a sulphated polysaccharide extract of C. esculenta corm (SCE) was prepared and its cancer chemopreventive properties
were explored. The amending of carcinogen metabolism and radical scavenging affinity revealed that SCE is a strong tumor anti-initiation agent via sup-
pressing cytochrome P450-1A and enhancing glutathione and the carcinogen detoxification enzyme; glutathione S-transferase. SCE exhibited a strong
scavenging affinity towards critical radicals (hydroxyl and peroxyl). It induced lymphocyte growth and modulated the macrophage functions into an
anti-inflammatory profile, via elevating macrophage proliferation and its binding affinity of fluorescein isothiocyanate-lipopolysaccharide (FITC-LPS)
and inhibiting nitric oxide and tumor necrosis factor-o generation. Furthermore, SCE showed a potent cytotoxicity against human breast MCF-7 carci-
noma cells (IC,; 27.73 ug/mL), whereas SCE treatment inhibited the activity of histone deacetylase (HDAC IC, 37.70 ug/mL) and disturbed the pattern
of cell cycle phases. An arrest in both S- and G2/M-phases was linked with shifted cell populations towards late apoptosis and necrosis, as detected
by flow cytometry. SCE is a promising cancer chemopreventive agent to be used in healthy food industries and for the high breast cancer-risk population.

INTRODUCTION

Colocasia esculenta (Liliatae, Araceae), traditionally
called taro, is a tuberous plant classified as monocotyledon-
ous and distributed in humid subtropics and tropics. All
of the plant parts are edible; however, corms are its most
worldwide consumed part [Lim, 2015]. The corms afford
various nutrients, including proteins, carbohydrates, vitamins
(niacin, riboflavin, and thiamine), minerals (iron, potassium,
sodium, calcium, and phosphorus) and fibers [Temesgen &
Retta, 2015]. Additionally, many bioactive compounds were
extracted from C. esculenta; e.g., phenolic compounds (in-
cluding anthocyanins and tannins), sterols, organic acids,
bioactive proteins, phytocystatin, alkaloids, terpenes, and sa-
ponins [Ferreres et al., 2012; Lim, 2015; Reyad-ul-Ferdous
et al., 2015]. Preclinical studies reported that C. esculenta
corm extracts exerted antitumoral and antimetastatic [Kundu
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et al., 2012; Park et al., 2013], antihyperlipidemic [Sakano
et al., 2005], antioxidant [Lee et al., 2011], wound healing
[Gongalves et al., 2013], antidiabetic [Eleazu ef al., 2013],
and antiviral [Keyaerts et al., 2007] properties.

The widespread traditional usages of C. esculenta are for
many health disorders including: gastrointestinal diseases, di-
abetes mellitus, alopecia, internal hemorrhages, anemia, body
ache, snakebite, and additionally for immune system stimu-
lation [Lim, 2015, Nwauzoma & Dappa, 2013]. C. esculenta
corm powder is marketed as an ingredient and as a food sup-
plement, worldwide. The flour constituents of C. esculenta are
comparable to corn, potato, and soybean ones; it has a high
fiber a low fat content, which makes the flour a satisfactory
substitute for market flours as an economic alternative in de-
veloping countries [reviewed in Pereira ef al., 2018]. C. escu-
lenta flour may be utilized in numerous preparations, such
as bread, noodle, cookies, paste, and infant formulations,
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especially for dietary restriction cases (e.g., gluten intoler-
ance and allergenic disorders) [Kaushal ez al., 2015; Noorfar-
ahzilah et al., 2014].

The defensive mechanisms that provide prevention
of the carcinogenesis cascade are defined as chemoprevention
perception. Chemopreventive agents are capable to prevent,
reverse or postpone carcinogenesis cascade. Daily consump-
tion of these agents represents a hopeful approach to suppress
or prevent carcinogenesis [Mollakhalili ez a/., 2017]. A variety
of phytochemicals originated from dietary plants are proved
to hinder specific carcinogenesis stages through the inhibi-
tion of tumor initiation, promotion, and progression, which
among others, encompassed the modulation of the cancer
cell cycle, proliferation inhibition, and initiation of apoptosis
[Mollakhalili e al., 2017].

In our previous studies, we reported that the sulphated
forms of natural polysaccharides showed promising tumor
cancer chemopreventive potentials [Gamal-Eldeen et al.,
2006; 2007a,b 2009; 2021]. In continuation, the current
study was planned to explore the cancer chemopreventive
mechanisms of a sulphated extract of C. esculenta corms,
targeting to function as a cancer chemopreventive alternative
in the healthy food industries for high-risk populations.

MATERIAL AND METHODS

Preparation of the sulphated C. esculenta extract

C. esculenta tubers (2 kg) were purchased from the local
market (Dokki, Giza). Corms were washed and cleaned from
the foreign substances, peeled, and chopped into smaller
pieces (~1 cm?). Afterward, the pieces were macerated with
distilled water in a kitchen blender, and then extracted for 1 h
with hot water under reflux. A filtration was carried out to
discard insoluble material, and the filtrate was dialyzed for
48 h against running distilled water, prior overnight incuba-
tion with cold ethanol (1:4; v/v). The precipitate was gathered
by centrifugation before vacuum drying (crude polysaccha-
rides). Sulphated C. esculenta extract (SCE) was prepared
rendering to published methods [Méhner et al., 2001; Yang
et al., 2003]. In brief, the sulphating agent was developed
by dropping 20 mL of fuming sulphuric acid into 100 mL
of formamide, in a cooling chamber. The crude polysaccha-
rides (4 g) were mixed with formamide and then mixed with
the sulphation solution (120 mL) under overnight stirring.
After cooling, consecutive steps were carried out including
neutralization by 1 N NaOH, dialysis against distilled water
for 48 h, and finally lyophilization. All of the chemicals were
purchased from Sigma-Aldrich (Saint Louis, MO, USA), un-
less otherwise mentioned.

Characterization of the sulphated C. esculenta extract
The total carbohydrate content of SCE was estimated
by the phenol-H,SO, protocol [DuBois et al., 1956]. The total
protein was determined with the Lowry method [Lowry et al.,
1951]. The sugar composition was estimated after a complete
hydrolysis of polysaccharides with H,SO, (2 M) at 100°C
for 8 h. The hydrolysate was neutralized by BaCO, and then
Dowex 50 resin (H* form) was used. The chromatography for
24 h on Whatmann no. 1 paper with butanol: acetone: water

(4:5:1, v/v/v) as a mobile phase was applied to separate
the individual sugars [Partridge et al., 1949]. The spots were
sprayed with aniline phthalate for visualization. The total
sulphate content was determined after hydrolysis with HCI
[Larsen et al., 1966] and the liberated sulphate ions were esti-
mated by BaCl, turbidimetric method [Hunt, 1980].

Cell culture

Various cell lines were utilized through the study, includ-
ing human breast carcinoma (MCF-7), human hepatocellular
carcinoma (Hep G2), human lymphoblastic leukemia (1301)
and raw murine macrophages (RAW 264.7); purchased from
the American Type Culture Collections (ATCC, Manassas,
VA, USA). RAW 264.7 cells were cultured in Roswell Park Me-
morial Institute Medium-1640 (RPMI-1640), while the other
cell lines were routinely cultured in Dulbecco’s Modified Eagle
Medium (DMEM). Media were supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 U/mL strepto-
mycin sulfate, 100 U/mL penicillin G sodium, and 250 ng/mL
amphotericin B. Cells were maintained in humidified air con-
taining 5% CO, at 37°C. Extracts were dissolved in the cell
matching medium. The extract stocks were examined, before
assay dilutions, for endotoxins by the Pyrogent® Ultra gel clot
assay to confirm endotoxin-free status. Materials for cell cul-
ture were purchased from Lonza (Morristown, NJ, USA). All
of the cellular experiments were repeated (n=38), except flow
cytometry analysis (n=4).

Tumor anti-initiation activity

The total cellular capacity for scavenging the physi-
ologically dangerous radicals; peroxyl (ROO") and hydroxyl
(OH"); was investigated by the oxygen radical absorbance
capacity (ORAC) assay, which is an indication of the total
antioxidant activity of the cells [Cao & Prior, 1999; Gamal-
-Eldeen et al., 2004]. Hep-G2 cells were treated with 10 ug/mL
of SCE for 24 h. The protein content of the cell lysate was
measured and only 1 ug protein/mL was subjected to ORAC
assay. B-Naphthoflavone-treated Hep-G2 cells were used as
cytochrome P450 1A1 (CYP1AL1 ) source, which was further
treated with SCE (1 ug/mL), and then CYP1A1 was assessed
by the dealkylation rate of 3-cyano-7-ethoxycoumarin into
3-cyano-7-hydroxycoumarin [Crespi ef al., 1997; Gerhauser,
et al.,2003]. Glutathione S-transferase (GST) activity was es-
timated in 1x10° Hep G2 cells after being incubated with SCE
(10 and 20 ug/mL) for 48 h [Habig et al., 1974]. The kinetic
analysis was traced at 340 nm, and then GST concentration
was normalized to the protein content. The total thiol content
was estimated by an enzymatic method [Griffith, 1980].

Tumor anti-promoting activity and macrophage functions

To select a safe dose, the macrophage proliferation index
was calculated for RAW 264.7 cells (0.5x 10° cells/well) after
being seeded with SCE (0-40 pg/mL) for 48 h. Cell viabil-
ity was assessed by MTT test. RAW 264.7 cells were cultured
in phenol red-free RPMI, to estimate both of the secreted tu-
mor necrosis factor-a (TNF-a) by ELISA kit (R&D Systems,
Minneapolis, MN) and the generated nitric oxide (NO), as
assayed by Griess reagent in Moorcroft et al. [2001]. Mac-
rophages were treated with bacterial lipopolysaccharide
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(LPS, 1 ug/mL) for 24 h and with/without SCE (10 ug/mL
and 20 pg/mL). Additionally, the SCE influence on the bind-
ing affinity of FITC-conjugated LPS to macrophages was
evaluated [Carracedo er al., 2002]. Cells were seeded with
SCE (10 and 20 pg/mL) in phenol red-free RPMI with 10%
FBS (source of CD14 and LPS-binding protein), then incu-
bated for 1 h, and the FITC-LPS binding affinity was detected
via microplate fluorometer (FluoStarOptima, BMG, USA).

Tumor anti-progression effect

Cytotoxicity of SCE against human cancer cells was eval-
uated by the 3-[4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
-tetrazolium bromide (MTT) assay after 48 h after the treat-
ment of 0.5x10° cells/well with SCE (0-40 ug/mL) for 48 h.
Thereafter, the media were discarded and 40 uLL MTT solu-
tion/well were added and incubated for 4 h. MTT crystals
were solubilized by acidified isopropanol [Hansen, et al.,
1989]. Photometric readings were recorded at 570nm using
a microplate ELISA reader. The analysis of cell cycle phases
in 5x10° MCF-7 cells/mL after being treated with SCE (IC,)
for 12 h was carried out by flow cytometry after cell staining
with propidium iodide (PI), using a flow cytometer (Becton
Dickinson, San Jose, CA, USA). The PI/FITC-anti-Annexin
V Kit (Invitrogen, Waltham, MA, USA) was used to estimate
apoptosis/necrosis by flow cytometry. MCF-7 cells were
treated with SCE (0-40 ug/mL) for 48 h, and then the activ-
ity of histone deacetylase (HDAC) was measured in the cell
lysate by a colorimetric kit (BioVision, Milpitas, CA, USA)
according to the manufacturer’s instructions.

Data analysis

Data were statistically analyzed by Student’s unpaired
t-test and one-way ANOVA test. The differences between
mean values were considered insignificant at p>0.05.

RESULTS AND DISCUSSION

Halting, suppressing, retarding or reversing the sequence
of carcinogenesis stages is regularly called “cancer chemo-
prevention”, which is mostly achieved via using natural semi-
-natural, or synthetic chemicals to neutralize carcinogens
[Tan et al., 2011]. Plant extracts are known to possess wide-
range mechanistic chemopreventive activity, through block-
ing the enzymatic carcinogen-activation process in tumor
initiation stage or inhibiting the growth of the pre-neoplastic
and neoplastic cells [Tan et al., 2011]. The current study
is an attempt to recognize whether SCE acts as a blocking or
a suppressing agent.

Characterization of sulphated C. esculenta extract

The analysis of the chemical composition of SCE revealed
that after the sulphation process, the sulphate substitution
in SCE was 48% with a sulphation degree of 2.3 (molar ratio
to monosaccharide unit) ( ) that indicated the accom-
plishment of the sulphation reaction. Chromatography analy-
sis of SCE acid hydrolysates revealed the occurrence of a sig-
nificant amount of glucose, and smaller amounts of mannose,
galactose and uronic acids, as well as traces of arabinose, Xy-
lose, and rhamnose ( ).

Tumor anti-initiation activity

In oxidative stress status and inflammatory condition,
extreme generation of reactive oxygen (ROS) and nitrogen
(RNS) species occurs and causes DNA damage that ignites
tumor initiation and promotion cascade [Sun et al., 2004]. Ac-
cordingly, eliminating the excess of physiologically-pertinent
ROS, such as ROO" and OH", affords an effective approach
to halt tumor initiation and promotion. Likewise, the aug-
mentation of the non-enzymatic antioxidants; total thiols,
supports the attenuation of ROS harmful effect. The total cell
lysate capacity for scavenging the radicals; OH* and ROO";
was assessed by ORAC assay in HepG2 cells. The results in-
dicated that SCE remarkably enhanced the total cellular ca-
pacity to scavenge both radicals ( ). However, the af-
finity to scavenge OH" was higher than ROO", as concluded
from their ORAC units in comparison with Trolox, where one
ORAC unit is equivalent to the protection of the fluorescence
decay of a-phycoerythrin (a-PE) achieved by Trolox (1.0 uM).

To antagonize xenobiotics and toxic agents, cells emerged
a panel of responding genetic amendments that help them
to repress the damaging effect of toxicants. Those amend-
ments include upregulation of drug-metabolizing enzymes,
cytoprotective proteins, and drug transporters, that facilitate
clearance of toxicants from the body and restore normal ho-
meostasis. Nuclear factor-erythroid 2-related factor 2 (Nrf2)
as well as aryl hydrocarbon receptor (AhR) are transcription
factors that mediate the enzymatic response towards xenobi-
otics [Hayes et al., 2009]. Among others, transcription fac-
tor AhR regulates CYP1A1 expression, which is triggered
by its conjugation with polycyclic aromatic hydrocarbons.
The metabolizing of exogenous and endogenous substrates
is regulated by monooxygenase, which is primarily encoded
by CYPIAl gene. CYPIAL is a pivotal player in the me-
tabolism of benzo[a]pirene and linked polycyclic aromatic
hydrocarbons, transferring both into strongly dangerous car-
cinogens. Accordingly, the enhanced expression of CYP1Al

TABLE 1. Chemical composition of a sulphated water-soluble extract
of C. esculenta (SCE).

Chemical composition Value
Carbohydrate (g/100 g) 354
Protein (g/100 g ) 0.8
Sulphate (g/100 g ) 48.0
Degree of sulphation 23
Relative monosaccharide contents (g/100 g )

Uronic acid 1.15
Galactose 4.0
Glucose 83.5
Mannose 11.0
Arabinose Traces
Xylose Traces
Rhamnose Traces
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FIGURE 1. Tumor anti-initiating activity: (a) Oxygen radical absorbance capacity (ORAC) was used to investigate the radical scavenging (antioxidant)
activity against OH* and ROO" in Hep-G2 cell lysate after being treated with a sulphated C. esculenta extract (SCE) in comparison with control cells.
Data are expressed in ORAC units. (b) The modulation of the carcinogen metabolism: The effect of SCE (10 and 20 ug/mL) on the purified cyto-
chrome P450 1A1 (CYP1AI; 1 ug protein/mL) and the cellular levels of glutathione S-transferase (GST) and total thiol content in Hep-G2 cells was
investigated. Data was expressed as mean percentage = standard error and control represents 100% of the scale. In control cells, GST and total thiol
contents were 118 nmol/min/mg protein and 84 nmol/min/mg protein, respectively. *p<0.05 and *p<0.01.

gene is an indicator for AHR stimulation and is associated
with the metabolism and toxicity of xenobiotics [Mescher &
Haarmann-Stemmann, 2018]. Therefore, CYP1AL is consid-
ered as a potential molecular target to modulate and prevent
chemically-induced carcinogenesis.

Alteration of different enzymes that participate in the
metabolic activation of carcinogens (phase I enzymes)
and in the detoxification of carcinogens (phase II enzymes),
is an effective strategy for recognizing cancer anti-tumor ini-
tiation agents. The estimation of the inhibitory effect of SCE
on CYPIAI enzyme, as one of the phase I-enzymes partici-
pating in the transformation of procarcinogens into active
carcinogens, revealed that SCE (10 pg/mL and 20 ug/mL)
can be recognized as a strong inhibitor of CYP1AI activ-
ity (p<0.01) with inhibition of 57% and 64%, respectively
( ), in comparison to control.

In carcinogenesis, the initiation is the very early and cru-
cial event, where it functionally promotes the clonal cell
growth under the control of promoters and ends eventually
with consequent preneoplastic cell generations [Bertram,
2000]. Retarding or stopping the initiation stage through
suppressing the activators of carcinogen metabolism (e.g.,
CYP1A), enhancing the carcinogen detoxification (e.g., glu-
tathione (GSH) and GSTs), and increasing cellular antioxi-
dant activity are efficient operative strategies. A fundamental
indicator of the cellular defense against the oxidative stress
is the total thiol level, especially GSH, the key cytosolic thi-
ol, that supports the elimination of peroxides and other free
radicals [Aggarwal & Shishodia, 2006]. GSH homeostasis
depends on its binding to GSTs, which is a panel of enzymes
that regulates xenobiotic detoxification and defends the cells
against carcinogens. GSTs generally amend the cellular
GSH levels according to the ROS generation level [Prabhu
& Guruvayoorappan, 2010]. In Hep-G2 cells, GST was ex-
plored (as one of phase IT enzymes) after 48 h of cell seed-
ing with SCE (10 pg/mL). Its activity was elevated up to
162.47% of the control (p<0.05), as shown in
while it remained unaffected by the higher SCE. The assess-
ment of the total thiol level indicated that SCE dramatically

increased the thiol content in cells in both of the tested doses
( ).

Our results revealed that SCE is an effective tumor anti-ini-
tiating agent, since it dramatically suppressed CYP1A activity.
Cellular antioxidants guard the cells from the harm of dan-
gerous physiological radicals, such as hydroxyl and peroxyl
radicals, that can attack critical protein and DNA molecules.
The cellular antioxidants maintain the homeostatic balance
of cellular ROS [Bertram, 2000], whenever this balance is im-
paired, it directly disturbs cellular growth, apoptosis, and se-
nescence. Our findings indicated that SCE strongly increased
the total cellular scavenging activity, as estimated in the cell
lysate of SCE-treated Hep-G2 cells, against OH® and ROO",
with higher affinity towards OH*, compared with the scaveng-
ing activity of cell lysate of untreated cells.

Tumor anti-promoting activity and modulation of
macrophage function

As a key player in innate and adaptive immune respons-
es, macrophages are regularly engulfing and then digesting
pathogens via discharging mediators of inflammation includ-
ing NO that is a potential RNS that in turn transforms into
many oxidation products which are capable to trigger the car-
cinogenesis initiation and promotion [Prabhu & Guruvay-
oorappan, 2010]. The strong affinity of SCE to scavenge vari-
able radicals including its suppressing of the LPS-induced
NO may indicate that the suppression was because of a direct
NO scavenging or via inhibiting iNOS pathway. The macro-
phage growth induced after SCE treatment may be associated
with an elevation in the expression of the macrophage growth
factor; IL-12. The outer membrane of Gram-negative bacte-
ria enclosed LPS that is an essential molecule in septic shock
pathogenesis.

LPS regularly conjugates the serum acute-phase reactant
LPS-binding protein (LBP) that transports LPS to CD14
(a primary LPS receptor in serum) and as a glycophospha-
tidylinositol-linked agent on mononuclear phagocytes sur-
face. LPS-CD14 activates the generation of the inflamma-
tory cytokines [Kitchens, 2000]. Subsequently, the effective
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FIGURE 2. Modulation of macrophage function: (a) Macrophage proliferation index (folds of control) in sulphated C. esculenta extract (SCE) treated
Raw 264.7 cells. (b) Nitric oxide (NO) production (umol/mg protein). (¢c) Tumor necrosis factor (TNF-a) concentration (ng/mg protein) were esti-
mated in the supernatants of Raw 264.7 after being stimulated by bacterial lipopolysaccharide (LPS) before being treated with/without 10 & 20 ug/mL
SCE. (d) Analysis of fluorescein isothiocyanate-LPS (FITC-LPS) binding affinity to Raw 264.7 cells by flow cytometry. Data was expressed as mean
percentage = standard error. ®p<0.05 and *p<0.01; “compared to control macrophages and *compared to LPS-treated macrophages.

enhancement of the macrophages/LPS binding affinity
by SCE may ultimately result in enhanced LPS-LBP conju-
gation and/or LPS-CD14 conjugation. C. esculenta extract
treatment for Her-2/neu negative murine mammary tumor
cell line (410.4) showed antimetastatic activity, which sug-
gested to be due to its inhibition of the inflammatory media-
tors including the suppression of prostaglandin E, (PGE,)
synthesis and downregulation of cyclooxygenase (COX)
1 and 2 expressions [Kundu ez al., 2012].

The influence of SCE on the macrophage proliferation
and its functionality was explored. The results demonstrated
that SCE displayed a gradual dose-dependent immunoprolif-
erative outcome on macrophages ( ) to the highest
level of 2.51-fold of control at 20 ug/mL (p<0.05), but not
in the highest dose used. This high macrophage proliferation
led to the interest of further investigations to check if this pro-
liferation was concurrently accompanied with elevated mac-
rophage functions. Bacterial LPS was used to induce inflam-
mation cascade in the RAW 264.7 cells before being further
treated with SCE. Interestingly, treating RAW 264.7 cells with
SCE (10 pg/mL and 20 ug/mL) resulted in a significant inhi-
bition (p<0.01) in the LPS-stimulated NO production, where
it inhibited 60.32% and 71.43% of the LPS-generated NO,
respectively ( ). While only the dose of 20 ug/mL

of SCE significantly inhibited (p<0.05) the TNF-a release
from LPS-treated macrophages ( ). The affinity
of macrophages to bind a tumor surface antigen or a patho-
gen is their essential mechanistic activation function. That
binding was traced after the seeding of macrophages with
FITC-LPS with/without SCE (10 pg/mL and 20 pg/mL).
The results revealed that both doses of SCE dramatically sup-
pressed (p<0.01) the macrophage binding affinity to FITC-
-LPS ( ).

Anti-progression activity

Exploring the cytotoxicity of SCE against solid tumor
cell lines showed a remarkable dose-dependent cytotoxicity
in breast MCF-7 cells (IC,; 27.73 ug/mL) and a lower cyto-
toxicity extent in the case of Hep-G2 cells (IC, 64.32 ug/mL),
as shown in . However, the treatment of the he-
matopoietic tumor cells (1301 leukemia) with SCE resulted
in a gradual increment in the lymphocyte proliferation, up to
1.5-fold at 40 ug/mL ( ).

Consequently, the effect of SCE on MCF-7 cell cycle
phases was investigated, whereas the untreated MCEF-7
cells exhibited an intact pattern of cell cycle stages, as
96.3% of the cell’s population appeared in GO/G1 phase
( ). SCE treatment resulted in a significant arrest
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FIGURE 3. Anti-progression activity: (a) Cytotoxicity of a sulphated C. esculenta extract (SCE) against different human cancer cell lines. (b) Cell cycle
analysis of breast MCF-7 cells after being treated with SCE (20% IC, ; 48 h), compared with control cells. (c-€) The analysis of apoptosis and necrosis
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population, while in (e) the flow cytometry dot plots for the cells are presented. (f) Histone deacetylase (HDAC) inhibition in SCE-treated MCF-7 cells.
Data were presented as mean percentage + standard error. *p<0.05 and *p<0.01.

(p<0.01) in S-phase (29.2%), and G2/M phase (20.1%)
and subsequently a concomitant significant decrease in cell
population in GO/G1 phase, as shown in . Due to
the noticed disturbance in cell cycle phases and SCE-induced
cytotoxicity in MCF-7 cells, the meanwhile cell death mode
stimulated by SCE was analyzed. The findings indicated that
SCE encourages necrosis as much as apoptosis ( ,

), as concluded from their total population percent-
ages (18.5%, and 16.1%, respectively), compared to the con-
trol pattern ( , .

Our results indicate the cytotoxicity of SCE against breast
carcinoma MCEF-7 cells and hepatocellular Hep-G2 carcinoma
but not with lymphoblastic leukemia, signifying the SCE speci-
ficity to solid tumor cells. Rendering the polysaccharides high
molecular weight, SCE IC,, of MCF-7 cells (27.73 ug/mL)
provides a dramatic low molar concentration of SCE. In a par-
allel previous report, C. esculenta extract was reported to simi-
larly reduce the proliferation of some breast as well as prostate
cancer cell lines [Kundu ef al., 2012]. Rounded cells with mor-
phologic alterations were recorded, where cell migration was
totally jammed by taro extract [Kundu et al., 2012]. Cell death

may occur due to different death mechanisms, among them are
the necrosis and apoptosis that are characterized by variable
morphological and biochemical events, including cell swelling,
disruption, and rapid cell membrane fragmentation in necrosis
and elegant nuclear and cytoplasmic disintegration and forma-
tion of apoptotic bodies [Xu et al., 2019].

In the current study, SCE induced both necrosis and apop-
tosis in MCF-7 cells that was activated by a parallel disorder
in cell cycle phases; arrested cell population in S- and G2/M
phases. The rate of cell growth can interfere in the carcino-
genesis stages by multiple mechanisms; among them the cell
population per se may be carcinogenic through fixing of mis-
coding lesion in the freshly synthesized DNA [Lund, 2011].
Cells retort to cytotoxic stress and DNA impairment by ar-
resting cell-cycle phases, repairing DNA or enduring apoptot-
ic cell death. A wide array of cancer chemopreventive agents
displayed their antitumor activity in association with disturb-
ing cell cycle and arrested growth, with apoptosis [Tanaka
& Ishigamori, 2011]. Subsequently, the ability of SCE to in-
hibit S-phase in breast cell cycle may diminish the frequency
of DNA miscoding lesions. Anticancer therapeutics eliminate
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cancer cells by targeted mechanisms including damaging cell
membrane, interactions with DNA, suppressing DNA replica-
tion, and attacking cells by free radicals.

Since HDAC is one of the apoptosis-regulating factors,
the acetylation of histone was estimated in the MCF-7 cell lysate
after being treated with different concentrations of SCE. The re-
sults revealed that SCE is a potent inhibitor of HDAC, in dose-
-dependent linear profile, whereas the half maximal inhibitory
concentration of SCE to HDAC (HDAC IC, ) was 37.7 ug/mL
( ). In the current study, the apoptosis was associat-
ed with a remarkable inhibition in HDAC (IC50 37.7 ug/mL).
It is known that the post-translational histone modification
“histone acetylation” is regulated by histone acetyltransferases
and HDAC:s. By eliminating the acetyl groups, HDACs oppo-
site the acetylation of chromatin and amend tumor suppressor
genes and oncogenes transcriptions [Li & Seto, 2016]. Inter-
estingly, HDACs deacetylate other non-histone substrates that
regulate a battery of biological pathways such as tumor initia-
tion and progression. The therapeutic approach of HDAC in-
hibitors (HDACI) is an emerging cancer treatment [Li & Seto,
2016]. Via hyperacetylation of histone/non-histone, HDACi
permit the restoration of cellular acetylation homeostasis
and re-establish the normal expression of proteins and inverse
the processes of tumor initiation and progression [Li &d Seto,
2016]. Accordingly, the strong inhibitory activity of SCE for
HDAC is one of the mechanisms of SCE as a potential tumor
anti-initiating agent.

CONCLUSION

Recently, due to their flexibility, cost-effectiveness, and desir-
able drug release and regulatory acceptance, many biotechno-
logical approaches have been focused on hydrophilic polymers
in pharmaceuticals. The current study findings propose SCE
as a promising candidate for food industries as a functional
and healthy food supplement and as an alternative of CE itself,
to offer a cancer chemopreventive properties and evoke anti-
-inflammatory activity in targeted breast cancer-high risk com-
munities. This study is an innovative trial to prepare a sulphated
water extract of C. esculenta. Taken together, SCE is a strong
tumor anti-initiation agent via suppressing cytochrome P450-
1A and enhancing the total thiol content and the carcinogen
detoxification enzyme (GST). SCE exhibited a strong scaveng-
ing affinity towards critical radicals (OH* and ROO"). Also,
it induced lymphocyte growth and modulated the macrophage
functions into an anti-inflammatory profile, via elevating mac-
rophage proliferation, its binding affinity of FITC-LPS and, to
different extent, its inhibition of NO and TNF-o generation. Fur-
thermore, it showed a potent cytotoxicity against MCF-7 cells,
disturbed cell cycle phases (S- and G2/M-phases), and en-
hanced late apoptosis and necrosis. SCE is a promising cancer
chemopreventive agent to be used in healthy food industries
and for the high breast cancer-risk population, an assumption
that needs to be validated in forthcoming in vivo studies.
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Azodicarbonamide (ADA) additives are limited or prohibited from being added to wheat flour by various countries because they may produce
carcinogenic semicarbazide in humid and hot conditions. This study aimed to realize the non-destructive detection of ADA additives in wheat flour us-
ing high-throughput Raman imaging and establish a quantitative analysis model. Raman images of pure wheat flour, pure ADA, and wheat flour-ADA
mixed samples were collected respectively, and the average Raman spectra of each sample were calculated. A partial least squares (PLS) model was
established by using the linear combination spectra of pure wheat flour and pure ADA and the average Raman spectra of mixed samples. The regression
coefficients of the PLS model were used to reconstruct the 3D Raman images of mixed samples into 2D grayscale images. Threshold segmentation
was used to classify wheat flour pixels and ADA pixels in grayscale images, and a quantitative analysis model was established based on the number
of ADA pixels. The results showed that the minimum detectable content of ADA in wheat flour was 100 mg/kg. There was a good linear relationship
between the ADA content in the mixed sample and the number of pixels classified as ADA in the grayscale image in the range of 100 — 10,000 mg/kg,
and the correlation coefficient was 0.9858. This study indicated that the combination of PLS regression coefficients with threshold segmentation had

provided a non-destructive method for quantitative detection of ADA in Raman images of wheat flour-ADA mixed samples.

INTRODUCTION

Wheat is the staple food for more than one-third
of the world’s population. Flour is the main product of wheat
processing, which is often used to make steamed buns,
noodles, bread, instant noodles, dumplings and other kinds
of food. The wheat flour quality differs due to the effects
of wheat varieties, growth environment, storage and transpor-
tation, processing methods and other factors [Lancelot ef al.,
2021; Liu et al., 2015; Lvet al., 2013]. To meet the market de-
mand for different wheat flour products, the company needs
to add various types of additives in the course of processing.
The use of additives is directly related to the wheat flour qual-
ity and people’s dietary safety.

As a wheat flour quality improver, azodicarbonamide
(ADA) is used to increase the strength and flexibility of dough
and has a certain bleaching effect [Yasui er al., 2016].
ADA acts as an oxidizing agent when wheat flour is stirred into
dough with water, and may be transformed into semicarba-
zide after heat treatment [Becalskier al., 2004; Ye et al., 2011].
Some experiments have shown the potential carcinogenicity
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of semicarbazide in animals [Tian ef al., 2014]. Therefore,
the international restrictions on the use of ADA vary. The Eu-
ropean Union, Australia, New Zealand, Singapore, and Ja-
pan have all banned the use of ADA in food, but it can be used
as a wheat flour additive in the United States, Brazil, Canada,
and China at the maximum dose of 45 mg/kg [Chen ef al.,
2018].

At present, the conventional detection methods of ADA
in wheat flour are mainly high-performance liquid chroma-
tography (HPLC) [Li et al., 2015; Wei et al., 2017] and lig-
uid chromatography-mass spectrometry (LC-MS) [Noonan
et al., 2005; Wang et al., 2014]. These two chromatographic
methods can accurately detect the ADA content in wheat
flour, and have the advantages of low detection limit, strong
specificity, and high sensitivity. However, they require a series
of complex pretreatments, and the selection of chromato-
graphic conditions, such as chromatography column, flow
rate of carrier gas, and sample size, also needs to be taken
into account. The entire operation process requires skilled
operators and has complicated, time- and cost-consuming,
and destructive procedures.
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As the optoelectronic technology develops, some spec-
troscopy methods have been shown reliable in the detection
of wheat flour additives, such as fluorescence spectroscopy
[Chen et al., 2011], Raman spectroscopy [Cebi ef al., 2017],
near-infrared spectroscopy [Che er al., 2017; Gao et al.,
2016], and terahertz spectroscopy [Hu et al., 2020; Sun et al.,
2019]. However, these spectral methods only obtain the infor-
mation of a single sampling point, which poses the problem
of sampling representativeness. In addition, only the spec-
tral signal of the sample can be obtained, and the distribu-
tion of the substance inside the sample cannot be known.
High-throughput Raman imaging integrates the advantages
of Raman spectroscopy and digital imaging, which can obtain
Raman spectra and spatial distribution information simulta-
neously during sample scanning [Qin ez al., 2010; Wanget al.,
2017a; Zhaiet al., 2017]. There are three ways to acquire Ra-
man images: point-scan, line-scan, and plane-scan [Lohumi
et al., 2017]. Among them, the detection speed of line-scan
mode is faster than that of the point-scan, which can be ap-
plied to the detection of samples with flat surface, and shows
a good prospect to be used for powdered food safety assess-
ment. Currently, the related reports on the detection of wheat
flour additives by line-scan Raman imaging focus on benzoyl
peroxide (BPO) [Li et al., 2019; Qin et al., 2017; Wang et al.,
2017b]. All these reports provided the spatial distribution
and quantitative detection model of BPO in wheat flour, but
the data processing method is achieved by selecting the gray-
scale image corresponding to the Raman peak with the high-
est intensity in the additive Raman spectrum combined with
the threshold segmentation method, ignoring the influence
of other bands in the Raman spectrum of the additive on
the detection results. In this way, in order to consider the in-
fluence of each band of the Raman spectrum on the detection
of ADA in wheat flour, we applied the regression coefficients
of the partial least squares (PLS) model to all the bands
of the sample Raman spectrum to enable the quantitative
analysis of ADA in wheat flour.

This study aimed to achieve the non-destructive quan-
titative analysis of ADA additives in wheat flour by high-
-throughput Raman imaging. Specific objectives were to:
1) acquire Raman images of wheat flour, ADA, and wheat
flour-ADA mixed samples, and find the Raman characteris-
tic peaks of wheat flour and ADA; 2) establish a PLS model
and extract the regression coefficients to reconstruct the Ra-
man image into a grayscale image; and 3) create a binary im-
age to classify wheat flour pixels and ADA pixels, and establish
a quantitative analysis model for ADA detection in wheat flour.

MATERIALS AND METHODS

Instruments and reagents

The high-throughput Raman imaging system was as-
sembled by Isuzu Optics Corp. (Shanghai, China), and its
detailed description can be found in Wang ef al. [2017a].
Electronic balance (FA2204B) was obtained from Shanghai
Precision and Scientific Instrument Corp. (Shanghai, China),
with a weighing range of 0-220 g and an accuracy of 0.1 mg.
Vortex Mixer (Vortex-Genie 2) was purchased from Scientific
Industries Inc. (New York, NY, USA), with a 600-3,200 rpm

speed range. Customized square aluminum alloy container
had the internal size of 45x45x2 mm (we have determined
in the previous study that the effective penetration depth
of line laser to wheat flour is 2 mm).

ADA (97%) was purchased from Xiya Chemical Technol-
ogy Co. Ltd. (Linyi, China). Wheat flour was obtained from
a local supermarket in Beijing (China), and was determined
by HPLC to be ADA free.

Sample preparation

The electronic balance was used to accurately weigh
0.1 g of ADA and 9.9 g of wheat flour, that were transferred
into a 50 mL centrifuge tube and mixed evenly with a vor-
tex mixer to obtain a wheat flour-ADA mixed sample con-
taining 10,000 mg of ADA per kg of wheat flour. The mass
of ADA and wheat flour was adjusted to keep the total mass
of each mixed sample at 10 g, and the mixed samples with
9 different ADA contents in wheat flour (100; 200; 500; 800;
1,000; 2,000; 5,000; 8,000; and 10,000 mg/kg) were prepared.
The mass of the mixed sample in the square container was
about 2.1 g. To make full use of the mixed samples, each
mixed sample was put into four identical square containers
to obtain four subsamples. Meanwhile, the pure wheat flour
sample and pure ADA sample were prepared and divided into
four subsamples for Raman image acquisition.

Raman image collection

The sample was placed on a single-axis moving platform,
and the height was adjusted to ensure that the sample surface
was 20 cm away from the lens. The exposure time of the camera
was 1,000 ms, and the spatial resolution was 0.125 mm/pixel.
The Raman spectrum collection range was 785-1,000 nm
(corresponding to the Raman shift was 0-2,728 cm),
and the spectral resolution was 0.54 nm. The moving speed
of the single-axis moving platform was 0.0823 mm/s. The acqui-
sition area of the camera was 128x45 mm (spatial information
was 1,024x360 pixels), and the data was saved as 1,024 pix-
elsx 360 pixels x 512 wavelengths Raman image cube.

Data processing

To reduce the data volume and quickly extract target in-
formation, it was necessary to determine the region of inter-
est (ROI) and spectral range of the Raman image. The cen-
ter of the sample Raman image was taken as the center
of ROI, and a 40x40 mm square area (corresponding to
320x320 pixels, a total of 102,400 pixels) was selected to
ensure that only the sample area was included and the back-
ground area was excluded. The Raman peak of ADA was
mainly located in 400-2000 cm!, and this spectral range was
selected for subsequent analysis. The mixed sample was irra-
diated by laser to generate Raman signals and accompanied
by fluorescence signals, and the high fluorescence directly in-
terfere with the identification of Raman peak. The adaptive
iteratively reweighted penalized least squares method can fit
the Raman spectrum to eliminate the interference of the back-
ground signal, so this method was selected for the correction
of the Raman spectrum [Zhang et al., 2010].

The PLS model was established using the ADA content
and Raman spectra of wheat flour-ADA mixed samples,
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in which the calibration set was the average Raman spectra
of mixed samples, and the prediction set was the new Ra-
man spectrum obtained by combining the Raman spectrum
of wheat flour and ADA. The new Raman spectrum as given
in equation (1):

S
S =S.Cit (D
where: S is the new Raman spectrum; S is the Raman
spectrum of ADA; S, is the Raman spectrum of wheat flour;
C.is the ADA content of the mixed sample; a total of 9 ADA
contents (100; 200; 500; 800; 1,000; 2,000; 5,000; 8,000;
10,000 mg/kg) was used.

The coefficient of determination (calibration set is R?,
prediction set is R?) and root mean square error (RMSE)
(calibration set is RMSEC; prediction set is RMSEP) was
used to evaluate the performance of the PLS model. The re-
gression coefficient of the optimal PLS model was extracted
and used to calculate the intensity of each pixel in the Raman
image of the mixed sample. The intensity of each pixel was
computed according to equation (2):

I=RX +RX +...... +R X +R, )
where: 1 is the intensity; R -R_are the regression coefficients
of each band in the PLS model; X|-X are the Raman intensity
of each band in the Raman spectrum of the mixed sample;
R, is the intercept.

To obtain the PLS model with high predictive perfor-
mance, different methods were used to preprocess the Raman
spectra of the calibration set and the prediction set, including
normalization, and multiplicative scatter correction (MSC),
standard normal variate transformation (SNV), first deriva-
tive (1%), and second derivative (2"9).

The threshold segmentation method was used to create
binary images to classify ADA pixels and wheat flour pixels
in grayscale images of mixed samples, and the threshold was
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determined by the maximum gray value in the grayscale image
of pure wheat flour. Those with gray values above and below
the threshold were classified as ADA pixels and wheat flour
pixels, respectively. PLS model establishment and spectral
pretreatment were performed by The Unscrambler X10.4 Soft-
ware (Camo Software AS, Oslo, Norway), and the rest
of the process was completed using MATLAB 7.11 program
(Math Works Inc., Natick, MA, USA).

RESULTS AND DISCUSSION

Average Raman spectra of wheat flour and ADA

The average Raman spectra of wheat flour and ADA are
shown in . The Raman spectra of the two are signifi-
cantly different. There was a high fluorescence background
in the Raman spectrum of wheat flour ( ), which
causes the baseline to drift. The peak with the highest inten-
sity was located at 481 cm! in the corrected Raman spectrum,
which was consistent with the results obtained by other re-
searchers [Czaja et al., 2016]. This Raman peak was as-
signed to the coupling of C-C-C skeleton bending vibration
and C-O deformation vibration [Wiercigroch et al., 2017].

The Raman spectrum of ADA had a flat baseline
and many Raman peaks ( ). Three obvious peaks
could be observed at 1,121; 1,335; and 1,577 cm’!, respec-
tively. Among them, the 1,335 cm™! peak had the highest inten-
sity. The model of the molecular structure of ADA with C-N,
C=0, N=N, N-H and other bonds is shown in
(upper left diagram). Its molecular formula is C,HN,O,.
Each bond of the functional group has its characteristic vibra-
tion frequency, and the Raman peaks can be assigned accord-
ing to the different vibration frequencies. The wavenumber
of 1,121 cm' was assigned to the in-plane bending vibra-
tion of H-N-H; 1,335 cm™! was assigned to the asymmetric
stretching vibration of N-C-N, which was also accompanied
by the in-plane bending vibration of N-H; and 1,577 cm™! was
assigned to the N=N stretching vibration [Li et al., 2015; Xie
etal., 2013].
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FIGURE 1. Average Raman spectra of (a) wheat flour and (b) azodicarbonamide (ADA). ADA structure model is presented in left upper corner

of Figure 1b.
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FIGURE 2. Average Raman spectra of wheat flour-azodicarbonamide mixed samples with different contents of azodicarbonamide (pretreated with

second derivative).

Average Raman spectra of wheat flour-ADA mixed
samples

shows the average Raman spectra of wheat
flour-ADA mixed samples with different ADA contents
in wheat flour (pretreated with the 2"Y). The Raman
spectrum of each mixed sample contained the signals
from both wheat flour and ADA. The two peaks of ADA
(1,335 and 1,577 cm") could be observed in the spectra,
but their intensity was lower than that of wheat flour,
because the ADA content in mixed samples was low.
The mixed sample with ADA content of 10,000 mg/kg
showed the highest intensity of the Raman character-
istic peaks of ADA. When the ADA content in the mixed
samples decreased from 10,000 to 1,000 mg/kg, the inten-
sity of these peaks decreased continuously. The intensity
of peaks recorded for samples with ADA content lower
than 1,000 mg/kg was not significantly different. This in-
dicated that the average spectrum of the mixed samples
could not be used to detect ADA content in wheat flour
effectively. On the other hand, Huang et al. [2016] found
that the spectra corresponding to pixels can be used to ef-
fectively detect additive particles in food when detecting
food additives by near-infrared hyperspectral imaging.
Therefore, in the next step of our study, the Raman spec-
trum of each pixel in ROI was analyzed to realize the effec-
tive detection of ADA in wheat flour.

Establishment of PLS model

A total of 9 wheat flour-ADA mixed samples were pre-
pared, and Raman images of 4 subsamples corresponding
to each mixed sample were collected; then those 4 sub-
samples were aggregated and remixed, and divided into
4 new subsamples to collect Raman images. The process
was repeated once more. The average Raman spectrum
of each subsample was calculated, and a total of 108 spec-
tra (9x4x3) were obtained as the calibration set of the PLS
model. The average Raman spectra of wheat flour and ADA
(based on 4 subsamples of each) were also calculated

and applied to equation (1) to obtain the 36 new Raman
spectra (for 9 different ADA contents; 4x9) as the predic-
tion set of the PLS model.

shows the PLS model results established by dif-
ferent pretreated Raman spectra. The R? of the PLS model
established by the original spectra was higher than that
of normalized, 1% and 2" derivative spectra, while the R?
of the PLS model established by MSC and SNV spec-
tra was higher than that of original spectra. Among all
PLS models, SNV spectra had the best prediction result,
and the R? and RMSEP values of the prediction set were
0.9212 and 0.0967%, respectively. SNV was used to elimi-
nate the interference caused by surface scattering, solid par-
ticle size, and light intensity changes on the Raman spec-
trum of wheat flour particles and this pretreatment method
had a good correction effect [Huang et al., 2011]. The re-
gression coefficients of the PLS model established by SNV
spectra were extracted, as shown in . Higher or
lower coefficients indicate the wavenumbers that have a sig-
nificant impact on the PLS model [Esquerre ef al., 2011].

TABLE 1. Partial least squares model results established by different pre-
treated Raman spectra.

Calibration set Prediction set

Pretreatment Factor
R? RMSEC R’ RMSEP
Original 0.9934  0.0280  0.9071  0.1050 5
Normalized 0.9933  0.0282  0.9086  0.1042 3
MSC 0.9950  0.0244  0.9205  0.0972 3
SNV 0.9951  0.0242 09212 0.0967 3
1 derivative 0.9882  0.0374  0.8899  0.1144 2
2nd derivative 0.9930  0.0283  0.9087  0.1041 4

MSC: multiplicative scatter correction; SNV: standard normal variate
transformation; RMSEC: root-mean-square error of calibration set;
RMSEP: root-mean-square error of prediction set.
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FIGURE 3. Regression coefficient of partial least squares model.

In our study, the highest regression coefficient was located at
1,335cm™ ( ), which corresponds with the significant
Raman peak of ADA ( ). The regression coefficient
at 481 cm! (significant peak of wheat flour Raman spec-
trum) also had a certain impact on the PLS model.

Quantitative analysis of ADA in wheat flour

The absolute value of each regression coefficientin the PLS
model was applied to the Raman image of wheat flour-ADA
mixed sample, and the intensity of each pixel was calculated
by equation (2) to convert the 3D Raman image into a 2D
grayscale image. Wheat flour pixels and ADA pixels were still
difficult to identify in the grayscale image of the mixed sam-
ple. Therefore, the threshold segmentation method was used
to create the grayscale image as a binary image to classify
wheat flour pixels and ADA pixels. The PLS model regression
coefficient was also used to determine the threshold. The in-
tensity of each pixel in the wheat flour Raman image was
calculated by equation (2), and its maximum intensity was
6.9382, which was selected as the threshold. The pixels with
intensity above the threshold (white pixels) were classified as
ADA, whereas those with intensity below the threshold (black
ones) were classified as wheat flour. No pixels classified as
wheat flour were found in the pure ADA image, and no pixels
classified as ADA were found in the pure wheat flour image,
which indicated that the threshold can correctly classify wheat
flour pixels and ADA pixels.

The number of pixels classified as ADA in 4 subsamples
of each mixed sample was counted ( ). The values de-
creased with the decrease of ADA content in each subsample.
The number of pixels classified as ADA in the mixed sample
with the lowest ADA content was 7, 6, 9, and 8, as shown
in . This indicated that the minimum detectable con-
tent of ADA in wheat flour by this method was 100 mg/kg,
which was lower than the limit of detection of ADA in flour
by near-infrared hyperspectral imaging (200 mg/kg) [Wang
et al., 2018]. Differences in the number of ADA pixels among
subsamples were probably caused by the random distribution
of ADA particles in the mixed sample. Also, the differences

in the number of ADA pixels indicate that multiple subsam-
ples need to be used for the quantitative analysis of wheat
flour-ADA mixed samples. The average number of ADA pix-
els of subsamples was used to establish a quantitative mod-
el ( ). There was a good linear correlation between
the ADA content and the average number of ADA pixels,
and the coefficient of determination was 0.9858, which indi-
cated that the method established in this study could be used
for the quantitative analysis of ADA additives in wheat flour.

Raman characteristic peak method (based on Raman
imaging) was commonly used for detecting additives in food
products [Dhakal et al., 2016; Qin et al., 2018; Wang et al.,
2017b]. In our study, this method was used to detect ADA
in wheat flour-ADA mixed samples. The single-band image
corresponding to the Raman peak with the highest intensi-
ty in the ADA Raman spectrum was selected from the Ra-
man image of the mixed sample, and the thresholding seg-
mentation method was used to achieve the classification
of wheat flour pixels and ADA pixels. The results are shown
in . In all wheat flour-ADA mixed samples, the number

TABLE 2. Number of azodicarbonamide pixels classified in the four sub-
samples of each wheat flour-azodicarbonamide mixed sample.

Content Subsample | Subsample | Subsample | Subsample Average
(mg/kg) 1 2 3 4

100 7 6 9 8 7.50
200 24 23 28 25 25.00
500 78 76 75 71 76.50
800 114 105 107 105 107.75
1,000 158 149 159 165 157.75
2,000 316 310 308 319 313.25
5,000 724 691 706 694 703.75
8,000 1152 1097 1122 1118 1122.25
10,000 1694 1642 1722 1653 1677.75
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FIGURE 4. Classification image of wheat flour-azodicarbonamide mixed samples with the azodicarbonamide content of 100 mg/kg.
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FIGURE 5. Linear relationship model between azodicarbonamide content in wheat flour and average number of azodicarbonamide pixels.

TABLE 3. Detection results of azodicarbonamide in wheat flour-azodi-
carbonamide mixed samples by Raman characteristic peak method.

Content Subsample | Subsample | Subsample | Subsample Average
(mg/kg) 1 2 3 4

100 8 6 7 8 7.25
200 24 22 27 24 24.25
500 76 75 72 73 74
800 109 105 103 105 105.5
1,000 153 147 157 165 155.5
2,000 309 307 303 316 308.75
5,000 699 676 696 687 689.5
8,000 1120 1080 1097 1110 1101.75
10,000 1650 1621 1687 1641 1649.75

of pixels classified as ADA by the PLS model regression
coefficient method established in this paper ( ) was
higher than determined with the Raman characteristic peak

method. In the Raman characteristic peak method, the in-
tensity of a single Raman peak was used as an index for
determination, and the threshold was the maximum inten-
sity of the wheat flour sample at this band. But some pixels
were not detected due to their low Raman scattering intensity
of ADA, which could lead to false negative results. In the PLS
model regression coefficient method, the intensities of all
bands of each mixed sample were used for calculation, which
provided more comprehensive information and had higher
detection accuracy. The linear correlation between ADA
content in wheat flour-ADA mixed samples and the number
of ADA pixels in Raman images proves the potential of high-
-throughput Raman imaging for the quantitative analysis
of ADA in wheat flour. In the next research, the improvement
of hardware equipment performance and spectral pretreat-
ment methods will help to achieve lower concentration de-
tection, and will lay a theoretical foundation for the market-
-oriented application of high-throughput Raman imaging.

CONCLUSIONS

In this study, the large-area detection, visual identification
and non-destructive quantitative analysis of ADA additives
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in wheat flour were achieved by high-throughput Raman
imaging. The average Raman spectra of wheat flour-ADA
mixed samples showed that the three Raman characteristic
peaks of ADA (1,121; 1,335; and 1,577 cm™) were ineffec-
tive in evaluating the ADA content in wheat flour. Different
spectral pretreatment methods were used for Raman spec-
tra of mixed sample images, and the PLS model established
by SNV pretreatment had a good predictive effect. All the re-
gression coefficients of the PLS model were applied to the Ra-
man spectra of the mixed sample images to convert them into
grayscale images, but wheat flour pixels and ADA pixels were
still difficult to identify. Threshold segmentation was used to
classify wheat flour pixels and ADA pixels in grayscale imag-
es. The classification results showed that the minimum detec-
tion content of ADA in wheat flour was 100 mg/kg, and that
there was a good linear correlation between the ADA content
in the mixed sample and the number of ADA pixels in the Ra-
man image, with a determination coefficient of 0.9858. This
study provides the method for the quantitative analysis
of ADA additives in wheat flour as well as a technical ref-
erence for large-scale rapid screening. This method also ap-
pears to have the potential in future applications for the anal-
ysis of contaminants in other powdered food products.
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Effect of Glucosamine and Ascorbic Acid Addition on Beef Burger Textural and Sensory Attributes
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Aside from the possible health benefit of dietary consumption of glucosamine (GIcN), studies have also reported its flavour enhancing proper-
ties in varying food products. However, the impact of its inclusion on other quality attributes of meat products has been under-assessed. The present
study examined the effect of the addition of ascorbic acid (0.1%) and varying levels of GIcN (0.75, 1.5 and 3.0%) on colour stability, textural as well
as sensory attributes of beef burger. Except for L* (lightness) value, significant interaction (p<0.01) between storage time and added ingredient was
observed for all colour parameters (¢*; redness, b*; yellowness, chroma, and hue angle) in beef burger. Generally, although ascorbic acid preserved
the colour attributes of beef burgers during storage, addition of GlcN resulted in the deterioration of these colour parameters. Whereas the pres-
ent result did not confirm any flavour enhancing attributes of GIcN compared to control, GIcN improved beef burger’s yield and reduced product
cook loss. However, level of GIcN above 1.5% resulted in significant flavour and textural deterioration (p<0.05), leading to decline in consumer
acceptability of beef burger. This study showed that a moderate level of glucosamine could be used in meat products as a functional ingredient
with some additional technological benefits and limited impact on sensory attributes. Ascorbic acid adequately protected the colour of beef burger

during refrigerated storage.

INTRODUCTION

In recent years, epidemiological studies are associating
red and processed meat with several human disease condi-
tions including cardiovascular disease, colorectal/colon can-
cer, diabetes and thrombosis, among others [Chan ef al.,
2011; Micha et al., 2010]. The attributes of red and processed
meat largely implicated in this disease associative effect may
include their saturated fatty acid content, sodium salt content
as well as the severity of their processing. Considering these
recent trends, consumers tend to scrutinize their meat con-
sumption; demanding for clean label, minimally processed
and reduced salt meat products. One of many possible strate-
gies for sodium salt reduction in meat products is the incor-
poration of flavour enhancer in place of salt in meat product
formulation [Hong ez al., 2016].

Glucosamine (GIcN, 2-amino-2-deoxy-p-glucose), also
referred to as chitosamine, is a naturally occurring amino
sugar found around the bone joints and plays a vital func-
tion in cartilage building. GlcN is also made available as di-
etary supplement through the hydrolysis and deacetylation

* Corresponding Author:
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of chitin mainly derived from the exoskeleton of marine crus-
taceans and shellfishes [Hong & Betti, 2016]. GIcN supple-
ment has been used in the prevention and treatment of osteo-
arthritis symptoms [Bruyere & Reginster, 2007; Hrynets e al.,
2016; McAlindon ef al., 2000]. Although not without debates,
other health claims reported for GIcN include improvement
and ease of inflammatory bowel diseases (3-6 g of N-acetyl
glucosamine administered orally or rectally to children daily
for unspecified period) [Salvatore et al., 2000]; bone healing
and pain alleviation (230 mg/kg glucosamine-sulfate daily in-
traperitoneal for 4 weeks to Wistar rats) [Ugras et al., 2013];
as well as treatment of immunological diseases (10 ug/mL
of 5-40 mM p-GlIcN or deoxyfructosazines on Jurkat cells)
[Zhu et al., 2007]. Aside from these potential health benefits
associated with GIcN, this amino sugar could also find appli-
cations in the food industry since several studies have reported
its antimicrobial [Hrynets ef al., 2016], antioxidant [Gottardi
etal.,2014; Hong & Betti, 2016; Xinget al., 2006] and flavour/
taste enhancing potentials [Fu er al., 2020], especially when
incubated at moderate temperatures (between 25 and 50°C).
Jiaet al. [2014] have proposed a one-pot dehydration process
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for the conversion of GIcN into fructosazine and deoxyfruc-
tosazine which can be used as a flavoring agent in the food in-
dustry. GlcN can also be used to modify proteins with the aim
of enhancing their functionalities [Hrynets et al., 2013]. Other
studies have used GlcN to enrich beverages and milk with
the aim of creating functional products [Kralovec & Barrow,
2007; Uzzan et al., 2007].

The flavour enhancing attributes of GIcN can be largely
attributed to its unique chemical structure which makes it un-
stable [Hong & Betti, 2016] and prone for self-condensation to
formnon-volatile hydroxyalkyl pyrazinesincluding, fructosazine
[2,5-bis(p-arabino-tetrahydroxybutyl)pyrazine] and deoxy-
fructosazine  [2-(p-arabino-tetrahydroxybutyl)-5-(p-erythro-
-2,3.4-trihydroxybutyl) pyrazine], which have been identified as
flavour compounds in some selected foods (including roasted
soy sauce, nuts, and caramel) and are recognized to be the pre-
cursors of the aromatic volatile pyrazines [Hrynets ez al., 2016].
Additionally, Maillard reaction compounds have been reported
to possess some taste enhancing potentials [Hong, 2016]. Giv-
en that GlcN is capable of triggering a fast Maillard reaction
with peptides or proteins at moderate temperature especially
between 25 and 50°C, further makes this compound very at-
tractive as flavour enhancer in an array of food applications
[Dhungel et al., 2018]. In fact, GlcN can also undergo degrada-
tive reactions at 37°C forming reactive a-dicarbonyls (a-DCs)
including glucosone, 3-deoxyglucosone, methylgyoxal, glyoxal
and diacetyl which are important precursors of some desirable
flavours [Hong, 2016; Hrynets et al., 2016].

Ascorbic acid (ASC) is a proven antioxidant widely used
in meat processing although it can act either as pro- or anti-
oxidant depending on the concentration, the presence of metal
ion as well as the presence of other components [Schaefer
et al, 1995]. Several studies have reported the effectiveness
of ascorbic acid in maintaining the stability of beef colour
and lipid [Ahn & Nam, 2004; Sen et al., 2014]. Given that
the colour of meat is considered the most important qual-
ity characteristics influencing consumer appeal and purchas-
ing decision, several intervention strategies to prevent meat
discoloration and oxidation have been proposed. However,
the recent concerns about safety and consumers’ heightened
interest in natural antioxidant has resulted in more researchers
exploring ascorbic acid as replacement for conventional anti-
oxidants. This antioxidant enhances quality attributes of meat,
prevents discoloration, and extends the shelf life significantly.

TABLE 1. Burger treatment formulations.

Following these aforementioned studies, aside from its
acclaimed health benefits, it seems promising that GIcN can
significantly enhance the flavour of meat products. However,
the consequences of their inclusion on other important meat
products’ quality attributes remain unknown. The present
study hence intends to evaluate the impact of GIcN and ASC
addition on sensory and quality attributes of beef burger.
Specific flavour effects of GlcN and ASC on beef burger will
be examined. Other possible effects of the inclusion levels
of these compounds on meat technological/processing attri-
butes will also be considered.

MATERIALS AND METHODS

Burgers manufacturing

Fresh beef trimmings (shoulder clod and beef plates) were
purchased from local processors. Glucosamine in the form
of p-glucosamine hydrochloride and ascorbic acid were pur-
chased from Pure Bulk Inc. (Roseburg, OR, United States).
Commercially available toasted wheat crumb (Breader
B34216 White #50, Newly Weds, Edmonton, AB, Canada)
was produced and supplied by Newly Weds Foods (Edmon-
ton, AB, Canada).

Five different burger formulations were processed on
the same day at the Food Processing Development Centre
in Leduc, Alberta, Canada ( ). Before processing,
beef trimmings were separately ground via a 4 mm plate
(Model AW114, K & G Wetter, Mississauga, ON, Canada).
Samples were withdrawn from each batch of the ground beef
and proximate composition analysis was conducted with
the aid of Foss FoodScan analyzer (FoodScan Lab, Type
78800, FOSS, Hillergd, Denmark) according to the method
of Anderson [2007]. Pre-determined quantities of ground
beef, wheat crumb, spices (i.e. 0.8 g/100 g salt, 0.15 g/100 g
onion powder, 0.1 g/100 g black pepper), water (12 g/100 g),
and depending on specific treatment, ASC or GIcN were
combined and mixed slowly in a mixer (A-200T, Hobart,
Trot, OH, United States) for 45 s ( ). The overall
weight of each treatment batch was 8 kg. The mixture was
thereafter moulded into 140 g (5 oz) burger patties using
a patty forming machine (Super 54 Patty machine, Holly-
matic, Countryside, IL, United States).

Following burger forming, three burger patties from each
treatment were packaged individually on Styrofoam® trays

Ingredient (g/100 g) Control ASC 0.75% GIcN 1.5% GIcN 3.0% GIcN
Ground beef 81.95 81.85 81.2 80.45 78.95
Water 12 12 12 12
Seasoning mix 1.05 1.05 1.05 1.05
Wheat crumb 5 5 5 S
Ascorbic acid -

Glucosamine 0.75 1.5 3.0

ASC - ascorbic acid; GlcN - glucosamine.
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enclosed with an O,-permeable film (8,000 cm*/m?/24 h; Vi-
tafilm, Huntsman Film Products of Canada, Toronto, ON,
Canada). The burgers were then placed on double-tier dis-
play cabinet (MPM-72, Master-Bilt® Refigeration Solutions,
Albany, MS, United States) kept at 4.0=1°C under 24 h
fluorescent lighting with an average light intensity of 1,630 Ix
(CRI=385) to monitor instrumental colour change for 5 days.
The rest of the burgers were packaged in cardboard boxes
separated with plastic liners, frozen and stored at —20°C until
subsequent analyses including sensory evaluation.

Evaluation of raw burgers during retail display

Instrumental colour evaluation of raw patties during retail display

Colour of beef patties was objectively assessed using a hand-
-held Minolta spectrophotometer (Minolta CM-2500C, Osa-
ka, Japan) with a 10° observer angle, 8 mm aperture and illumi-
nant A, after being calibrated against a white tile prior to read-
ings being taken. Colour observations for lightness (L* refers to
light reflected), redness (a* refers to positive red and negative
green), and yellowness (b* refers to positive yellow and nega-
tive blue) were taken daily for up to 5 days of simulated retail
display under aerobic environments. The reported L*, a*, b*
values for each patty were average of six separate readings. Hue
angle was also calculated as: tan'(b*/a*), and the saturation
index (chroma) was calculated as: (a*2+5*2)">.

Evaluation of patties following frozen storage

Cooking measurements

Cooking loss for the burger was evaluated following our
previously described method [Pietrasik et al., 2020]. Briefly, fro-
zen patties were placed on an electric grill (Garland ED-42B
electric broiler, Russell Food Equipment Ltd, Edmonton, AB,
Canada) earlier pre-heated to 190°C. The patties were cooked
on the grill while flipping every 3 min, until the internal tem-
perature has reached 71°C. Following cooking, the cooked
burgers were allowed to stand for 5 min at room temperature
and weighed. Cooking loss was estimated based on the weight
of the initial frozen patty. Diameter of each burger patty was
measured for both raw and cooked patty in two directions at
90° angle to each other. The dimensional changes were assessed
based on the initial diameter of the frozen patty. The diameter
and thickness were determined using an electronic calliper.
Two diameter readings were taken in two orthogonal directions
and four thickness readings were taken 90° apart from each
other from the bottom to the top. Means for each parameter
of burger were used to calculate the dimensional shrinkage as:

raw thickness-cooked thickness +
Dimensional  + raw diameter-cooked diameter

100%

shrinkage ~ raw thickness+raw diameter

pH measurement

pH measurements for both raw and cooked products were
performed in duplicate with a pH meter (Hanna Instruments
FC240, Canadawide Scientific, Ottawa, ON, Canada). This
was done by homogenizing 20 g sample in 80 mL deionized

water as previously described by Pietrasik et al. [2016a].
pH was measured on this homogenized sample.

Textural properties

The textural attributes of beef burgers were evaluated ac-
cording to texture profile analysis procedure (TPA) [Bourne,
1982] via an Instron texture system (Model 5565, Instron
Corporation, Burlington, ON, Canada). Core samples
of 22 mm diameter were excised from the center of each burg-
er and compressed twice to 30% of their initial height with
a9 cm flat ended steel plunger at a constant cross-head speed
of 60 mm/min. The TPA parameters; hardness (peak force on
first compression (N)), cohesiveness (ratio of the active work
done under the second force-displacement curve to that done
under the first compression curve (dimensionless)), springi-
ness (distance the sample recovered after the first compression
(mm)), and chewiness (hardness X cohesiveness X springi-
ness (Nxmm)) were computed [Pietrasik et al., 2016b].

The shear force analysis of cooked beef burgers was car-
ried out for each treatment using an Instron texture system.
Burgers were cooked as earlier described and allowed to cool
down for about | h at room temperature. Thereafter, a 2.5 cm
wide strip was cut from the middle of each burger patty, mak-
ing sure that the edges of the burgers were avoided. Samples
were sheared with a straight-edge blade fixture at three differ-
ent sample locations using a crosshead speed of 250 mm/min.
Results of shear force measurements were reported in N.

Consumer acceptability

Consumer sensory evaluations were performed at the Con-
sumer Product Testing Centre (CPTC), Edmonton, Alberta,
Canada. Exactly 108 consumer panelists (54 male and 54 fe-
male, age between 18 and 65) were recruited from the CPTC’s
consumer testing database with the eligibility criteria being
that they are regular consumers of grilled beef burgers at least
once per month. Consumer panelists were provided mon-
etary compensation for their participation. During cooking,
cook chart was drawn to randomize the placement of beef
patties on the grill. After the burger reached the required in-
ternal temperature (71°C), patties were cut into 1/3 pieces,
wrapped in foil, and placed into a 60°C environment cham-
ber to maintain the temperature of the sample until served to
panelists. Burgers were served between 1-10 min following
cooking. Using a fully randomized block design, consumer
panelists received the portioned piece of the patty monadi-
cally. The overall acceptability of cooked burger patty as well
as the acceptability of appearance, flavour, texture and after-
taste was evaluated using 9-point hedonic scales (I = dis-
like extremely, 9 = like extremely). A Just-About-Right (JAR)
scaling was employed to provide additional understanding
into acceptability results. JAR gauges the level of intensity
that consumer panelists associate with each specific attribute
and can assist in determining areas of opportunity for prod-
uct improvement. JAR attributes were customized for both
flavour and textural attributes. Check-All-That-Apply (CATA)
was also used to capture the frequency of consumers’ selec-
tion of various terms. Terms were generated by the Sensory
Evaluation team to assist with targeted insight into certain ar-
eas of interest. Presentation of CATA terms was randomized
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for each panelist, with the option provided for panelists to
create their own CATA term(s). To avoid carryover of flavour,
a 90 s break was ensured between sample presentation dur-
ing which panelists cleaned their palate with unsalted crackers
and room temperature water.

Statistical analysis

Three separate replications were conducted for this
study. Processing and instrumental data were analysed using
the PROC MIXED procedure of SAS (v. 9.1.3, SAS Institute
Inc., Cary, NC, United States). The analyses included both
the formulation treatment (the fixed) and the processing repli-
cation (random) effects. For colour stability data, a simulated
retail display day was included in the model. For consumer
panel data, XLSTAT (v.XLSTAT 2019.1.3.58109) was used
for data analysis. Sensory evaluation day and panelists within
each evaluation day were included in the analysis as random
factors. Least-squares means were calculated for all main ef-
fects or interactions (where applicable) and means separation
was done using the Tukey adjustment when the respective
F-tests were significant at p<0.05. CATA frequency data for
texture and flavour were also summarized in a contingency
table and subjected to correspondence analysis using chi-
square distances and only attributes that came out significant
at p<0.05 were reported.

RESULTS AND DISCUSSION

Instrumental colour evaluation

The colour characteristics of raw meat and meat prod-
ucts largely influence consumer first appeal and overall ac-
ceptability of the product. No significant interaction was ob-
served between storage period and treatments for L* value,
suggesting that lightness/brightness of burgers was not af-
fected by the tested ingredients over duration of retail dis-
play. Although interactions were not significant for L* value,
the main effects were significant ( ). As aerobic display
time increased, there was a gradual decline in L* value, signi-
fying darker meat with storage time. This result is consistent
with progressive colour deterioration due to oxidation that
could occur in meat or meat products with days in refriger-
ated storage [Ganhao et al., 2010; Shivas et al., 1984]. Only
ASC and 0.75% GIcN burgers had L* values that were signifi-
cantly different from each other (p<0.01) while L* values for
other treatments were similar. Given the similarities of these
values however, the practical significance of this result may
be very subtle.

There were significant (p<0.05) interactions between
treatments and storage time for ¢*, b*, chroma (saturation in-
dex; how vivid or dull the colour is) and hue values (reflected
wavelength or colour as seen by the eyes; larger value indicates
less red and more metmyoglobin), indicating that color sta-
bility was affected by addition of ingredients ( ).
Burgers formulated with ASC maintained the highest a* val-
ues (i.e., a brightest red colour) for much longer period com-
pared to control and those processed with GIcN. With ASC
treatment, the significant reduction in burger red colour was
observed only after day 4 of storage, whereas, a more rapid
discolouration was observed in the other treatments where

a significant colour change occurred as early as on day 1
(in 1.5% GIcN) or day 2 (in control, 0.75% and 3.0% GIcN)
( ). Similar pattern was observed with other colour
parameters where significant change in b*, chroma and hue
was only evident on day 4 or 5 in ASC treatment whereas
these changes occurred rapidly on day | or 2 in control
and other GIcN treatments. This result further highlights
the reports from other studies which showed the effective-
ness of ascorbic acid in preventing the oxidation of oxymyo-
globin to metmyoglobin, evading rapid meat discoloration
[Ahn & Nam, 2004; Ismail et al., 2009; Mitsumoto et al.,
1991a,b]. Generally, there was a tendency for faster discol-
oration with increased incorporation level of GIcN leading
to decreasing a*, b* and chroma as well as increasing hue
value in the burger. This could simply be due to the impact
of the colour of GIcN solution itself. Moreover, while GIcN
has been reported to show some antioxidant activity [Xing
et al., 2006] in some food systems, its ability to also gen-
erate reactive oxygen species during incubation [Hrynets
etal.,2016] may also suggest some prooxidative factors that
could result in oxidative instability of myoglobin as observed
in this study and is also worth exploring. It is possible that,
depending on the nature of food, the level of inclusion as
well as the nature of GIcN in food system, it could serve as
either antioxidant or a prooxidant. While this may be spec-
ulative to a large extent, the underlining chemistry of this
change requires future exploration.

TABLE 2. Lightness (L*) value of fresh burgers as a function of refrig-
eration time and glucosamine (GIcN) inclusion level and ascorbic acid
(ASC) addition.

L*value
Treatment
Control 53.3®
ASC 52.3°
0.75% GlcN 53.72
1.5% GlcN 53.3%
3.0% GlcN 52.5%
SEM 0.38
p-value 0.01
Storage time (days)

0 54.0
1 53.9
2 53.8%
3 52.4¢
4 52.2¢
5 51.9¢
SEM 0.40
p-value <0.01

*Means with different letter in the same column are significantly different
at p<0.01. SEM - standard error of the mean.
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FIGURE 1. Instrumental colour measurements of beef burgers with glu-
cosamine (GIcN) and ascorbic acid (ASC) inclusion levels and time dur-
ing refrigerated retail display for 5 days under aerobic packaging. A) red-
ness; B) yellowness; C) chroma and D) hue angle. Values are expressed as
means of three independent determinations =+ standard deviation.

Cooking and textural characteristics of beef patties

Of all the burger treatments, the highest cook loss was
recorded in ASC samples followed by wheat crumb controls
and those processed with 0.75% GIcN (p<0.05, ). Gen-
erally speaking, although other factors can also play a role,
pH has been regarded as a crucial factor in the meat ability to
hold water [Bendall & Swatland, 1988]. This is because pH
can influence both the net charge and the steric effects in meat

system, the additive effect of which can impact meat water
holding capacity (WHC). The low pH of raw ASC treatment
( ) can explain the high cook loss reported for this for-
mulation ( ). The addition of ASC to the formulation
led to more acidic environment which could bring the pH
of meat protein close to its isoelectric point. This mechanism
will result in reduced net charge on meat protein that could
bind water molecules. The consequence is the reduced WHC
and greater cook loss. Although antioxidants would be ex-
pected to limit oxidative changes and as such, improve wa-
ter holding capacity and reduce cooking loss in meat system,
the net charge effect due to reduced pH could have overpow-
ered its subsequent protective effects. While the effect of ASC
on cooking loss in beef has been scarcely reported, similar
to the present study, Mitsumoto et al. [1995] have reported
increased cooking loss in longissimus dorsi from cattle fed di-
etary vitamin E supplementation. A previous study by Man-
cini et al. [2015] however, found no significant difference
in cooking loss between ASC and control treatments of rabbit
burgers whereas, Pefia et al. [2008] showed that increasing
supplementation of ascorbic acid for broilers led to increas-
ing cooking loss in broilers’ breasts. It also seems consistent
that, while antioxidant supplementation may improve drip
loss and WHC in raw meat, this protective effect may be lost
during subsequent meat cooking.

On the other hand, cooking losses were found to signifi-
cantly decrease with increasing GIcN levels in burger formula-
tions ( ). Thus, the more GlcN added, the less weight
was lost during cooking. This could be explained by elevated
ionic charges with increased addition of GIcN in burger sys-
tem. Puolanne & Halonen [2010] have previously reported
that one amino acid of an ionic side chain could bind up to
4-7 water molecules. This higher concentration of ions will
increase the solute concentration that may enhance water
trapping in the burger system during cooking. Furthermore,
the addition of GlcN to burger formulation appeared to en-
hance more protein extraction which may also support the el-
evated ionic charge with GIcN addition to the meat mixture.
While this was not objectively quantified in this study, it was
visually evident as GIcN led to increased stickiness of beef
burger mixture during formulation and processing. Also,
the increased GlcN in the meat system could have also re-
sulted in elevated levels of hydroxyl hydrophilic groups which
have the potential to attract more water molecules, further en-
hancing water retention during cooking. As observed, burgers
with 1.5 and 3.0% GIcN also had significantly lower shrinkage
for all dimensional parameters evaluated following cooking
compared to all other treatment groups ( ). This signi-
fies the potential of GIcN to enhance water holding capacity
and increase yield in meat products on cooking.

The burgers formulated with GIcN were significantly
(p<0.05) softer as compared to controls processed with
wheat crumb ( ). As previously explained and also evi-
dent with pH change with GIcN addition in cooked burger
( ), GIeN could have shifted the isoelectric point of pro-
tein in beef burger making more similar electric charges avail-
able to trap/immobilize water molecules. The repulsive energy
created by these like charges may also create more structural
spaces for water holding [Huff-Lonergan & Lonergan, 2005].
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TABLE 3. Cook loss and dimensional parameters for cooked beef burgers as affected by glucosamine (GlcN) and ascorbic acid (ASC) inclusion.

Treatment Cook loss (%) Diameter change (%) Thickness change (%) | Total dimensional change (%)
Control 30.2° 16.7¢ 12.12 14.3%
ASC 33.3¢ 16.6* 14.6" 15.6*
0.75% GIcN 29.7° 16.4 12.9 14.6®
1.5% GleN 25.3¢ 14.1° 12.6* 13.40
3.0% GIcN 19.0¢ 12.2¢ 8.6° 10.4¢
SEM 1.94 1.53 2.85 1.54
p-value <0.01 <0.01 <0.01 <0.01

*dMeans with different letter in the same column are significantly different at p<0.01. SEM - standard error of the mean.

TABLE 4. pH values of raw and cooked burgers with glucosamine (GIcN)
and ascorbic acid (ASC) inclusion.

Treatment Raw Cooked
Control 5.70 5.88¢
ASC 5.54¢ 5.730
0.75% GIcN 5.66° 5.67°
1.5% GlcN 5.65° 5.54¢
3.0% GIcN 5.64° 5.23¢
SEM 0.02 0.01
p-value <0.01 <0.01

*“dMeans with different letter in the same column are significantly different
at p<0.01. SEM - standard error of the mean.

The effect of these processes had both textural and water
binding implication of the beef burger in this study result-
ing in softer product. Hardness values showed a decreasing
trend as the GIcN incorporation level increased from 0.75 to
3.0%. Chewiness results followed a similar pattern with con-
trol burgers being the chewiest and with gradual decrease
in chewiness with increased addition of GlcN. Neither ASC
nor GlIcN affected (p>0.05) cohesiveness or shear force
of beef burgers, whereas the treatments containing ASC or

0.75% GlcN had the lowest or highest (p<0.05) springiness,
respectively. Springiness however, tended to decrease with an
increased incorporation of GIcN ( ). It is worth not-
ing that, while cooking typically results in increased pH as
observed for both ASC and control treatments ( ), ad-
dition of GIcN disrupted this trend. This disruption could
be due to the degradation products of GIcN during heat treat-
ment. Previous reports have also reported the reduction of pH
values during GIcN thermal degradation [Hrynets et al., 2015;
2016; Dhungel er al., 2018]. This observation was claimed to
be due to the formation of carboxylic and hydrocarboxylic
acids during monosaccharide decomposition. Other studies
have also reported the formation of acetic and formic acid
due to the splitting of 1- and 3-deoxyglucosone, respectively
[Brands & van Boekel, 2001].

Consumer acceptability of burgers

The overall acceptability for burgers formulated with in-
creasing levels of GIcN was only significantly affected at
the 3.0% level GIeN ( ). Similar result was observed
for flavour, texture and aftertaste liking (results not shown). At
this 3.0% level of GlIcN inclusion, consumers’ liking for these
attributes significantly decreased. Although other studies have
reported tendency for improved flavour enhancement of food
product with GlcN inclusion [Hong et al., 2016], similar ob-
servation was not evident for consumer flavour attributes lik-
ing of beef burger in this study. This could be due to the fact

TABLE 5. Textural properties for cooked burger as affected by glucosamine (GlcN) and ascorbic acid (ASC) addition.

Treatment Hardness (N) Cohesiveness Springiness (mm) | Chewiness (N xmm) Shear force (N)
Control 114.9¢ 0.26 6.1° 187.5¢ 23.1
ASC 107.3%® 0.28 5.8 172.4% 21.9
0.75% GIcN 100.5% 0.26 6.4 170.0% 21.5
1.5% GlIcN 93.7¢ 0.28 6.2 159.2° 22.3
3.0% GlcN 86.8¢ 0.27 6.1° 145.50 23.9
SEM 8.72 0.02 0.17 16.76 2.23
p-value <0.01 0.08 <0.01 <0.01 0.28

»dMeans with different letter in the same column are significantly different at p<0.01. SEM - standard error of the mean.
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that all treatments had similar levels of seasoning mix mini-
mizing the impact of GlcN. Furthermore, the flavour enhanc-
ing claims from GIcN have been largely attributed to its self-
condensation products; fructosazine and deoxyfructosazine as
well as degradation products such as a-dicarbonyls [Hrynets
et al., 2016; Magaletta & Ho, 1996; Tsuchida et al., 1990],
and optimal conditions to enhance these reactions may not
have been achieved in this study. Also, the impact may vary be-
tween different model food systems. A recent result from our
laboratory has shown an increased consumer flavour liking
score when glucosamine and glucosamine caramel (1%) were
added to breakfast sausage compared to control samples [So-
ladoye et al., 2021]. A recent study has also shown that glyca-
tion by GIcN can alter the taste profile of protein hydrolysates
further highlighting the potential impact of GIcN on sensory
attributes of food products [Fu et al., 2020].

Upon further exploration of the consumer acceptabil-
ity rating of these burger formulations using the Check-All-
That--Apply procedure, it became evident that the decrease
in consumer liking was the combination of deteriorating
texture (as described in previous section) as well as flavour
attributes. and , respectively, showed
the flavour and texture variables that were selected by con-
sumer to describe the different burger treatments. Employing
a factor analysis for all the selected attributes, two factors
that, respectively explained up to 95 and 89% of the varia-
tion in flavour and texture attributes in the burgers were
computed. Factor 1 that explained up to 91% of flavour
attributes adequately separated 3.0% GIcN from the other
treatments and was largely associated with attributes such
as bitter, tangy, off-flavour as well as some unacceptable
sweetness level and fruity note ( ). Other burger
treatments (especially the controls, ASC and 0.75% GIcN)
formed a cluster with descriptors such as “good beef fla-
vour”, “tasty”, “grilled flavour”, and “spicy/seasoning”.
Attributes such as “metallic”, “bland”, “salty” and “livery”
were not statistically significant based on consumer selection
and as such did not impact the overall acceptability of any
of the burger treatment. According to penalty analysis, up to
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FIGURE 2. Mean consumer scores for overall acceptability of beef burg-
er with varying levels of glucosamine (GlcN) and (ascorbic acid) ASC
inclusion; **Means with different letter on the same bar are significantly
different at p<0.001.

53% of the panelists were averse to the too sweet, too sour
and low beef flavour of 3.0% GIcN burgers.

Texture descriptors associated with 3.0% GIcN include
“greasy” and “rubbery” while the other treatments were large-
ly described as “beefy”, “crumbly” and “granular” texture
( ). Other textural attributes did not significantly af-
fect consumer acceptability of the products. This was also evi-
dent in the penalty analysis where up 56 and 36% of the panel-
ists, respectively adjudged the 3.0% GIcN burgers as too much
fatty/oily mouth coating and too soft firmness, significantly
decreasing the products’ overall acceptability score ( ).

Similarly, on the Just-About-Right (JAR) scale, between
33 and 53% of the panelists described the saltiness, sweet-
ness and sourness of 3.0% GIcN as “too strong” while up to
54% of the panelists described the burger’s beefy flavour as
“too weak” ( ). On the other hand, between 50 and 73%
of the consumer panelists described saltiness, sweetness
and sourness of other treatments as JAR. While the overall
beef flavour in the treatment has been penalized as being too
weak, the beef flavour attribute of the 3.0% GIcN has been
described as JAR by the least number of consumers (22%),
with significantly higher penalty. It is important to note that,
the magnitude of the penalty generally increases with an
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FIGURE 3. Check-All-That-Applies analyses for A) flavour and B) tex-
ture attributes defined by consumers as affected by glucosamine (GlcN)
and ascorbic acid (ASC) inclusion. Only attributes with asterisks were
significant at p<0.05.
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TABLE 6. Penalty analysis and mean drop for texture attributes of beef burgers with glucosamine (GIcN) and ascorbic acid (ASC).

Control ASC 0.75% GlcN 1.5% GleN 3.0% GIeN
Levels  I'Selection| Mean |Selection| Mean | Selection] Mean |Selection| Mean | Selection| Mean
%' OA? % OA % OA % OA % OA
Too soft 23.2 4.4 27.8 4.6™ 28.7 4.5™ 15.7 4.5 36.1 3.9™
Firmness JAR 56.5 6.5 53.7 6.7 48.2 6.7 56.5 6.7 43.5 6.0
Too firm 20.4 5.17 18.5 5.4 232 5.4 27.8 5.57 20.4 44"
Overall penalty 1.785™ 1.750™ 1.725™ 1.567" 1.913™
Too dry 26.9 5.3 21.3 5.3 232 5.1 25.0 5.3 13.0 4.5
Juiciness JAR 53.7 6.1 68.5 6.3 50.0 5.9 574 6.3 46.3 5.2
Too juicy 19.4 5.2 10.2 4.3 26.9 6.0 17.6 6.4 40.7 4.7
Overall penalty 0.878 1.370™ 0.333 0.551 1.285
Too little 9.3 5.1 15.7 5.1 16.7 5.6 14.8 5.1 74 4.1
ra gﬂy mouth JAR 482 61 519 64 380 61 509 65 370 55
Toomuch  42.6 5.4 324 5.5 45.4 5.6 34.3 5.8 55.6 4.6
Overall penalty 0.740° 0.992" 0.467 0.924° 0.956"

!Selection %: The percentage of consumers corresponding to the different collapsed Just-About-Right (JAR) levels; 2Mean OA; Mean overall acceptability
corresponding to each JAR levels. ““mean drop with level of significance <0.001, “mean drop with level of significance between 0.001 and 0.01 and ‘mean
drop with level between significance >0.01 and <0.05.

TABLE 7. Penalty analysis and mean drop for flavour/taste attributes of beef burgers with glucosamine (GlcN) and ascorbic acid (ASC).

Control ASC 0.75% GIcN 1.5% GlcN 3.0% GlcN
Levels - I'Selection| Mean | Selection| Mean |Selection| Mean | Selection| Mean | Selection]| Mean
%' OA? % OA % OA % OA % OA
Too strong ~ 35.2 6.6 45.4 6.7 41.7 6.6 36.1 6.7 24.1 6.3
Beef flavour JAR 38.9 7.0 31.5 6.7 31.5 6.7 39.8 6.9 222 7.1
Too weak 259 5.4 232 5.17 26.9 53" 24.1 4.9 53.7 3.8
Overall penalty 0.870" 0.557 0.627 0.907" 2.542™
Too strong  19.4 6.0 259 5.5™ 34.3 5.6™ 28.7 5.9 33.3 43"
Saltiness JAR 64.8 6.8 61.1 6.8 50.0 7.2 58.3 6.8 43.5 6.2
Too weak 15.7 5.7 13.0 5.8 15.7 5.1 13.0 4.9 25.1 43"
Overall penalty 0.929" 1.193™ 1.685™ 1.263™ 1.923™
Too strong  10.2 5.8 11.1 5.0 19.4 5.6 28.7 5.7 52.8 44"
Sweetness JAR 68.5 6.7 63.9 6.6 574 6.8 50.0 6.7 333 6.7
Too weak 21.3 5.9 25.0 6.2 232 5.6" 21.3 6.3 13.9 4.4
Overall penalty 0.820° 0.828 1.214™ 0.741" 2319
Too strong  11.1 5.4 11.1 4.8 17.6 5.4 30.6 5.1 52.8 4.1
Sourness JAR 73.2 6.8 72.2 6.6 67.6 6.6 61.1 6.9 352 6.8
Too weak 15.7 5.7 16.7 6.1 14.8 59 8.3 6.7 12.0 49
Overall penalty 1.2207 1.049" 0.959 1.489™ 2.614™

!Selection %: The percentage of consumers corresponding to the different collapsed Just-About-Right (JAR) levels; 2Mean OA; Mean overall acceptability
corresponding to each JAR levels. ““mean drop with level of significance <0.001, “mean drop with level of significance between 0.001 and 0.01 and ‘mean
drop with level between significance >0.01 and <0.05.
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increasing level of GIcN ( ). The firmness and juici-
ness of all other burger formulations except 3.0% GIcN have
been largely described by panelists (48-69%) as JAR while
between 41 and 56% of the panelists described 3.0% GIcN as
too juicy and too much oily mouth coating. It therefore seems
reasonable to conclude that excessive inclusion of glucos-
amine above 1.5% in burger formulation may be detrimental
to the texture and greasy/oily attributes of the product as well
as resulting in tangy, sour and off--flavoured burger, leading
ultimately to consumer rejection of the product.

The impact of GIcN addition on the appearance liking
of GIcN burgers was not significantly different from ASC
and control treatment. Given that all the treatments were
ranked between 6.0 and 6.6 on a 9-point hedonic scale, it gen-
erally seems that the appearance of burgers was more influ-
enced by the variation inherent in the cooking process rather
than the subjected treatments.

CONCLUSION

Aside from the health benefits of GIcN, which could qual-
ify meat with GIcN as functional food, its moderate inclu-
sion in various meat products formulation may also provide
some technological advantages. GIcN may enhance meat
products’ water holding capacity and overall yield. While this
may be beneficial to certain extent, inclusion above 1.5% may
negatively affect consumer overall acceptability as a result
of texture and flavour deterioration. In addition, GIcN may
have impact on colour stability of meat products during re-
frigerated storage, however, this does not seem to affect con-
sumer overall acceptability as this effect becomes irrelevant
following cooking. Ascorbic acid preserved the colour attri-
butes of beef burgers during refrigerated storage. It remains
to be assessed if the colour change with GIcN will influence
consumer first appeal of the raw/fresh products and hence,
subsequent purchase. Given the novelty of this ingredient
in meat application, other studies are still required to evalu-
ate important technological impact of glucosamine in meat
processing and quality.
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Strawberry Polyphenol-Rich Fractions Can Mitigate Disorders in Gastrointestinal
Tract and Liver Functions Caused by a High-Fructose Diet in Experimental Rats
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In the current study, it was hypothesized that the addition of strawberry polyphenol-rich fractions to a high-fructose diet mitigates disorders
in liver functions, lipid metabolism, and in the antioxidant and pro-inflammatory status of rats. Therefore, a fraction rich in ellagitannins and proan-
thocyanidins (EP), and a fraction containing compounds of both mentioned classes of polyphenols and additionally anthocyanins (EPA), in doses
of 0.28 and 0.70 g/100 g, respectively, were added to a standard or a high-fructose diet administered to rats for six weeks. The EPA fraction was more
beneficial in alleviating the consequences of consuming excess fructose in the diet than the EP fraction. Probably, that fraction containing considerable
amounts of carbohydrates was more extensively metabolized by intestinal bacteria, which resulted in higher levels of cecal short chain fatty acids (SC-
FAs) as well as cecal and urinal ellagitannin metabolites. As a further consequence, diet supplementation with the EPA fraction caused more favorable
changes in the levels of serum interleukin 6 and serum antioxidant capacity of water-soluble substances (ACW), in atherogenicity index Ig((triglyceride/
high-density lipoprotein cholesterol), hepatic oxidized glutathione as well as reduced to oxidized glutathione ratio). Efforts should be made to develop
strawberry polyphenol-rich preparations containing the preferred anthocyanins, which is, however, difficult due to the instability of this class of pheno-

lic compounds during the technological process.

INTRODUCTION

Free fructose intake has increased significantly in the West-
ern type diet over the past two decades due to the raised con-
sumption of fructose-rich beverages. The widespread use
of fructose corn syrup sweeteners in food production means
that consumers ingest free fructose also in such products as
corn flakes, sweet snacks, ready-made desserts, and sauces
[Tappy & Lé¢, 2010]. It has been shown that a diet overload-
ed with fructose causes adverse changes in the composition
of the intestinal microflora by reducing the abundance of ben-
eficial Bifidobacterium and Lactobacillus strains [Horne ef al.,
2020]. Additionally, unfavorable changes in the population
of beneficial intestinal microbiota increase the level of lipo-
polysaccharides circulating in the blood, causing pro-inflam-
matory responses that precede the development of insulin re-
sistance and obesity [Fuke ef al., 2019]. Moreover, high levels
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of fructose in the diet are the main drivers of liver lipogenesis,
by increasing the amount of microbial short-chain fatty ac-
ids — SCFAs (e.g. acetic acid), and contribute to the develop-
ment of non-alcoholic fatty liver disease [Park ef al., 2021].
Moreover, a fructose-rich diet contributes to weight gain, in-
creased blood glucose levels, and adverse changes in the lipid
profile, such as decreased high-density lipoprotein (HDL) /
increased low-density lipoprotein (LDL) cholesterol levels
and increased triglyceride content [Horne et al., 2020].
Strawberries (Fragaria ananassa) are commonly con-
sumed both fresh and processed. They are a rich source of vi-
tamins and bioactive compounds, such as folates, ascorbic
acid, and phenolic compounds. The main class of phenolic
compounds found in fresh strawberries is flavonoids, mainly
anthocyanins (ACs), which account for over 75% of total
phenolic compounds [Sirijan et al., 2020]. Their content
can range from 150 to 600 mg/kg of fresh weight depending
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on plant genetic factors and growing conditions. Irrespec-
tive of the mentioned factors, which influence the total an-
thocyanin content in strawberries, the major anthocyanins
of strawberries include pelargonidin 3-glucoside (89-95%),
followed by cyanidin 3-glucoside (3.9-10.6%) [Sirijan et al.,
2020]. In unripe strawberries, the flavonoids are mainly rep-
resented by proanthocyanidins (PAs), which are polymeric
flavan-3-ols. The content of PAs in strawberries ranges from
0.539 to 1.632 mg/g of fresh weight [Sirijan er al., 2020].
Another group of strawberry phenolic compounds is ellagi-
tannins (ETs), which are monomeric, oligomeric, and com-
plex polymers of various combinations of gallic and hexahy-
droxydiphenic acid with glucose. Agrimoniin is indicated as
the main ET both in the fresh fruits and particularly in pom-
ace from the strawberry juice production [Nowicka et al,
2019]. Strawberry bioactive compounds, including ACs, Pas,
and ETS, can play an important role in the prevention of civi-
lization diseases caused by the Western type diet, like type 2
diabetes, obesity, cancer, cardiovascular diseases as well as
oxidative stress, and pro-inflammatory and neurodegenera-
tive conditions [Giampieri et al., 2012].

Consumption of fresh strawberry is seasonal, hence they
are widely processed into juices or jams. It has been proved
that strawberry processing reduces the content of bioactive
compounds, including polyphenols. For example, during
the industrial production of strawberry juice, most of the an-
thocyanins pervade to the juice, while majority of the el-
lagitannins remain in the pomace [Ertan er al, 2020].
The bioavailability of phenolic compounds is the basic fac-
tor determining their health-promoting activity. Studies have
shown low ACs absorption and excretion with urine and feces
after oral ingestion (>2%), indicating that they undergo ex-
tensive biotransformation in the gastrointestinal tract. Thus,
most anthocyanins are not absorbed in the upper small intes-
tine, but pass to the colon, where they are metabolized by mi-
croflora [Aura et al., 2005]. In vitro studies with human fecal
microflora have shown that the bacterial metabolism of an-
thocyanin glycosides is based on the cleavage of the sugar
moiety and breakdown of the anthocyanidin heterocycle,
resulting in the formation of aglycones followed by smaller
phenolic acids [Aura et al., 2005]. A study by Hidalgo ef al.
[2012], in which the human colon microflora and anthocya-
nins were incubated under controlled conditions similar to
those in the distal parts of the large intestine, showed 85%
reduction of anthocyanins after 4 h of incubation. Moreover,
the anthocyanins significantly increased the growth dynamics
of the probiotic intestinal microflora such as Bifidobacterium
and Lactobacillus-Enterococcus genera [Hidalgo et al., 2012].
Furthermore, anthocyanin extracts have exhibited antibacte-
rial activity against pathogenic bacteria such as Salmonella
enterica, Staphyloccocus aureus, Clostridium perfringens, or
Helicobacter pylori [Bauza-Kaszewska et al., 2021].

Only about 5% of ETs are metabolized by the host’s
digestive enzymes, while most ETs are converted by co-
lonic microbiota. ETs show different susceptibility to bacte-
rial transformations, depending on many factors, including
the chemical structure (polymerization degree) or the com-
position of the host microflora [Milala ez al., 2017]. The mi-
crobial conversion of ETs and ellagic acid (EA) leads to

the formation of a number of derivative compounds named
urolithins (URs) and/or nasutins (NSs). Milala et al. [2017]
found that NSs were the main metabolites in the rats’ urine,
feces, and blood serum after administration of experimental
diet supplemented with strawberry ETs with a higher degree
of polymerization. In the case of diet supplementation with
ETs having a lower degree of polymerization, it was URs, then
NSs. Selma et al. [2014] identified two strains of the genus
Gordonibacter in human feces that were capable of convert-
ing EA to urolithin. Many studies have proven that ETs have
a probiotic effect, promoting the growth of Lactobacillus
and Bifidobacterium [Buzzini et al., 2008]. However, there
are also contradictory reports supporting the hypothesis that
ET metabolism is a counter-reaction of the intestinal micro-
flora to the antibacterial activity of these compounds, as evi-
denced by the lack of trihydroxybenzoyl groups in the struc-
ture of metabolites, which determine the antibacterial activity
of ETs [Buzzini et al., 2008].

In the present in vivo study, it was hypothesized that the di-
etary inclusion of strawberry bioactive compounds in the form
of polyphenol-rich fractions would beneficially affect the in-
testinal and hepatic homeostasis as well as the blood redox
and lipids status, especially in rats administered the high-
-fructose diet. Besides ETs and PAs, the authors investigated
the effects of ACs, the most unstable phenolic compounds.
Therefore, two types of dietary strawberry fractions ob-
tained from fruit pomace (containing ETs and PAs — EP)
and juice (containing ACs beside ETs and PAs — EPA) were
investigated.

MATERIALS AND METHODS

Preparation of the EP strawberry fraction

Strawberry pomace was collected during strawberry juice
production in the Alpex Company (Leczeszyce, Poland). Af-
ter drying at 70+2°C for 24 h, the strawberry by-product was
separated into a seed fraction and a seedless fraction (par-
ticle diameter of 0.5-1 mm and 1-3 mm, respectively) using
proper screens.

The seedless fraction was used to obtain the crude extracts.
To this end, 20 L of 65% (v/v) ethanol and 6 kg of the seedless
fraction were put into a 30-L volume extractor made of stain-
less steel at 20-25°C. After 48 h, the mixture was separated
on a laboratory press resulting in an ethanol extract (14.7 L)
and wet pomace (10.2 kg). The solvent was recovered by dis-
tillation, which gave 6 L of the polyphenol-rich residue, which
contained 15% of ethanol. Then, a second step of extraction
was conducted. The wet pomace from the first step of extrac-
tion and 15 L of 65% (v/v) acetone were put into the extractor
at 20°C for 24 h. Then, 15 L of an acetone-ethanol extract was
separated from 10 kg of pomace (wet weight) on a laboratory
press. In the third step of extraction, the mixture of result-
ing pomace and 10 L of water was pressed after 1 h to result
in 11 kg of wet pomace and 8 L of an acetone-ethanol-water
extract. The solvents (acetone and ethanol) were evaporated
from combined acetone extracts (15 L and 8 L) to give 6 L
of the residue containing ca. 15% ethanol. The 3-step extrac-
tion was performed in duplicate and the extracts from both
replicates were combined. Then, 12 L of the extract containing
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600 g of dry matter were filtered on a cellulose filter and next
purified by chromatography on an Amberlite XAD resin us-
ing 20 L column with 15 L of the adsorption bed. The process
consisted in sorbent conditioning, adsorption of the polyphe-
nols in the column bed with the flow rate of 1 BV/h (BV - bed
volume), removing ions and saccharides with the low molecu-
lar weight off the bed using 8% (v/v) ethanol with the flow rate
of 2 BV, and gradual desorption of the fractions with oppo-
site flow direction, at a flow rate of 0.2 BV/h, and increasing
ethanol concentration, i.e. by 30% (v/v) — 1 BV, and by 55%
(v/v) — until the desorption has been completed. Fractions
collected during the desorption were analyzed for polyphenol
contents. The fractions which had similar compositions were
mixed, concentrated, and freeze-dried. Taking into consider-
ation the content of major polyphenols, the fraction with ETs
as the dominant compounds and with a lower content of PAs
and flavan-3-ols was selected for future in vivo experiments.
The lyophilized product was placed in PET boxes and stored
at -4°C in the dark.

Preparation of the EPA strawberry fraction

The concentrated to total soluble solids of 62°Bx, fresh,
commercial strawberry juice (Alpex Company, t.eczeszyce, Po-
land) was used to obtain the EPA fraction. In the juice, which
was used for fraction preparation, the content of pelargonidin
3-glucoside was 1.1 g/kg of the dry matter of the concentrated
strawberry juice. After diluting the juice to 25°Bx, it was pu-
rified on an Amberlite XAD resin. The column chromatog-
raphy conditions were the same as those described above for
the purification of strawberry pomace extract. The EPA fraction
was eluted in the column using 30% (v/v) ethanol with a flow
rate of 0.2 BV/h. The collected fraction was concentrated
and freeze-dried. The lyophilized product was placed in PET
boxes and stored at -4°C in the dark. Apart from ETs, PAs,
and flavan-3-ols, the EPA strawberry fraction contained ACs.

Proximate chemical composition of fractions

The Association of Official Analytical Chemists (AOAC)
methods 920.151, 940.26, 920.152, 930.09 were used to deter-
mine the dry matter, ash and lipid contents, respectively [AOAC,
2019]. The carbohydrate content was determined using the fol-
lowing formula: carbohydrate = total solids — (lipid + ash).

Determination of polyphenol content in the fractions
According to the procedure described by Sojka et al.
[2013], the contents of ETs, EA, ACs, and flavonols were de-
termined in the fractions using an HPLC system with a pho-
todiode array detector (Knauer Smartline, Berlin, Germany)
coupled with a Gemini C18 column (110 A, 250x4.60 mm,
5 um; Phenomenex, Torrance, CA, USA). The standards were
agrimoniin (obtained from the Institute of Food Technology
and Analysis, £6dz, Poland), EA and pelargonidin 3-glu-
coside (Extrasynthese, Genay, France). Detection was per-
formed for ETs at 250 nm, for EA and flavonols at 360 nm,
and for ACs at 520 nm. The column temperature was 35°C,
and the mobile phase flow rate was 1.25 mL/min. Mobile
phase consisted of solvent A — 0.05% (v/v) phosphoric acid
in water, and solvent B — 0.05% (v/v) phosphoric acid in ace-
tonitrile. Gradient was as follows: 0-5 min 4% B; 5-12.5 min

4-15% B; 12.5-42.5 min 15-40% B; 42.5-51.8 min 40-50% B;
51.8-53.4 min 50-55% B; and 53.4-55 min 4% B.

The determination of proanthocyanidins was performed
after acid hydrolysis of the PAs with an excess of phloroglu-
cinol according to the method of Kennedy & Jones [2001].
The separation conditions have previously been described
by Kosmala et al. [2015]. The following standards were used:
(-)-epicatechin, (+)-catechin, (-)-epigallocatechin and their
respective phloroglucinol adducts. The quantification was
made based on the peak areas registered by the fluorescence
detector (excitation wavelength: 278 nm; emission wave-
length: 360 nm). The standard curves of (-)-epicatechin,
(+)-catechin, and (-)-epicatechin-phloroglucinol adduct
were used to quantify the breakdown products of the terminal
units and extender units, respectively.

Animal study

The experiment was carried out using six experimen-
tal groups, each consisting of eight randomly assigned
male Wistar rats, giving a total of 48 animals weighing
176+1.051 g. The rats were housed individually in metabolic
cages in a 12-h light: 12-h dark cycle, at a stable temperature
(21-22°C), in a ventilated room (15 air changes per h). They
were used in accordance with the legal guidelines regulated
by EU Directive (2010/63/EU). The experimental protocol
was approved by the Local Institutional Animal Care and Use
Committee (Olsztyn, Poland, approval no. 10/2018). Dur-
ing the 6-week experiment, the rats had free access to food
(stored at 4°C in hermetic containers until the end of the ex-
periment) and tap water (details are provided in ).
The diets were modifications of a casein diet for laboratory
rodents recommended by the American Institute of Nutrition
[Reeves, 1997]. All diets had equilibrated amounts of dietary
protein, fiber, and polyphenols, if any, and were based on
corn starch or on fructose. The corn starch diets were: corn
starch (C group), corn starch and EP fraction (EP group),
corn starch and EPA fraction (EPA, group), whereas fruc-
tose diets were fructose (C,), fructose and EP fraction (EP,),
fructose and EPA fraction (EPA,). Strawberry fractions were
added to treatment diets at the expense of corn starch, i.e.:
EP or EPA in doses of 0.28 g and 0.70 g/100 g of diet, re-
spectively. The calculation of experimental diets with the aid
of the body surface area normalization method [Reagan-
-Shaw et al., 2008] and literature data for polyphenol content
in the strawberry were used to represent a realistic amount
of fresh strawberries consumed by humans. The composition
of each group-specific diet is displayed in

The body weight (BW) gain and individual feed consump-
tion of rats were estimated. Rats were anesthetized with a ket-
amine/xylazine solution (100/10 mg per one kg BW). Before
anesthesia, the rats were deprived of feed overnight (10-12 h).

Sample collection and basic analyses

Blood analysis

After a laparotomy, blood samples were collected from
the caudal vein into 2.5-mL heparinized test tubes, and se-
rum was then obtained by solidification and low-speed cen-
trifugation (350xg, 10 min, 4°C). Serum samples were kept
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TABLE 1. Diet composition (g/100 g).

C C, EP; EP, EPA EPA,
Casein 14.8 14.8 14.8 14.8 14.8 14.8
Cellulose! 6 6 6 6 6 6
Rapeseed oil 8 8 8 8 8 8
Mineral mix® 1 1 1 1 1 1
Vitamin mix® 3.5 3.5 3.5 3.5 3.5 3.5
Choline chloride 0.2 0.2 0.2 0.2 0.2 0.2
pL-methionine 0.2 0.2 0.2 0.2 0.2 0.2
Cholesterol 0.5 0.5 0.5 0.5 0.5 0.5
Extract EP 0 0 0.28 0.28 0 0
Extract EPA 0 0 0 0 0.70 0.70
Fructose 0 65.0 0 65.0 0 65.0
Corn starch 65.8 0.8 65.52 0.52 65.1 0.1
Calcd dietary polyphenols* 0 0 0.199 0.199 0.198 0.198
Calcd dietary ellagitannins (mono:dimers)* 0 0 0.121 (55:45)  0.121 (55:45)  0.096 (54:46)  0.096 (54:46)
Calcd dietary proanthocyanidins® 0 0 0.069 0.069 0.071 0.071
Calcd dietary flavonols* 0 0 0.009 0.009 0.013 0.013
Calcd dietary anthocyanins™ 0 0 0 0 0.018 0.018
Calcd dietary metabolized carbohydrates™ 0 0 0.05 0.05 0.46 0.46

* from the composition of fraction with ellagitannins and proanthocyanidins (EP) or fraction with ellagitannins, proanthocyanidins and anthocyanins
(EPA) (see Table 1).

'a-cellulose preparation was obtained from Sigma-Aldrich (No. C8002). 2AIN-93G [Reeves, 19971, g per kg mix: 357 g anhydrous calcium carbonate
(40.04% Ca), 196 g monobasic potassium phosphate (22.76% P. 28.73% K), 70.78 g potassium citrate and tripotassium monohydrate (36.16% K),
74 g sodium chloride (39.34% Na, 60.66% Cl), 46.6 g potassium sulfate (44.87% K, 18.39% S), 24 g magnesium oxide (60.32% Mg), 6.06 g ferric
citrate (16.5% Fe), 1.65 g zinc carbonate (52.14% Zn), 1.45 g sodium meta-silicate 9 9H,0 (9.88% Si), 0.63 g manganous carbonate (47.79% Mn),
0.3 g cupric carbonate (57.47% Cu), 221.026 g powdered sucrose, and 0.275 g chromium potassium sulfate X 12H,0 (10.42% Cr). The following
components were added in mg per kg mix quantities: 81.5 mg boric acid (17.5% B), 63.5 mg sodium fluoride (45.24% F), 31.8 mg nickel carbonate (45%
Ni), 17.4 mg lithium chloride (16.38% Li), 10.25 mg anhydrous sodium selenate (41.79% Se), 10 mg potassium iodate (59.3% 1), 7.95 mg ammonium
paramolybdate x 4H,0 (54.34% Mo), and 6.6 mg ammonium vanadate (43.55% V). *AIN-93G [Reeves 19971, g per kg mix: 3.0 g nicotinic acid, 1.6 g
Ca pantothenate, 0.7 g pyridoxine-HCI, 0.6 g thiamin-HCI, 974.655 g powdered sucrose, 0.6 g riboflavin, 0.2 g folic acid, 0.02 g biotin, 2.5 g vit. B ,
(cyanocobalamin, 0.1% in mannitol). The following components were added in IU per g quantities: 15.0 IU vit. E (all-rac-a-tocopheryl acetate, 500),
0.8 IU vit. A (all-frans-retinyl palmitate, 500000), 0.25 IU vit. D, (cholecalciferol, 400,000), and 0.075 IU vit. K, (phylloquinone). Diets: C, control diet
with corn starch; C, control diet with 65% fructose; EPg, corn starch diet with the EP strawberry fraction; EP,, fructose diet with the EP fraction; EPA,,

corn starch diet with the EPA strawberry fraction; EPA,, fructose diet with the EPA fraction.

frozen at -70°C for further analysis. Blood samples were used
to analyze total white blood cell count (WBC), granulocyte
percentage (GRA), medium-sized cell percentage (MID),
lymphocyte percentage (LYM), red blood cell count (RBC),
hemoglobin (HGB), hematocrit (HCT), mean corpuscular
hemoglobin (MCH), mean corpuscular volume (MCV),
mean corpuscular hemoglobin concentration (MCHC),
red cell distribution width (RDWc), platelet count (PLT),
platelet percentage (PCT), mean platelet volume (MPV),
and platelet distribution width (PDWc) using the ABACUS
Junior Vet hematological analyzer (Diatron MI PLC, Buda-
pest, Hungary). The photochemiluminescence method was
used to determine the serum antioxidant capacity of water-
-soluble and lipid-soluble substances (ACW and ACL, re-
spectively). Particularly, a Photochem device and respec-
tive kits (ACW-Kit and ACL-Kit, Analytik Jena AG, Jena,

Germany), and ascorbic acid and Trolox as standards were
used to determine ACW and ACL, respectively. The con-
centrations of HDL cholesterol (HDL), LDL cholesterol
(LDL), total cholesterol (TC), and triglyceride (TG) frac-
tions were determined using a biochemical analyzer (Pentra
C200, Horiba, Tokyo, Japan). The same analyzer was used
to determine serum levels of glucose, urea, and fructosamine
(FRC) as well as the activity of aminotransferases: aspartate
(AST) and alanine (ALT). The rat serum level of adiponec-
tin was determined by enzyme immunoassay (Rat adiponec-
tin ELISA Kit, Cusabio Biotech Co., Ltd., Wuhan, Hubei,
China). Whereas, a validated rat insulin ELISA kit (Demed-
itec Diagnostics GmbH, Kiel, Germany) was used to deter-
mine the insulin concentration. The Thermo Scientific as-
says (Rockford, IL, USA) were used to determine the serum
concentrations of interleukin 6 (IL-6) and tumor necrosis



E. Zary-Sikorska et al.

427

factor-a (TNF-a). The formula: homeostatic model assess-
ment for insulin resistance (HOMA-IR) = [fasting glycemia
(mM) x fasting insulinemia (mU/L)/22.5] was used to cal-
culate the HOMA-IR index, while the following formulas:
Al = 1g(TG/HDL) and AIl = (TC-HDL)/HDL were used
to calculate the atherogenicity indexes of serum. Values for
TG, TC, and HDL were expressed as mM.

Small intestine and ceca evaluation

Selected intestinal segments (small intestine, cecum, co-
lon) were removed and weighed. The pH was immediately
measured in the ileal, cecal, and colonic digesta, using a mi-
croelectrode and a pH/ION meter (model 301; Hanna Instru-
ments, Vila do Conde, Portugal). The mucosa from the sec-
ond quarter of the small intestine was collected by scrapping
with glass slides onto an iced glass plate. The mucosa
samples were homogenized with four parts of a cold physi-
ological saline (v/w) and centrifuged for 10 min (10,000 g,
4°C). The obtained supernatant was stored at -40°C until
analysis. The procedure described by Jurgofiski et al. [2013]
was used to assay the activities of mucosal disaccharidases —
sucrase, maltase, and lactase, which were expressed as umol
of glucose liberated from the respective disaccharide per min
per g of protein. The Bradford method with bovine serum
albumin as the standard was used to determine the mucosal
protein content. In turn, contents of ammonia (microdiffu-
sion method in Conway’s dishes) and dry matter (at 105°C)
were determined in the fresh cecal digesta. Also, SCFAs
were measured using a gas chromatograph (Shimadzu GC-
2010, Kyoto, Japan) and a capillary column (SGE BP21,
30 mx0.53 mm; SGE Europe Ltd., Milton Keynes, UK) as
described earlier by Kosmala et al. [2015]. The concentra-
tions of cecal putrefactive SCFAs (PSCFAs) were calculated
as the sum of iso-valeric, iso-butyric, and valeric acids. All
SCFAs analyses were performed in duplicate. The mix of pure
acetic, propionic, butyric, iso-butyric, iso-valeric, and vale-
ric acids (individually obtained from Sigma, St. Louis, MO,
USA) was used to plot a standard curve and then to calcu-
late the contents of individual acids. To maintain the cali-
bration, there was an additional set of pure acids included
in each GC run of samples at five sample intervals. Cecal
fermentation processes were also analyzed based on the ac-
tivities of bacterial enzymes, like: o- and B-glucosidase,
a- and PB-galactosidase, and B-glucuronidase. According
to the method described earlier by Fotschki et al. [2016],
the activities of bacterial enzymes were measured by the rate
of release of p-nitrophenol (PNP) or o-nitrophenol (ONP)
from the respective nitrophenylglucosides. Intracellular
(IEA) and extracellular enzyme activity (EEA) was also cal-
culated. EEA was determined as the rate of enzyme release,
expressed as a percentage of total enzyme activity (TEA),
while TEA was calculated by comparing TEA with the ac-
tivities of bacterial enzymes secreted into the intestinal en-
vironment, and expressed as wmol product of PNP or ONP
formed per h per g of digesta. The model curves for PNP
and ONP (PNP or ONP standard solution in 100 mM phos-
phate buffer pH 7.0, 40 mg/L) were used to prepare calcu-
lation formulas and derive suitable equations. All analyses
were performed in duplicate.

Heart, kidney, and liver evaluation

Selected internal organs (heart, kidneys, liver) were
removed and weighed. After storage at -70°C, they were
determined for the content of thiobarbituric acid-reactive
substances (TBARS) according to the spectrophotometri-
cal procedure described by Botsoglou et al. [1994]. TBARS
contents were expressed in ug malondialdehyde per g of tis-
sue. Reduced glutathione (GSH) and oxidized glutathione
(GSSG) contents were determined in stored liver samples
using an enzymatic recycling method described by Rahman
et al. [2006]. Liver lipids were extracted with the method
of Folch er al. [1957]. After extraction, TC and TG contents
were determined enzymatically using commercial kits (Cho-
lesterol DST, Triglycerides DST, Alpha Diagnostics Ltd, Re-
inach, Switzerland). In accordance with the manufacturer’s
instructions, total RNA was extracted from liver samples
using the TRI Reagent (Sigma-Aldrich, St. Louis, MO,
USA). The quantity and quality of RNA were measured
spectrophotometrically using a NanoDrop1000 (Thermo
Fisher Scientific, Waltham, MA, USA) and agarose gel
electrophoresis, respectively. Total RNA (500 ng) was used
to synthesize cDNA using a High-Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor (Applied Biosys-
tem, Waltham, MA, USA). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was applied as a reference gene.
The levels of peroxisome proliferator-activated receptor a
(PPARa) and GAPDH mRNA expression were analyzed
using Single Tube TagManVR Gene Expression Assays
(Life Technologies, Carlsbad, CA, USA) and a 7900HT
Fast Real-Time PCR System. The amplification conditions
were as follows: initial denaturation for 10 min at 95°C;
40 cycles of 15 s at 95°C, and 1 min at 60°C. All samples
were analyzed in duplicate, and each run included a stan-
dard curve, which was based on portions of combined liver
RNA. The mRNA expression levels of PPARa were normal-
ized to GAPDH and multiplied by 10.

Quantification of ellagic acid and ET metabolites

An HPLC system (Knauer Smartline system with a pho-
todiode array detector) coupled with a Gemini C18 column
(110 A, 250x4.60 mm; 5 wm) was used to determine ellagic
acid concentration in the cecal digesta after their hydrolysis
with trifluoroacetic acid. Phase A was 0.05% (v/v) phosphoric
acid in water, phase B was 0.05% (v/v) phosphoric acid in 80%
(v/v) acetonitrile, the flow rate was 1.25 mL/min, the sample
volume was 20 uL, and the temperature was 35°C. The gradi-
ent was as follows: 0-10 min 10-25% B, 10-20 min 25-40% B,
20-25min 40-80% B, 25-30 min 80% B, 30-32 min 80-10% B,
and 32-40 min 10% B. Ellagic acid was used as a standard,
whereas the identification and quantification were performed
at 360 nm.

The concentrations of ET metabolites were determined
in the cecal digesta and urine. A frozen sample of the digesta
(0.5-1 g) was mixed with 2 mL of acetone, then sonicated for
10 min, and centrifuged for 5 min (10,000xg). The superna-
tant was collected into a test tube. The procedure was repeated
twice with 2 mL and 1 mL of 70% (v/v) acetone. The extract was
concentrated using a vacuum concentrator (ScanSpeed 40, La-
bogene, Allergd, Denmark). In the next step of the procedure,
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TABLE 2. Proximate chemical and polyphenol compositions of the straw-
berry fractions (g/100 g).

EP fraction' EPA fraction?

Dry matter 93.3 99.1
Ash 0.36 0.05
Lipids 0.0 0.0
Metabolized carbohydrates® 21.0 70.5
including SDF 0.0 0.0
Polyphenols (HPLC-DAD) 71.8 28.6
Ellagic acid 0.7 0.3
Ellagitannins 43.2 13.7
monomers 23.5 7.4
dimers 19.7 6.4
Proanthocyanidins 24.8 10.1
Flavonols 3.2 1.9
Anthocyanins 0.0 2.6

'Fraction with ellagitannins and proanthocyanidins. *Fraction with ellagi-
tannins, proanthocyanidins and anthocyanins. *Low-molecular carbohy-
drates and structural components of plant cell walls.

it was dissolved in methanol (1 mL). The HPLC system cou-
pled with a Gemini C18 column was used to determine con-
centrations of ET metabolites. The same separation condi-
tions were used as for ETs determination in dietary fractions.
ET metabolites were identified by comparing their UV spec-
tra with available literature data [Gonzales-Barrio ef al., 2011]
and additionally confirmed by the mass spectrometry (MS)
method described by Fotschkiet al. [2018]. Urolithin-A, isolated
from human urine in accordance with a semipreparative HPLC
procedure previously described by Fotschki ef al. [2016], was
used as a standard for the quantification of ET metabolites.

Statistical analysis

The statistical analysis was performed using STATISTI-
CA software, version 12.0 (StatSoft Corp., Krakow, Poland).
The distribution of the data for normality was checked prior
to further statistical analyses. A two-way analysis of vari-
ance (ANOVA) was used to determine the effect of the frac-
tion addition (F; none, EP or EPA fraction) and the diet type
(T; corn starch and fructose as the main dietary carbohy-
drate), and the interaction between these two factors (FxT).
The Duncan’s post hoc test, which purpose is to determine
differences among the respective treatment groups, was
used when an interaction was significant (p<0.05). The re-
sults were expressed as the means and pooled standard error
of the mean (SEM).

RESULTS AND DISCUSSION
The chemical composition of strawberry fractions (EP

and EPA), including the polyphenol composition, is present-
ed in . The main differences between the EP and EPA

strawberry fractions concern the qualitative and quantitative
composition of the polyphenols. The EP fraction contained
more polyphenols than the EPA fraction, 71.8 vs. 28.6 g/100 g,
respectively. On the other hand, the EPA fraction contained
additionally ACs, apart from ETs, PAs and flavan-3-ols, also
present in the EP fraction.

Feeding the rats for 4 weeks with high-fructose diets did
not affect feed intake and body weight gain ( ). Tappy
& Lé [2010] demonstrated a significant effect of a fructose
diet on the body weight of rodents over a long feeding period.
The lack of weight gain may also be due to the thermogenic
effect of fructose, previously noted in rodents [DeBosch et al.,
2013] and in human studies [Mizobe et al., 2006]. The two-
-way ANOVA showed that, irrespective of fraction addition,
the dietary fructose significantly increased small intestinal
mass with contents, ileal digesta pH value, and the mucosal
activity of maltase and lactase ( ). A significant frac-
tion x diet type interaction revealed that the highest activity
of sucrase in the jejunal mucosa followed the C, treatment
(p<0.05 vs. all remaining groups). Additionally, the lowest
sucrase activity was noted in the C,, EP, and EPA{ groups
(p<0.05 vs. all three fructose groups) ( ). Intestinal
glucose transporter 5 (GLUTY) is remarkably responsive to
its substrate fructose. Lower sucrase activity is associated
with a lower intestinal content of fructose, which is an acti-
vator of intestinal GLUTS. However, a high fructose intake
suppresses the activity of the GLUTS transporter in colono-
cytes” membrane in the small intestine. Unabsorbed fructose
is fermented by bacteria in the lower parts of the gastroin-
testinal tract, wherein the population of fructophilic bacteria
and masses of colonic tissue and digesta (bulk effect) increase
[Tappy & Lg, 2010]. Anthocyanins are implied to stimulate
the growth of Lactobacillus spp., Bifidobacterium spp., or
the butyrate-producing C. coccoides — Eubacterium rectale
[Hidalgo et al., 2012]. In the current study, strawberry frac-
tions alleviated adverse changes in the ceca induced by a high
fructose intake, including greater masses of the cecal digesta,
which are related to the more intense fermentation in the co-
lon. Moreover, the presence of anthocyanins in the EPA
fraction positively influenced the concentration of ammonia
in the cecal digesta of rats, regardless of diet type (p<0.05 vs.
C and EP; ). Increased ammonia utilization is a ben-
eficial change. An increase in ammonia levels is related to an
increased incidence of colonic viral infections. Likewise, this
bacterial protein degradation product can induce the growth
of cancer cells and damage the intestinal epithelium [Hambly
etal., 1997].

The two-way ANOVA analysis revealed that, regard-
less the fraction addition, the dietary application of 65%
fructose caused a significant reduction in the cecal extracel-
lular and total activities of bacterial o- and B-glucosidase,
a-and B-galactosidase in comparison to the rats fed diets based
on corn starch ( and ). Such a decrease was also
noted in the case of cecal intracellular activity of the afore-
mentioned bacterial enzymes, except a-glucosidase. Irre-
spective of diet type, the dietary addition of both fractions
significantly enhanced the activity of bacterial a-glucosidase
(extracellular and total), B-galactosidase (intracellular),
and B-glucosidase (extracellular, intracellular, total) when
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TABLE 3. Growth parameters and small intestinal indices of rats fed experimental diets’.

Start BW | Final BW | Gain | Intake Small intestine
()] (g (g (g Mass pH Su_crase ' M_altase ' Lgctase '
(g/100 g BW)! (umol/min/g protein) | (wmol/min/g protein) | (wmol/min/g protein)
Group (n=8)
s 176 343 168 644 1.95 727 6.58¢ 42.8 1.87
. 176 347 172 621 2.15 7.64 10.6 52.9 2.92
EP 176 336 160 640 1.86 7.15 6.86° 46.3 2.25
EP, 175 329 154 640 2.16 7.45 8.77° 51.9 2.63
EPA{ 176 343 167 655 2.01 7.18 6.58 46.3 2.38
EPA, 175 337 161 655 2.13 7.37 8.24° 48.6 2.90
SEM 1.354 2.300 1.995 8454 0.025 0.050 0.271 1.283 0.083
Fraction (F)
C (without) 176 345 170 633 2.05 7.45 8.60 47.8 239
EP 176 332 157 640 2.01 7.30 7.82 49.1 2.44
EPA 176 341 165 657 2.07 7.29 7.29 48.0 2.63
p value 0.998 0.069  0.058 0.526 0.537 0.297 0.045 0.910 0.341
Diet type (T)
Starch 176 341 165 648 1.94° 7.21° 6.73 45.5b 2.16°
FRU 175 338 162 639 215 7.49 9.21 5110 2.822
pvalue 0.851 0.429 0428  0.608 o 0.005 o 0.031 o
Interaction FxT
p value 0.989 0473 0411  0.851 0.231 0.626 0.012 0.371 0.120

*C,, control diet with corn starch; C, control diet with 65% fructose (FRU); EP, corn starch diet with the strawberry fraction with ellagitannins
and proanthocyanidins (EP); EP, fructose diet with the EP fraction; EPA, corn starch diet with the strawberry fraction with ellagitannins, proantho-
cyanidins and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.

*b¢ Mean values within a column with unlike superscript letters were shown to be significantly different (p<0.05); differences among the groups Cq,
C, EP, EP, EPA_, and EPA were indicated with superscripts only in the case of a statistically significant interaction FXT (p<0.05) and in that case
the differences for the main factors F and T are not shown. *»<0.001.

'Mass with contents; BW, body weight.

compared to the C treatment (»p<0.05) ( and ).
Additionally, the EP treatment was accompanied by the high-
est extracellular and total activity of p-galactosidase
(p<0.05vs. C and EPA). As indicated by a significant Fx T in-
teraction, the highest release rate of bacterial p-galactosidase
into the cecal environment was determined in the C_rats while
the lowest one in the EPA{ and EPA, groups (in both cases
p<0.05 vs. remaining treatments). The C, group had also
the highest value of p-glucosidase release rate (p<0.05 vs.
all other treatments except EP,; see: significant FxT interac-
tion). The FXT interaction revealed the highest extracellular
as well as total activity of bacterial B-glucuronidase in the C,
as well as C, and EP, groups, respectively (p<0.05 vs. all
remaining groups; ). The lowest B-glucuronidase
activity (extracellular and total) was noted in the cecum
of EPA, rats (p<0.05 vs. all other groups). The intracellular
B-glucuronidase activity was the highest in EP_ rats com-
pared to all other groups (see: significant FXT interaction).
When comparing the three starch-fructose counterparts, only

C, group excelled the Cgone when the calculated release rate
of bacterial B-glucuronidase is considered (see FXT interac-
tion). Excessive fructose consumption contributes to dysbio-
sis and adverse changes in the quantitative and qualitative
composition of the intestinal microflora. There is mainly an
increase in the number of Bacteroides and an increase of Fir-
micutes. These unfavorable changes in the Firmicute/Bacte-
roidetes ratio, a measure commonly associated with metabolic
dysfunction and changes in enzymatic activity of microflora,
occur with a high fructose diet [Horne et al., 2020]. A decrease
in the enzymatic activities of intestinal bacteria results from
this antibacterial effect of high-fructose diets on large intes-
tine microflora. The decrease of the activity of galactosidases
may intensify fermentation processes in the colon and un-
derlay increased gas production and increased dyspeptic ail-
ments in patients with irritable bowel syndrome [Hillila et al.,
2016]. Simultaneously, the high energy load of undigested
fructose increases the extracellular activity of cecal bacterial
enzymes, which, when released directly into the environment
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TABLE 4. Large intestine indices of rats fed experimental diets".

Caecum Colon
Tissue Digesta DM NH, Tissue Digesta
(/100 g BW)! | (/100 g BW)! (%) (mg/g) pH (/100 g BW)' | (/100 g BW)! pH
Group (n=8)
s 0.163 0.518 24.5 0.239 7.39 0.293 0.324 7.65
. 0.171 0.654 25.4 0.255 7.46 0.340 0.518 7.66
EP 0.169 0.547 25.7 0.265 7.54 0.284 0.343 7.60
EP, 0.173 0.551 257 0.253 7.63 0.283 0.383 7.70
EPA 0.177 0.546 26.3 0.218 731 0.271 0.360 7.69
EPA, 0.174 0.578 26.9 0.209 7.48 0.300 0.381 7.72
SEM 0.003 0.015 0.313 0.006 0.037 0.006 0.022 0.032
Fraction (F)
C (without) 0.167 0.586 24.9 0.247 7.42 0316 0.421 7.65
EP 0.171 0.549 25.7 0.259: 7.58 0.284° 0.363 7.65
EPA 0.176 0.564 26.4 0.215° 7.41 0.287° 0.372 7.70
p value 0.431 0.605 0.152 0.014 0.097 0.035 0.486 0.765
Diet type (T)
Starch 0.170 0.538 254 0.241 7.42 0.284° 0.3430 7.64
FRU 0.173 0.593 26.0 0.239 7.52 0.308* 0.427¢ 7.69
p value 0.557 0.073 0.310 0.789 0.170 0.034 0.048 0.499
Interaction FxT
p value 0.695 0.171 0.802 0.549 0.905 0.210 0.197 0.846

*C,, control diet with corn starch; C, control diet with 65% fructose (FRU); EP, corn starch diet with the strawberry fraction with ellagitannins
and proanthocyanidins (EP); EP, fructose diet with the EP fraction; EPA, corn starch diet with the strawberry fraction with ellagitannins, proantho-
cyanidins and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.

*0¢ Mean values within a column with unlike superscript letters were shown to be significantly different (p<0.05); differences among the groups Cq,
C. EP, EP, EPA_, and EPA were indicated with superscripts only in the case of a statistically significant interaction FXT (p<0.05) and in that case

the differences for the main factors F and T are not shown.
'mass with contents; BW, body weight.

of the large intestine, affect the rate of bacterial digestion
of nutrients in lower parts of the digestive tract [Horne et al.,
2020]. In both human [Bialonska et al., 2010] and animal
studies [Molan et al., 2010], extracts of anthocyanins of vari-
ous plant origins, have been found to increase the probiotic
microflora and regulate the abundance of intestinal microflo-
ra, which corresponds to the research hypothesis that the ad-
dition of an anthocyanin-containing fraction (EPA) to a high-
fructose diet reduced the adverse changes in the enzymatic
activity of the intestinal microflora, especially with regard
to the potentially harmful B-glucuronidase. Furthermore,
flavonoids favorably modified the activity of glucosidases
and galactosidases in the cecal digesta of rats in other stud-
ies [Fotschki ef al., 2016; Zduhczyk et al., 2006]. In the case
of the EP fraction containing mainly ellagitannins, which are
ascribed both antibacterial and growth-promoting properties
of beneficial microflora, the decrease in the bacterial enzy-
matic activity was limited in the group fed the high-fructose
diet, although the highest p-glucuronidase activity was noted

in that group compared to all others groups ( ). En-
hanced B-glucuronidase activity is claimed to be an initiator
of colorectal cancer and a useful biomarker in disease diagno-
sis [Awolade er al., 2020].

The two-way ANOVA showed that, regardless of fraction
addition, the fructose treatment lowered the cecal concen-
tration of total SCFAs, including acetic acid concentration,
in comparison to the starch dietary treatment ( ). Our
study results indicate that fructose consumption influences
the gut microflora and thus SCFA production through micro-
bial fermentation. Irrespective of diet type, the EPA treatment
caused a significant increase in the cecal concentration of iso-
butyric acid, valeric acid, total PSCFAs, and total SCFAs as
well as in the cecal SCFA pool in comparison to the C and EP
treatments (p<0.05). The FxT interaction showed the low-
est cecal propionic and butyric acid concentrations in the
C,. group (p<0.05 vs. all other groups). In the case of butyric
acid, its highest cecal concentration followed the ingestion
of EPA diet (p<0.05 vs. all other groups). The calculated
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TABLE 5. Activities of bacterial enzymes (a-glucosidase, a- and p-galactosidase) and their release rate into the cecal environment in rats’.

a-Glucosidase a-Galactosidase B-Galactosidase
C;E 20 c:s 20 20 g 20 is 20 20 :;E 20 % 20 20
M35 | E35|L35| £F |35 |E35|835| 28 |35 | E35|L35| £F
Group (n=8)
s 10.3 2.45% 12.8 81.0 9.79 2.68 12.5 78.6 28.5 9.08 37.6 76.4°
. 6.63 0.83¢ 7.46 88.8 6.18 1.03 721 85.4 16.7 1.69 18.4 91.0°
EP 12.2 2,742 15.0 82.0 8.35 3.56 1.9 70.5 30.9 12.3 43.1 72.2°
EP, 7.82 1.31% 9.13 85.6 7.28 2.07 9.34 79.1 26.1 7.72 339 78.0°
EPA 12.6 1.96%¢ 14.6 86.8 8.40 2.61 11.0 76.3 18.7 10.5 29.2 64.2¢
EPA, 8.75 1.94¢b¢ 10.7 83.7 6.47 2.33 8.80 73.9 14.8 7.93 22.7 65.2¢
SEM 0.424 0.183 0.527 1.222 0.302 0.190 0.396 1.439 1.173 0.682 1.663 1.594
Fraction (F)
C (without) 8.47° 1.64 10.1° 84.9 7.98 1.86 9.84 82.0 22.6° 5.390 28.0° 83.7
EP 10.0° 2.02 12.00 83.8 7.82 2.81 10.6 74.8 28.5¢ 9.992 38.52 75.1
EPA 10.7 1.80 12.5 85.3 7.68 2.39 10.1 76.4 17.3¢ 9.372 26.6° 65.2
p value 0.012 0.624 0.025 0.753 0.885 0.067 0.560 0.067 o 0.001 . o
Diet type (T)
Starch 1.7 2.29 14.0* 83.8 9.01* 2.90¢ 1.9 76.0 26.4° 10.78 37.1¢ 71.3
FRU 7.730 1.36 9.09® 86.0 6.64° 1.81° 8.45° 79.4 19.2° 5.78° 25.0° 78.1
p value o 0.007 o 0.370 o 0.002 o 0.190 o o o o
Interaction FxT
p value 0.876 0.044 0.449 0.123 0.122 0.138 0.132 0.080 0.132 0.216 0.113 0.012

*C,, control diet with corn starch; C, control diet with 65% fructose (FRU); EP, corn starch diet with the strawberry fraction with ellagitannins
and proanthocyanidins (EP); EP, fructose diet with the EP fraction; EPA, corn starch diet with the strawberry fraction with ellagitannins, proantho-
cyanidins and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.

*0¢ Mean values within a column with unlike superscript letters were shown to be significantly different (p<0.05); differences among the groups Cq,
C. EP, EP, EPA_, and EPA were indicated with superscripts only in the case of a statistically significant interaction FXT (p<0.05) and in that case

the differences for the main factors F and T are not shown. *»<0.001.
Release rate, extracellular as % of total activity.

SCFA profile values for acetic, propionic, and butyric acids
were attributed to a significant FXT interaction. The high-
est percentage share of acetic acid vs. total SCFAs was in the
C,.group (p<0.05vs. Cg, EP, EPA,), and that of propionic acid
in the EP_ group (p<0.05vs. other groups), and that of butyric
acid in the Cgand EPA groups (p<0.05 vs. remaining groups).
Adverse changes in the production of three key SCFAs, namely
butyric, acetic, and propionic acids, are considered risk factors
of the development of such diseases as type 2 diabetes or non-
-alcoholic fatty liver disease (NAFLD) [Markowiak-Kopec
& Slizewska, 2020]. When using a high-fructose diet, a nega-
tive decrease in the cecal concentration of SCFAs as well as
propionic and butyric acids was noted ( ). Butyric acid
is the main source of energy for colonocytes, which influ-
ences the correctness of their division, as well as the overall
health of the intestines, being a factor that protects against
the development of inflammation and cancer of the colon wall

[Loke et al., 2020]. When supplementing diet with a fraction
containing ETs and ACs, favorable modifications of SCFAs
were concluded, regardless of whether the diet was based on
fructose or starch ( ). Moreover, the highest concentra-
tion of butyric acid in relation to all groups was also deter-
mined in the EPAs group. Our previous studies have shown
similar effects in experiments with Wistar rats using ET-rich
extracts [Fotschki ef al., 2014] and extracts of ETs and ACs
from strawberries [Fotschki ef al., 2016].

In the present study, an excess of fructose in the diet
of experimental rats caused negative changes in the blood
parameters of the antioxidant and proinflammatory status.
Chronic excess of fructose in the diet promotes the multipli-
cation of pro-inflammatory intestinal microflora that pro-
duces endotoxins and reduces the tightness of the intestinal
barrier [Lu et al., 2020]. The C_group had the highest blood
serum TNFa and IL-6 concentrations ( ). Regardless
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TABLE 6. Activities of bacterial enzymes (B-glucosidase B-glucuronidase) and the rate of their release into the cecal environment in rats”.

B-Glucosidase

B-Glucuronidase

Extracellular | Intracellular Total Release Extracellular | Intracellular Total Release
(mol/vg | (umolfblg | - (umollbe | e g | Gumolblg | (umolibg | Gumollg |y g
digesta) digesta) digesta) digesta) digesta) digesta)
Group (n=8)
s 1.93 0.87 2.80 70.4° 2.2 5.600 17.8° 69.40¢
. 0.73 0.15 0.88 83.2¢ 18.0¢ 4.07 22.00 82.1¢
EP 2.39 0.77 3.15 74.3° 12.8° 4.64° 17.4° 72.6%¢
EP, 1.82 0.57 2.39 77.2: 14.0° 8.39¢ 224 63.1°
EPA{ 2.86 1.12 3.97 73.7° 12.7° 4.39° 17.1° 74.0:
EPA, 2.14 0.85 2.99 72.1° 8.77¢ 3.900 12.7¢ 68.9%
SEM 0.131 0.078 0.187 1.555 0.560 0.370 0.721 1.492
Fraction (F)
C (without) 1.33° 0.508¢ 1.84° 76.8 15.1 4.83 19.9 75.8
EP 2.100 0.669° 2778 75.8 13.4 6.51 19.9 67.8
EPA 2470 0.933¢ 3.40¢ 73.6 10.7 3.93 14.7 72.2
p value o 0.045 o 0.697 o 0.006 o 0.053
Diet type (T)
Starch 2370 0.884¢ 3.260 73.3 12.6 4.74 17.3 72.5
FRU 1.56° 0.523° 2.08° 71.5 13.6 5.45 19.0 71.4
p value o 0.010 o 0.180 0.245 0.255 0.144 0.663
Interaction FxT
p value 0.364 0.173 0.150 0.048 o 0.003 0.005 0.002

*C,, control diet with corn starch; C, control diet with 65% fructose (FRU); EP, corn starch diet with the strawberry fraction with ellagitannins
and proanthocyanidins (EP); EP, fructose diet with the EP fraction; EPA, corn starch diet with the strawberry fraction with ellagitannins, proantho-
cyanidins and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.

*b¢ Mean values within a column with unlike superscript letters were shown to be significantly different (p<0.05); differences among the groups Cq,
C. EP, EP, EPA_, and EPA were indicated with superscripts only in the case of a statistically significant interaction FXT (p<0.05) and in that case

the differences for the main factors F and T are not shown. *»<0.001.
Release rate, extracellular as % of total activity.

of fraction addition, the dietary fructose treatment was as-
sociated with increased blood serum glucose, FRC, insulin,
and calculated HOMA-IR value in comparison to the starch
treatment ( ). Irrespective of diet type, the dietary
addition of the EPA fraction caused a significant decrease
in the blood serum IL-6 concentration (p<0.05 vs. C).
In studies with strawberry preparations, their anti-inflam-
matory effect was proven by the enhancement of IL-10 (an
anti-inflammatory cytokine) and the attenuation of IL-1p,
IL-6, and TNF-a (pro-inflammatory cytokines) [Liu &
Lin, 2013]. Strawberries are a source of anti-inflammatory
ingredients, such as vitamin C, anthocyanins, ellagitan-
nins, and ellagic acid [Sirijan et al., 2020]. Nowicka et al.
[2019] have demonstrated that the anti-inflammatory ef-
fect of strawberries is chiefly due to the presence of large
amounts of pelargonidin 3-O-glucoside (P3G). The anti-
inflammatory effects of P3G involve the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB)

and mitogen-activated protein kinase (MAPK) pathways.
Hassimotto e al. [2013] pointed that the anthocyanin ex-
tract obtained from wild mulberry elicited anti-inflammatory
effects by reducing the activity of myeloperoxidase (MPO),
an enzyme that plays a key role in the pro-inflammatory pro-
cess. In turn, Xu er al. [2018] observed a strong anti-inflam-
matory effect of urolithins A and B consisting in the inhibi-
tion of the activation of the NF-xB, MAPK (p38 and Erk1/2),
and Akt signaling pathways mediated by urolithin. In our
previous study with strawberry extracts rich in ETs [Zary-
-Sikorskaet al., 2020], we observed a decrease in TNF-a, IL-1,
and IL-6 rat blood levels.

The fructose dietary treatment significantly enhanced
the blood serum concentration of TC, LDL, TG, and calcu-
lated values of the HDL profile, atherogenicity indexes 1g(TG/
HDL) and (TC-HDL)/HDL, regardless of fraction addition
( ). The two-way ANOVA showed that both fractions
added to a diet, irrespective of its type, caused a significant
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TABLE 7. Short chain fatty acid (SCFA) concentration (umol/g digesta), total pool (umol/100 g body weight) and profile (% of total) in the cecal

digesta.
SCFA concentration SCFA SCFA profile
C2 | c3 | C4i | C4 | Csi | cs | PSCFA | SCFA | pool C2 | c3 | C4
Group (n=8)
s 92.9 22.00 2.17 15.8° 235 2.16 6.68 137 70.2 67.5¢ 16.1° 1.5
. 73.7 14.1° 1.86 7.10¢ 2.53 2.29 6.68 102 66.7 72.4 14.0 7.00¢
EP 98.1 21.32 2.07 12,70 1.34 2.15 5.56 138 75.2 71.0 15.7° 9.16°
EP, 82.0 22.4 245 10.6¢ 1.55 2.19 6.20 121 66.6 67.6¢ 18.6° 8.58b
EPA 109 22.5 2.54 19.9¢ 2.06 2.67 727 158 86.1 68.60 14.2° 12.5¢
EPA, 99.9 21.6° 297 13.0% 2.05 2.58 7.60 142 83.8 70.2w 15.40 9.08°
SEM 2.667 0.575 0.102 0.742 0.094 0.066 0.180 3.637 2.603 0.495 0.362 0.374
Fraction (F)
C (without) 83.3° 18.0 2,010 11.4 2442 2.23v 6.68° 119° 68.4° 69.9 15.0 9.27
EP 90.0° 21.8 2.26° 11.6 1.45¢ 2,17 5.88¢ 127° 70.9° 69.3 17.2 8.87
EPA 1042 22.0 2.75 16.6 2.05 2.65 745 1500 85.1¢ 69.3 14.8 10.9
p value 0.002 . 0.010 o o 0.007 0.002 o 0.023 0.809 0.005 0.012
Diet type (T)
Starch 99.7 21.9 226 16.2 1.92 2.34 6.52 144 71.3 69.0 15.3 11.1
FRU 85.2% 19.3 243 10.2 2.04 2.36 6.82 122° 72.4 70.1 16.0 8.22
p value 0.002 0.004 0.375 o 0.430 0.902 0.354 o 0.337 0.232 0.295 o
Interaction FxT
p value 0.593 o 0.214 0.025 0.834 0.710 0.728 0.260 0.875 0.001 0.006 0.014

*C,, control diet with corn starch; C,, control diet with 65% fructose (FRU); EPy, corn starch diet with the strawberry fraction with ellagitannins
and proanthocyanidins (EP); EP, fructose diet with the EP fraction; EPA, corn starch diet with the strawberry fraction with ellagitannins, proantho-
cyanidins and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.

*b¢ Mean values within a column with unlike superscript letters were shown to be significantly different (p<0.05); differences among the groups Cq,
C, EP, EP, EPA_, and EPA were indicated with superscripts only in the case of a statistically significant interaction FXT (p<0.05) and in that case

the differences for the main factors F and T are not shown. **»<0.001.

PSCFA, putrefactive SCFA (the sum of iso-butyric, iso-valeric and valeric acids).

increase in the blood serum ACL ( ), and a signifi-
cant decrease in the blood serum TC and TG concentrations,
and the (TC-HDL)/HDL index value (p<0.05 vs. C). Addi-
tionally, regardless of diet type, the dietary EPA fraction signif-
icantly increased blood serum ACW and decreased the value
of atherogenicity index Ig(TG/HDL), in comparison to the C
treatment. According to the adopted hypothesis, the dietary
application of EPA noticeably reduced unwanted changes
in antioxidant parameters and blood lipid profile. In the study
by Forbes-Hernandez ef al. [2017], the anthocyanin-enriched
fraction from strawberries modified the parameters of anti-
oxidant and lipid status in human hepatocellular carcinoma
(HepG2) cells more favorably than the whole methanolic
strawberry extract. The mechanism of the regulatory effect
of polyphenols from berries on lipid metabolism was exten-
sively investigated in the in vitro and in vivo studies. Prior ef
al [2009] indicated the anthocyanin extract of strawberries
to be a viable preparation in preventing the development

of dyslipidemia and obesity in mice. Moreover, in stud-
ies with obese mice, they demonstrated no anti-obesity ef-
fect or even increased obesity when whole strawberries were
used in feeding. Aboonabi & Aboonabi [2020] showed that
the hypolipidemic effect of anthocyanins mighty be associ-
ated with upregulating mRNA expression of peroxisome pro-
liferator-activated receptor-y (PPAR-y). In turn, Jarostawska
et al. [2011] demonstrated the inhibition of pancreatic lipase
activity by berry polyphenols, which significantly reduced
the absorption of fat from the intestinal lumen. In our previ-
ous studies addressing the preparations of black carrots rich
in anthocyanins [Zary-Sikorska et al., 2019] and preparations
of strawberries containing ETs with various degrees of po-
lymerization [Zary-Sikorska et al., 2020], a favorable modu-
lation of the blood lipid profile of experimental rats was also
noted. The metabolites of phenolic compounds that circulate
in the blood and reach various target tissues are responsible
for the hypolipidemic effects of phenolic compounds from
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TABLE 8. Biochemical indicators of the blood serum of rats fed experimental diets".

GL FRC | Insulin | qove o TC HDL | LDL p}rlc?ﬁ%e TG Atherogenicity i_“dex
(mmol/L) | (wmol/L) | (pmol/L) (mmol/L) | (mmol/L) | (mmol/L) % of TO) (mmol/L) lg (TC-HDL)/
(TG/HDL) HDL
Group (n=8)
s 9.70 160 28.9 1.78 2.28 0.631 0.449 279 2.16 2.62 0.521
B 14.0 173 38.7 3.48 3.41 0.675 0.651 19.9 3.41 4.06 0.694

EP 10.5 157 28.1 1.86 2.09 0.594 0.409 28.6 1.64 2.55 0.437

EP, 13.0 168 39.4 3.27 3.09 0.641 0.605 21.8 2.88 4.07 0.655

EPA 10.3 159 28.8 1.89 2.18 0.640 0.469 29.5 1.94 2.48 0.486

EPA, 13.3 163 34.8 2.98 2.99 0.705 0.591 24.1 2.95 3.37 0.621

SEM 0.304 1.763 1.164 0.136 0.092 0.014 0.021 0.824 0.114 0.158 0.018
Fraction (F)

C (without) 11.8 166 33.8 2.63 2.84° 0.653 0.550 239 2.78 334 0.608°

EP 11.8 162 33.7 2.57 2.58° 0.618 0.507 25.2 2.26° 3.31® 0.546°

EPA 11.9 161 31.2 2.42 2.61° 0.671 0.531 26.4 2.46° 2.97° 0.557°

p value 0.971 0.437 0.491 0.666 0.048 0.328 0.602 0.344 0.009 0.045 0.031
Diet type (T)

Starch 10.2° 158° 28.2° 1.84° 2.200 0.621 0.443° 28.4¢ 1.920 2.58° 0.484°

FRU 13.4¢ 1682 37.6° 3.24¢ 3.16° 0.674 0.616 21.9° 3.08° 3.83¢ 0.657*

D value - 0.008 - - . 0.078 ok o ok - -

Interaction FxT
p value 0.155 0.553 0.696 0.486 0.448 0.939 0.577 0.576 0.705 0.173 0.378

*CS, control diet with corn starch; CP control diet with 65% fructose (FRU); EP, corn starch diet with the strawberry fraction with ellagitannins
and proanthocyanidins (EP); EP, fructose diet with the EP fraction; EPA, corn starch diet with the strawberry fraction with ellagitannins, proantho-
cyanidins and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.

*b¢ Mean values within a column with unlike superscript letters were shown to be significantly different (p<0.05); differences among the groups Cq,
C. EP, EP, EPA_, and EPA_ were indicated with superscripts only in the case of a statistically significant interaction FXT (p<0.05) and in that case
the differences for the main factors F and T are not shown. *»<0.001. GL, glucose; FCR, fructosamine; HOMA-IR, homeostatic model assessment
for insulin resistance [fasting glycemia (mmol/L) x fasting insulinemia (mU/L)/22.5]; TC, total cholesterol; HDL, high-density lipoprotein; LDL,

low-density lipoprotein; TG, triglycerides.
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FIGURE 1. Blood serum tumor necrosis factor-a (TNF-a) and interleu-
kin-6 (IL-6) concentrations of rats fed experimental diets: Cg, control diet
with corn starch; C, control diet with 65% fructose; EP, corn starch diet
with the strawberry fraction with ellagitannins and proanthocyanidins
(EP); EP,, fructose diet with the EP fraction; EPA, corn starch diet with
the strawberry fraction with ellagitannins, proanthocyanidins and antho-

cyanins (EPA); EPA,, fructose diet with the EPA fraction. Bars with unlike
letters show significantly different values (p<0.05).
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FIGURE 2. Blood serum antioxidant capacity of water-soluble (ACW),
and lipid-soluble (ACL) substances, and adiponectin concentration
of rats fed experimental diets: Cg, control diet with corn starch; C,, con-
trol diet with 65% fructose; EPg, corn starch diet with the strawberry frac-
tion with ellagitannins and proanthocyanidins (EP); EP, fructose diet
with the EP fraction; EPA, corn starch diet with the strawberry fraction
with ellagitannins, proanthocyanidins and anthocyanins (EPA); EPA,
fructose diet with the EPA extract. Bars with unlike letters show signifi-
cantly different values (p<0.05).
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TABLE 9. Blood serum AST and ALT activity as well as hepatic, heart, and kidneys metabolic indices of rats fed experimental diets’.

Serum Liver Heart Kidneys
AST | ALT Mass TBARS | GSH+GSSG| GSH | GSSG | GSH/ Mass TBARS Mass TBARS
(U/L) | (U/L) |(g/100g BW)| (ug/g) (umol/g) | (umol/g) | (umol/g)| GSSG |(g/100g BW)| (ug/g) [(g/100g BW)| (ug/g)
Group n=8
s 61.9° 23.7° 3.99¢ 3.65 38.7 26.5 12.2¢ 2,19 0.241 5.67 0.539¢ 6.69
. 83.4¢  45.00 4972 4.55 54.0 29.5 24.5¢ 1.21¢ 0.251 6.62 0.700° 8.34
EP 63.4>  27.2° 4.02¢ 3.32 423 27.8 14.5¢ 2,012 0.241 5.83 0.569¢ 6.44
EP, 67.1°  29.8° 4.89 4.00 48.1 272 20.9%®  1.39 0.261 6.39 0.699 8.05
EPA{ 67.9°  24.6° 4.12¢ 3.20 46.3 30.4 15.8« 1.97¢ 0.250 5.82 0.564¢ 6.58
EPA, 64.7°  33.5° 4.56° 3.73 50.0 31.3 18.7%  1.79® 0.252 6.04 0.633° 7.50
SEM 1.828 1.595 0.069 0.097 1.311 0.799 0833  0.082 0.003 0.099 0.011 0.169
Fraction (F)
C (without)  72.6 343 4.48 4.100 46.4 28.0 18.4 1.70 0.246 6.14 0.619 7.51
EP 65.3 65.3 4.45 3.66° 45.2 27.5 17.7 1.70 0.251 6.11 0.619 7.25
EPA 672 672 4.29 3.48° 479 30.6 17.3 1.85 0.253 5.97 0.600 7.04
p value 0.155 0.139 0.056 0.007 0.641 0.268  0.803  0.585 0.415 0.732 0.429 0.407
Diet type (T)
Starch 65.0 252 4.01 3.400 42.3 28.0 14.2 2.04 0.245 5.80° 0.559 6.57°
FRU 717 36.1 4.81 4.100 50.7¢ 29.3 21.4 1.46 0.255 6.35¢ 0.667 7.96
p value 0.041 o o o 0.001 0.425 o o 0.054 0.005 o o
Interaction FxT
p value 0.006 0.017 0.032 0.593 0.121 0.647 0.012 0.048 0.174 0.205 0.020 0.501

*C,, control diet with corn starch; C, control diet with 65% fructose (FRU); EP, corn starch diet with the strawberry fraction with ellagitannins
and proanthocyanidins (EP); EP, fructose diet with the EP fraction; EPA, corn starch diet with the strawberry fraction with ellagitannins, proantho-
cyanidins and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.

*b¢ Mean values within a column with unlike superscript letters were shown to be significantly different (p<0.05); differences among the groups Cq,
C. EP, EP, EPA_, and EPA were indicated with superscripts only in the case of a statistically significant interaction FXT (p<0.05) and in that case
the differences for the main factors F and T are not shown. *»<0.001. ALT, alanine transaminase; AST, aspartate transaminase; TBARS, thiobarbituric
acid reactive substances; GSH, reduced glutathione; GSSG, oxidized glutathione; BW, body weight.

berries. Urolithins (A, C, D), which are metabolites of ETs,
favorably change the concentration of triglycerides and fatty
acid oxidation in adipocytes and liver cells, as demonstrated
by Kang et al. [2016].

Unfavorable changes in liver, kidney, and heart param-
eters were noted in our study with the high-fructose diet.
A significant FXT interaction showed that, among all ex-
perimental groups, the highest hepatic TC and TG concen-
trations as well as blood serum AST and ALT activities were
found in the C, group (p<0.05 vs. all other groups;
and ). The highest concentration of hepatic GSSG
was noted in the C, group (p<0.05 vs. remaining groups ex-
cept EP,; see: interaction FXT). As a result, the lowest value
of GSH/GSSG ratio followed the consumption of the C, diet
(p<0.05 vs. remaining groups except EP_; interaction FXT).
The two-way ANOVA showed that, irrespective of frac-
tion addition, the fructose treatment significantly decreased
the hepatic expression of PPARa ( ), increased he-
patic TBARS and total glutathione concentrations as well as

increased TBARS concentrations in heart and kidney tissues
in comparison to the starch treatment. When the fraction ad-
dition is considered regardless of diet type, both EP and EPA
dietary fractions significantly increased the expression
of PPARa and decreased TBARS concentration in the liver tis-
sue (p<0.05 vs. C). The addition of EPA to the high-fructose
diet more favorably reduced the increase in liver and kidney
mass, as well as GSH/GSSG ratio in the liver than the frac-
tion without anthocyanins, which corresponds to the research
hypothesis. Regardless ACs presence in the preparation, both
strawberry fractions reduced lipid peroxidation and pro-in-
flammatory processes in the liver. Long-term and high-fructose
diet consumption results in non-normative lipid accumulation
in the liver and liver weight gain. Moreover, excessive fructose
intake promotes glucose metabolism disorders and oxida-
tive stress, which correlate with the possibility of liver dam-
age [Lu er al., 2020]. The metabolites of strawberry polyphe-
nols, formed as a result of microbiological biotransformation
in the intestine, are largely metabolized in the liver, and liver
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FIGURE 3. Liver triglyceride and total cholesterol concentrations of rats
fed experimental diets: Cg, control diet with corn starch; C, control diet
with 65% fructose; EPg, corn starch diet with the strawberry fraction with
ellagitannins and proanthocyanidins (EP); EP,, fructose diet with the EP
fraction; EPA, corn starch diet with the strawberry fraction with ellagi-
tannins, proanthocyanidins and anthocyanins (EPA); EPA,, fructose diet
with the EPA fraction. Bars with unlike letters show significantly different
values (p<0.05).

functions could be modified under the influence of polyphe-
nol metabolic derivatives. In the Elkhadragy & Abdel Moneim
[2017] study, the strawberry ethanolic extract significantly
alleviated adverse changes in liver function in rats adminis-
tered hepatotoxic cadmium chloride. Anthocyanin-rich extract
from F ananassa effectively lowered cadmium accumulation
in the liver, increased the activity of antioxidant enzymes, in-
cluding superoxide dismutase (SOD), catalase (CAT), GSH
peroxidase and GSH reductase, inhibited lipid peroxidation
processes, lowered the content of nitric oxide (NO) in the liver,
and reduced the apoptosis of hepatocytes. In the acrylamide-
treated mice, adverse changes in the activity of antioxidant
enzymes in the liver and destruction of hepatocyte DNA were
mitigated by a diet supplemented with freeze-dried strawber-
ries [Zhao et al., 2015]. Strawberry preparations rich in ETs
investigated in the experiment of Fotschki er al. [2018] with
rats fed a fructose-rich diet also caused beneficial changes
in the liver GSSG concentration and the desired increase
in the GSH/ GSSG ratio.

The application of fructose and strawberry fractions
in the experimental diets did not significantly affect the hema-
tological parameters of rats’ blood, except for the erythrocyte
volumetric variability index (RDWc), whose value increased
significantly when the diet was loaded with fructose (data not
shown). RDW corresponds to anisocytosis, a factor that indi-
cates the variability of the red blood cell volume distribution.
Recent studies have indicated that the RDW can be used as
a laboratory parameter in such diseases as prostate cancer,
inflammatory bowel diseases, and cardiovascular diseases
[Cheng et al., 2017]. The RDW is now a commonly used
laboratory marker of an inflammatory condition in the body.
An elevated anisocytosis may indicate anemia caused by iron
deficiency. According to the latest research with rats [Wang
et al., 20211, a high-fructose diet causes systemic iron defi-
ciency and hepatic iron overload possibly as a result of acti-
vation of a pro-inflammatory state, which may explain the in-
crease in RDW in the fructose groups in our study.

Irrespective of fraction addition, the fructose treat-
ment significantly reduced the cecal concentration of na-
sutin A and urinal concentration of nasutin A glucuronide,
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FIGURE 4. Hepatic peroxisome proliferator-activated receptor a (PPARa)
expression of rats fed experimental diets: Cg, control diet with corn starch;
C,, control diet with 65% fructose; EP, corn starch diet with the strawberry
fraction with ellagitannins and proanthocyanidins (EP); EP,, fructose diet
with the EP extract; EPA, corn starch diet with the strawberry fraction with
ellagitannins, proanthocyanidins and anthocyanins (EPA); EPA,, fructose
diet with the EPA extract. Bars with unlike superscript letters show signifi-
cantly different values (p<0.05).

in comparison to the starch treatment ( ). Considering
dietary fraction addition, the EPA treatment excelled the EP
one in cecal nasutin A and urinal nasutin A glucuronide con-
centrations (p<0.05). A high-fructose diet leads to changes
in the intestinal microflora, which to a large extent determines
the qualitative and quantitative composition of polyphenol
metabolites in intestinal digesta and body fluids. Milala ez al.
[2017] have indicated NS to be the main metabolite in the di-
gestive tract and in the faces, blood serum, and urine of rats
fed a diet with ET-rich strawberry extracts. NSs, as well as
other metabolites of ETs, such as UTs, are believed to elicit
anti-inflammatory, antioxidant, chemopreventive, and anti-
-carcinogenic effects [Stanistawska et al., 2016]. Mazzone
et al. [2013] have demonstrated a strong antioxidant effect
of nasutin A in a study using density functional theories
across three different response mechanisms: hydrogen atom
transfer (HAT), electron transfer followed by proton trans-
fer (SET-PT), and sequential proton loss electron transfer
(SPLET). In the study by Stanistawska ef al. [2016], na-
sutin A inhibited the proliferation of prostate cancer cells
in vitro. In the discussed studies, the fructose diet adversely

om EPAs
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im EPg

Masutin A (Urine) = EP,
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FIGURE 5. Ellagitannins’ metabolite concentrations in the caecal di-
gesta and in the urine of rats fed experimental diets: EP, corn starch
diet with the strawberry fraction with ellagitannins and proanthocyani-
dins (EP); EP,, fructose diet with the EP fraction; EPA, corn starch
diet with the strawberry fraction with ellagitannins, proanthocyanidins
and anthocyanins (EPA); EPA,, fructose diet with the EPA fraction.
Bars with unlike superscript letters were show significantly different
values (p<0.05).
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affected the cecal concentration of nasutin A and urinal con-
centration of nasutin A glucuronide. According to the re-
search hypothesis, the presence of ACs in the EPA fraction
probably limited the adverse impact of the high-fructose
diet on the intestinal microflora, and thus on the processes
of polyphenol transformation by the beneficial intestinal mi-
crobiome, which resulted in higher concentrations of nasu-
tin A and nasutin A glucuronide in rats’ cecum and urine
in the EPA groups.

CONCLUSIONS

To sum up, the high-fructose diet administered to rats
in this study led to disorders in their gastrointestinal tract
and adverse changes in the antioxidant and pro-inflammatory
status of their bodies, as well as in their liver and lipid metab-
olism. Nevertheless, the addition of strawberry EP fraction,
containing mostly ellagitannins and proanthocyanidins, miti-
gated the negative effects of consuming the high-fructose diet,
like the reduction in TC and TG and the increase in ACW
and ACL in blood serum. Interestingly, the EPA fraction con-
taining anthocyanins more distinctly alleviated the negative
effects of consuming excess fructose in the diet, as manifested
by a decreased serum IL-6 concentration, atherogenicity in-
dex 1g(TG/HDL) and hepatic GSSG as well as by an increased
serum level of ACW and hepatic GSH/GSSG ratio. Part
of these effects can be probably attributed to the increased
activity of cecal microbiota leading to higher concentrations
of cecal SCFAs and urinal bioactive ellagitannin metabolites.
The biotransformation of anthocyanins by the intestinal mi-
crobiota probably intensified the beneficial effects of the EPA
fraction. However, the metabolism of phenolic compounds,
including ACs and ETs, depends on many factors, includ-
ing both the species- and the individual-specific ones. Future
studies need to be conducted with other experimental models,
including especially human trials.
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Encapsulation of sinigrin in liposomes with the proliposomal method was performed in order to evaluate the effect of this process on in vitro
simulated digestion and antioxidant potential of sinigrin. The recovery of sinigrin after simulated gastric and duodenal digestion of its free and lipo-
somal forms was determined with HPLC-UV using human digestive juices. The antioxidant potential of sinigrin and sinigrin-loaded liposomes was
determined with the Rancimat test as their ability to prolong oxidative stability of edible oil. The efficiency of 62% was obtained by encapsulating
sinigrin in liposomes. The values of mean diameter, polydispersity index and zeta potential showed satisfactory size uniformity and physical stability
of the liposomes containing sinigrin. Liposomes were shown to inhibit the digestion of sinigrin in both human gastric and intestinal juices, clearly en-
abling its prolonged release. Moreover, sinigrin in the liposomal form significantly prolonged the induction time of edible oil oxidation compared to its
free form. The results obtained are encouraging from the point of view of a possible incorporation of the sinigrin-loaded liposomes in real functional

food systems or their use as nutraceuticals.

INTRODUCTION

Glucosinolates (GSLs) are water-soluble plant secondary
metabolites with an S-p-D-glucopyrano unit, an O-sulphated
anomeric (Z)-thyohydroximate function, and a variable aglu-
con side chain. To date, 140 structurally different GSLs have
been reported, although over 30% of them have not yet been
characterized by nuclear magnetic resonance (NMR) and mass
spectrometry (MS) techniques [Blazevi¢ er al., 2020]. GSLs
are typical of Brassicaceae plants including mustard, radish,
cabbage, broccoli, Brussels sprouts, cauliflower, horseradish.
They are also found in other families of Brassicales, e.g. Cap-
paraceae, Cleomaceae, Caricaeae [Mithen et al., 2010]. Due
to the activity of myrosinase (B-thioglucosidase), and depend-
ing on their variable chain, GSLs break down into different
products, including mostly biologically active isothiocyanates,
which exhibit potent antimicrobial, antioxidant and anticancer
activities [Melrose, 2019].

Sinigrin (allyl GSL or prop-2-enyl GSL, ) is one
of the first known GSLs, whose name is derived from “Si-
napis nigra” (currently known as Brassica nigra). It is one
of the most abundant GSLs found in Brassica vegetables.
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E-mail:
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The correct structure was proposed by Ettlinger & Lundeen
[1956] while the structural issue of the geometrical isomer-
ism at the C=N bond was shown to be Z (or anti-) by X-ray
crystallographic analysis by Waser & Watson [1963]. It is one
of the most studied GSLs thanks to its degradation product,
the pharmacologically active allyl isothiocyanate, a volatile
sulphur-containing compound [Blazevi¢ et al., 2019; Cor-
rales et al., 2014]. A very important aspect of the biologi-
cal activity of isothiocyanates is their antimicrobial poten-
tial against human pathogens, especially against bacteria

FIGURE 1. Chemical structure of sinigrin.
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with multi-drug-resistance phenotypes [Romeo et al., 2018].
Moreover, many studies have shown that isothiocyanates ex-
hibit anti-tumour activity by affecting multiple pathways in-
cluding apoptosis, mitogen-activated protein kinase (MAPK)
signaling, oxidative stress, and cell cycle progression [Jie
et al., 2014; Mitsioginanni et al., 2019; Wu et al., 2009]. There
are many examples of the use of encapsulation techniques
to enhance/protect the biological activities of GSLs and iso-
thiocyanates: the antitumor effect against glial tumour cells
by broccoli extracts [Radiinz et al., 2020]; the antimicrobial
activity of allyl isothiocyanate using different carriers such as
gum Arabic, chitosan, sodium polyacrylate-coated halloysite,
mesoporous silica particles [Park ez al., 2012; Maruthupandy
& Seo, 2019]; the cytotoxic activity of sinigrin-loaded phyto-
somes (phytolipid delivery system) against A-375 cells (hu-
man melanoma cell line) [Mazumder et al., 2016]; or the cy-
totoxic and apoptotic potential of silver nanoparticles with
sinigrin [Yuan et al., 2018]. However, there is no study on sini-
grin encapsulated in liposomes. Liposomes, i.e. lipid bilayers
with a diameter of 50-1000 nm, are particularly attractive en-
capsulation systems that offer increased stability of encapsu-
lated materials against a range of environmental, enzymatic,
and chemical stresses [Emami ez al., 2016]. What distinguish-
es liposomes from other encapsulation systems is their abil-
ity to encapsulate both hydrophobic (within the membrane
of the particle) and hydrophilic (within the core of the lipo-
some) substances [Gaede & Gawrisch, 2003]. The possibility
of industrial production is also of great importance for their
use in the food industry. However, the fact that liposomes
can be produced from natural components (biocompatible,
biodegradable and non-toxic) makes these systems attractive
from the point of view of faster and easier implementation
in cosmetic and food end products [Malheiros et al., 2010].
There are several reports demonstrating improved stability
of liposomal formulations of commonly used nutraceuticals,
such as vitamin C [Wechtersbach et al., 2012; Yang et al.,
2012] during storage or processing conditions (e.g., heat
treatment), compared to the solutions of free nutraceuticals.
Due to the delayed release of active ingredients, liposomes
can improve the bioavailability of antioxidants [Takahashi
et al., 2009] and reduce their cytotoxicity [IsailoviC et al.,
2013]. Enhanced antimicrobial (e.g., Citrus limon), antifungal
(e.g., Eucalyptus camaldulensis) and other biological activi-
ties (e.g., Artemisia arborescens L.) of essential oils incorpo-
rated into liposomes have also been reported [Gortzi et al.,
2007; Moghimipour et al., 2012]. Previously, liposomes were
reported to be quite effective in enhancing the chemopreven-
tive efficacy of phenethyl isothiocyanate [Pulliero ez al., 2015;
Sun et al., 2019]. This is the first report on the gastrointesti-
nal stability of the sinigrin-loaded liposomes in the simulated
two-phase digestion model (gastric and duodenal) with hu-
man digestive enzymes. There are few studies on the stabil-
ity and bioaccessibility of sinigrin after a simulated gastro-
intestinal process and some of them evaluated the influence
of human microflora in the bioconversion of sinigrin [Cheng
et al., 2004; Girgin & Nehir, 2015]. The aim of this study was
to monitor the recovery of free sinigrin and sinigrin released
from liposomes after a simulated two-phase digestion pro-
cess using high-performance liquid chromatography with

UV detector (HPLC-UV). The effect of the liposomal form
of sinigrin on the prolongation of oxidative stability of edible
oil was measured with Rancimat test.

MATERIAL AND METHODS

Chemicals

Sinigrin hydrate (299.0% (TLC)) was obtained from Sig-
ma Aldrich (St. Louis, MA, USA). Phospholipon 90G was
supplied by Natterman Phospholipids GmbH (KoIn, Germa-
ny). All other reagents and solvents were of analytical grade.

Preparation of sinigrin-loaded liposomes

Liposomes with sinigrin were prepared with the prolipo-
some method, which allows to easily increase the scale of pro-
duction to the industrial level [Liovi¢ ef al., 2019]. We used
soy lecithin Phosholipon 90G which is purified phosphatidyl-
choline (min 94.0% by weight), with a low content of lyso-
phosphatidylcholine (max. 4.0% by weight) and tocopherol
(max. 0.3% by weight). Phosholipon 90G was mixed with
ethanol and water (1:0.8:2, w/w/w) at the temperature up to
60°C under continuous stirring at 800 rpm to form a homog-
enous mixture. The mixture was cooled down to room tem-
perature, and sinigrin was added to the homogenous mixture
under continuous stirring at 800 rpm during the next 30 min
to obtain the final liposomal formulation.

Determination of the encapsulation efficiency of sinigrin
by liposomes

The proportion of sinigrin entrapped within liposomes
was determined according to the following procedure. Cen-
trifugation of 10 times diluted suspension of liposome at
21,952xg for 1 h at 10°C (Eppendorf centrifuge 5804R,
Hamburg, Germany) was used to separate supernatant (con-
taining non-encapsulated sinigrin) from the precipitate (lipo-
somes with encapsulated sinigrin). The resulting precipitate
was dissolved in 10 mL of methanol, filtered through 0.2 um
pore size filter and transferred to a clean tube for further anal-
ysis on HPLC-UV. Based on HPLC-UV analysis, the percent-
age of encapsulated sinigrin was calculated, as the percentage
of sinigrin entrapped in liposomes relative to the total amount
of added sinigrin.

In vitro release kinetics of sinigrin from liposomes

In vitro monitoring of the release kinetics of sinigrin from
the liposome formulation was performed in a Franz diffusion
cell (PermeGear, Inc., Hellertown, PA, USA), containing do-
nor and receptor cell separated with an acetate-cellulose mem-
brane, based on the procedure given in IsailoviC ef al. [2013].
In brief, after Franz cell thermostating, we placed 1 mL of lipo-
some dispersions containing sinigrin as a donor phase in dif-
fusion cell chamber. Magnetic stirring speed and temperature
were set at 600 rpm and 37°C, respectively. During the next
6 h, an aliquot of the sample (0.5 mL for each time point)
was taken from the receptor section at different time intervals
(5, 10, 15, 30, 45, 60, 90, 120, 180, 200, 240 and 360 min) for
HPLC-UV analysis and replaced by the same volume of dis-
tilled water. The results were expressed as C/C_ against time
(where C is sinigrin concentration at time t and C, is sinigrin
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equilibrium concentration). The release profile of sinigrin from
liposomes was compared with the profile of a sinigrin aqueous
solution that was used as a control (with identical sinigrin con-
centration as the one used for liposomes preparation).

Size and zeta potential measurements

The average particle size (hydrodynamic weighted
mean diameter, z-average) and polydispersity index (PDI)
of 1000 times diluted liposome suspension was measured on
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
at 25+0.1°C, using the dynamic light scattering (DLS), so-
-called photon correlation spectroscopy (PCS). The same
instrument was used for the zeta-potential measurement as
described in Liovi€ ef al. [2019]. The physical stability test
was performed during 14 days with the liposomal preparation
stored at 4°C.

Light microscopy analysis

Empty liposomes and liposomes loaded with sinigrin
were viewed under a Motic light microscope (BA 210, Xia-
men, China) equipped with a Moticam digital camera (1 SP,
1,3 MP) and a Motic Images Plus 2.0 software.

In vitro digestion method

Prior to the in vitro digestion procedure, the collection
of human digestive juices from the stomach and duodenum
of healthy donors was carried out using an endoscope. The col-
lected juices were stored in a sterile tube and then centrifuged
in a mySpin 12 microcentrifuge (Thermo Scientific, Waltham,
MA, USA) at room temperature, for 10 min at 7,700 xg to re-
move mucus and cell debris. To reduce inter-individual varia-
tions, batches of pooled gastric and duodenal juices were pre-
pared and then stored at—20°C until use. The enzymatic activity
of collected digestive juices was determined using the spec-
trophotometric method described by Almaas er al. [2006].
According to this method, one unit of enzyme activity (U)
is defined as the amount of enzyme that causes the absorbance
change of 1 between the blank and the sample, after 20 min
at 37°C. The in vitro digestion procedure was performed ac-
cording to Furlund er al. [2013]. The incubation temperature
was 37°C. The simulated digestion process was carried out
in a horizontal shaking bath (1,200 rpm). The adjustment
of appropriate pH (2.5 for gastric phase and 7.5 for duodenal
phase) was done using 1 M HCI and 2 M NaOH. Incubation
intervals were 60 min for the gastric phase, and 120 min for
the duodenal phase. Due to the liquid nature of the sample,
the incubation interval of 60 min for gastric phase was long
enough. According to the previously mentioned spectropho-
tometric method, the enzymatic activity of 1 U was equivalent
to 20 uL of human gastric juice and 25 uL of human duodenal
juice. The quantities of digestive juices used in this experiment
were as follows: 200 mL for the gastric phase, and 800 mL
for the duodenal phase. The in vitro digestion process was
stopped on ice for the period of 5 min. After the digestion,
the samples were centrifuged at room temperature, for 10 min
at 13,000xg. The undigested sample (control) and digested
samples were kept at —20°C. All digestive processes were run
in duplicate. The recovery of sinigrin was calculated as follows
[Girgin & Nehir, 2015]:

Recovery of sinigrin (%) = (S/C) x 100

where: S — sinigrin content after in vitro digestion; C — sinigrin
content before in vitro digestion.

HPLC-UYV analysis

The identification and quantification of the encapsulated
sinigrin, as well as the monitoring of its release from the ob-
tained formulations, was performed using HPLC-UV accord-
ing to the modified procedure by Tsao ez a/. [2000]. The anal-
ysis was performed on the Ultimate 3000 UHPLC system
(Thermo Fisher Scientific, Schwerte, Germany). By optimiz-
ing the elution conditions (flow rate 1 mL/min, isocratic con-
ditions) and selecting the mobile phase (acetonitrile/0.025 M
ammonium acetate, 1:99, v/v), the detection and quantifica-
tion of sinigrin in the tested formulations at 228 nm (A )
was successfully performed using the obtained standard curve
in methanol and water (80:20). Prior to HPLC-UV analy-
sis, all samples were filtered through 0.2 um syringe filters
and prepared as described above.

Antioxidant potential evaluation

The antioxidant potential of sinigrin, and sinigrin-loaded
liposomes was determined as their ability to inhibit the olive
oil oxidation. The oxidation of olive oil (pure and with anti-
oxidants) was carried out using the Rancimat apparatus (Me-
throm 743, Herisau, Switzerland) [ISO 6886:1996] at 120°C
(DT=1.4°C) and the constant airflow of 20 L/h. The quantity
of olive oil used for this experiment was 2.5 g. Concentra-
tions of samples (sinigrin, liposomes with sinigrin, and pure
liposomes) in the olive oil were 0.2 and 0.1% (w/w). The con-
ductivity was measured as a function of time, and the results
were expressed as induction time. All measurements were per-
formed in triplicate, and the results were expressed as mean
value + standard deviation.

RESULTS AND DISCUSSION

Nowadays, encapsulation technologies have proved to
be competitive tools in the development of new nutraceuticals
or the properties and functions of commonly used ingredi-
ents in the food industry, as they are able to protect active
ingredients, improve their stability and prolong their release
in the gastrointestinal tract. Encapsulation in liposomes has
a number of advantages that are important for the food in-
dustry. These include the ability to carry a variety of bioac-
tive compounds, and the health benefits of natural liposomal
ingredients such as phospholipids and sphingolipids for hu-
mans [Emami et al., 2016]. This is the first study on the sini-
grin encapsulation in liposomes, the effect on recovery after
invitro digestion process, and its antioxidant potential by pro-
longing the oxidative stability of olive oil.

Characterization of sinigrin-loaded liposomes
Encapsulation efficiency of 62+3% has been achieved via
encapsulation of sinigrin in liposomes by the proliposome
method using a commercially available mixture of Phospoli-
pon 90G. In addition to the reports showing that proliposome
method provides better encapsulation efficacy in comparison
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FIGURE 2. Micrographs of a) empty liposomes and b) liposomes with ensapuslated sinigrin obtained by a light microscope (1,000 x magnification).

to some other methods for liposomes preparation, e.g. etha-
nol injection method [Chen et al., 2012] or thin-film method
[Isailovi¢ et al., 2013], it was chosen in this study as a method
that is easily applicable on the industrial scale [PordeviC ez al.,
2015]. It has been reported that in the case of polyphenols,
the efficiency of encapsulation in liposomes varied between
10 and 70% depending on the molecular weight of the encap-
sulated compound (and consequently the ability to leak out
from liposomes) and its molecular structure and the affinity to
phospholipidic membranes [Pordevic et al., 2015]. For the li-
pophilic molecules, such as resveratrol, encapsulation effi-
ciency up to 97% was achieved using the proliposome method
[Isailovi¢ et al., 2013]. Similar results to those demonstrated
in this study for encapsulation of sinigrin, as a water-soluble
compound, were obtained in the case of (+)-catechin encap-
sulation in liposomes (approximately 70%). Furthermore,
the entrapment efficiency of phenolic compounds of algal ex-
tract in soy lecithin liposomes was shown to be 50.2% by Sav-
aghebi e al. [2020], while an entrapment efficiency of 47.5%
was obtained for encapsulation of garlic extract in liposomes
[Pinilla et al., 2017]. The slight variation may be associated
with a difference in the encapsulation method or lecithin con-
centration applied [Rashinidejad et al., 2014; Savaghebi et al.,
2020]. Although obtained encapsulation efficacy in this study
is in accordance with the results of other reports and could

be accepted as satisfying, further studies should investigate
the effects of the addition of different components in lipo-
somes preparation, since they have been recognized as impor-
tant in encapsulation efficiency improvement. For instance,
the addition of chitosan coatings on liposomes was found to
be beneficial in encapsulation efficiency or slow-release im-
provement [Akgiin et al., 2020; Li et al., 2015].

Figure 2 (a-b) shows the micrographs obtained by a light
microscope of the produced empty liposomes (control)
and liposomes loaded with sinigrin. We have noticed the simi-
larity in control and sinigrin-containing liposomes at the first
glance, both revealing spherical structures, which have been
typically observed for phosphatidylcholine liposomes [Pini-
lla et al., 2017]. Since the used microscopic technique could
not provide quantitative data or detailed insight into the mor-
phology, like other more sophisticated techniques — atomic
force microscopy or transmission electron microscopy, fur-
ther characterization of the liposomes prepared in this study
relied on dynamic light scattering technique.

Determination of mean diameter, PDI and zeta potential
has revealed satisfying size uniformity of liposomes contain-
ing sinigrin. Compared with the control, the encapsulation
of sinigrin did not lead to a statistically significant change
in surface charge, as well as the mean diameter (Table 1).
The obtained results can be explained by the incorporation

TABLE 1. Zeta potential, polydispersity index (PDI) and mean diameter of liposomes with and without encapsuled sinigrin during 2-week storage

at 4°C.

Zeta potential (mV) PDI Mean diameter (nm)

Sample

0 days | 7 days | 14 days 0 days | 7 days | 14 days 0 days | 7 days | 14 days
Liposomes
without sinigrin -34.6x0.5 -33.8+04  -32.0+0.8 0.454+0.01 0.450+0.01 0.461£0.03 1070267 1260432  1365+402
(control)
Liposomes
with encapsulated -24.0+0.5  -284=0.8  -30.1x0.1 0.497x0.07 0.566+0.04 0.509=0.03 1196267 1227+553 1263308
sinigrin

All measurements were made in triplicate and results are reported as mean = standard deviation.
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of the bioactive compound within the aqueous core of li-
posomes, and only slightly between the bilayer membranes
of liposomes or their surface. The PDI determines the particle
size distribution and system homogeneity. A system whose
PDI ranges from 0 to 0.5 is considered homogeneous [Balanc¢
et al., 2016]. Zeta potential is a physicochemical parameter
that represents the charge on the particle surface. It correlates
with the stability of colloidal suspensions: thus, a high abso-
lute value of the zeta potential indicates a more stable system
[Mateos et al., 2019]. Our results regarding zeta potential
of sinigrin-loaded liposomes are comparable with the results
from other studies on the encapsulation of different bioactive
ingredients in lecithin liposomes [Akgiin et al., 2020; Pinilla
et al., 2017; Savaghebi et al., 2020]. The obtained negative
values of the zeta potential ( ), revealed satisfying
electrostatic stabilization of the preparation, preventing ag-
gregation of liposomes [Lin ez al., 2018]. This was confirmed
by the results of stability testing, since the mean diameter
of liposomes with sinigrin did not change for more than 6%
during 2-week storage at 4°C ( ). The observed slight
changes in zeta potential could be a result of rearrangement
of phospholipids, which are responsible for negative zeta po-
tential values, due to the presence of phosphate groups (PO *)
in phospholipids.

The physical stability of sinigrin liposomes and prolonged
release of sinigrin over 5 h, as shown by the sinigrin release ki-
netic curves ( ), indicated that the obtained liposomes
made of natural phospholipids present potentially adequate
carriers for this compound. In the control solution of sinigrin,
distribution of sinigrin happened rapidly, reaching maximum
content in acceptor cell after 180 min. As expected, sinigrin
release from liposomes was slower, achieving the maximum
content in the acceptor compartment after more than 300 min.
In the release profile of sinigrin from liposomes in an aque-
ous medium there was the initial burst, which was probably
associated with the small amount of surface-bound sinigrin.
The initial burst (which lasted 15 min) was followed by a slow
lag phase (which lasted another 15 min) and then a second
burst release phase. It is generally believed that the molecules
entrapped within liposomes are released primarily by three
mechanisms [Pothakamury & Barbosa-C’anovas, 1995].
These are 1) diffusion of molecules through the intact liposo-
mal membrane into the surrounding environment, 2) erosion
of liposomal membrane caused by phospholipid degradation,
and 3) swelling of pores in the liposomal membrane allowing
the leakage of entrapped molecules [Liu ez al., 2020]. The ex-
istence of lag-phase in the release pattern of sinigrin-loaded
liposomes in this study may indicate that, apart from diffu-
sion, some changes of the liposomal membranes, like erosion
or swelling, were involved, too.

In vitro digestion and antioxidant potential of sinigrin
loaded liposomes

The digestion of food in vivo is a complex process and in-
cludes mouth, stomach, and small intestine, as compart-
ments where the digestion can be done. Liquid food stays
in the mouth for a very short time because it does not need
to undergo chewing. Thus, the digestion of sinigrin solution
and liposomes with sinigrin as samples that are in the liquid

C/C, (%)
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FIGURE 3. Kinetic curve of release of sinigrin from liposomes and pro-
life of free sinigrin in aqueous solution against time (control). C: sinigrin
concentration at time t; C,: sinigrin equilibrium concentration. Measure-
ments were made in triplicate and results are shown as mean and stan-
dard division.

state would start in the gastric compartment and then be con-
tinued in the intestinal section. However, in this study, it was
only possible to perform digestion discontinuously, starting
from gastric or intestinal conditions simulation, and the per-
centage of unbroken molecules of sinigrin was monitored.
We are aware of the limitation of such kind of analysis, so
the establishment of reliable in vitro-in vivo correlation could
not be expected. However, we believe that even preliminary
data obtained from the two-phase digestion could contribute
to further optimization in the development of sinigrin-load-
ed liposomes and their incorporation in real food matrices.
The results of the in vitro recovery of free sinigrin and sinigrin
released from liposomes after simulated gastric and duode-
nal digestion phases are given in and , Tespec-
tively. The recovery of free sinigrin was high after simulated
gastric (87.39%) and duodenal digestion (83.31%) ( ).
The recovery of free sinigrin in simulated acidic medium
without human digestive enzymes was lower (71.23%), while
in simulated slightly basic medium free sinigrin was almost
completely stable (98.15%) ( ). High gastrointestinal
stability of sinigrin was also reported by other authors who in-
vestigated its stability after a simulated digestion process with
commercial digestive enzymes [Kuljarachanan et al., 2020].
Hwang et al. [2019] reported high stability of sinigrin in kale
after gastric digestion with commercial digestive enzymes, but
in contrast, the authors reported a low stability rate of sini-
grin in kale after simulated duodenal digestive phase. This
discrepancy can be explained by the effect of plant matrix on
the duodenal stability of sinigrin and/or the differences be-
tween in vitro studies based on human and commercial di-
gestive enzymes. Discrepancies between in vitro digestion
studies with human and commercial digestive enzymes have
already been reported [Aarak et al., 2013; Zori€ et al., 2016].

shows results of the recovery of sinigrin released from
liposomes. Sinigrin loaded in liposomes was protected from
the influence of pH and digestive enzymes. Namely, starting
from 38% of available sinigrin in the case of liposomes, after
the digestion process, the percentage of free sinigrin increased
to 52.50% in the gastric medium and 52.71% in the duodenal
medium. A similar portion of available sinigrin after digestion
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TABLE 2. Concentration and recovery of sinigrin after its two-phase
in vitro digestion.

TABLE 3. Concentration and recovery of sinigrin after a two-phase in vi-
tro digestion of sinigrin-loaded liposomes.

Digestion phase Concentration (uM) Recovery (%) Digestion phase Concentration (uM) Recovery (%)
Befor digestion (control) 61.03x1.55 Befor digestion (control) 1.08=0.12 38.00
After gastric digestion 53.34+2.26 87.39 After gastric digestion 1.49+0.32 52.50
After duodenal digestion 50.85+0.23 83.31 After duodenal digestivom 1.50=0.47 52.71

pH 2.5 (without 4348041 7123 pH 2.5 (without 143041 50.16
digestive enzymes) digestive enzymes)

PH 7.5 (without 59.91+0.15 98.15 PH 7.5 (without 124022 1374

digestive enzymes)

digestive enzymes)

The quantification of sinegrin was performed by HPLC-UV. Results are
expressed as mean =+ standard deviation (n=3).

of sinigrin-loaded liposomes in the gastric and duodenal me-
dium was somewise unexpected result. Namely, it is generally
accepted that liposomal structural integrity remains practical-
ly unchanged under gastric conditions, while the lipid diges-
tion and consequent liposomes destruction occur primarily
in the duodenum [Liu ef al., 2020]. Since gastric juice in this
study was obtained from human volunteers, it may be specu-
lated that the samples were rich in gastric lipases. On the oth-
er hand, it is known that apart from the disruption of lipo-
somal structure by pancreatic enzymes, bile salts contribute
crucially to the digestion of lipids in duodenal medium, since
the activity of phospholipase A, and lipase requires the pres-
ence of bile salts [Liu ef al., 2020]. The low level of bile salts
in the intestinal juices collected from healthy human donors
could be a possible explanation for the obtained results on
liposomes digestion. Furthermore, since the bile salts are very
potent surface-active compounds, their content in the human
juices used may not be sufficient for the complete lipid diges-
tion and liposomes degradation, but adequate for rearrange-
ment of the liposomes to smaller ones still encapsulating sini-
grin. Although it is considered that without digestive enzymes,
the change of pH through gastrointestinal system does not in-
fluence the liposomes’ structure [Liu er al., 2019], the results
on the available amount of sinigrin after incubation in a me-
dium with pH 2.5 and 7.5 indicate that not just diffusion,
but also swelling of liposomes in acidic/basic media and their
transformation to the gelled state could contribute to sinigrin
release. Overall, the obtained results proved the protective ef-
fect of liposomes on sinigrin digestion under various condi-
tions, since a high portion of sinigrin remains encapsulated
and thus is available for further release and transformation
to highly bioactive isothiocyanates. This indicates real poten-
tial for liposomes application as a prolonged delivery system
of sinigrin in food matrices. For that sake, besides the use
of free sinigrin, in this study we have tested its potential after
encapsulation in liposomes for the preservation of oxidative
stability of edible oil.

Results presented in show the effect of free sinigrin
(at the concentration of 0.2%) on the prolongation of the oxi-
dative stability of olive oil (the percentage of the prolonga-
tion was 23.5%). This effect was higher with sinigrin loaded
in liposomes (the percentage of the prolongation of the oxida-
tive stability was 38.68%, at the concentration of 0.2%). Weil
et al. [2004] reported that sinigrin inhibited lipid peroxidation

The quantification of sinigrin was performed by HPLC-UV. Results are
expressed as mean =+ standard deviation (n=3).

TABLE 4. Induction time of oxidation of olive oil with the addition
of sinigrin, singrin loaded in liposomes and pure liposomes in Rancimat
test. The quantity of olive oil was 2.5 g. Concentrations of samples (sini-
grin, sinigrin-liposomes complex, and pure liposomes in olive oil) were
0.2 and 0.1% (w/w).

Induction time (h)

Sample

0.2% 0.1%
Sinigrin 8.10x0.11 7.60+0.28
Sinigrin-liposomes 10.11%0.55 9.24+0.40
Liposomes 3.22+0.48 415+ 0.31

The induction time of pure olive oil oxidation (control) was 6.20=0.31 h.
All measurements were made in triplicate and results are reported as
mean = standard divisoin.

by 71% in vitro. The effectiveness of liposome systems in pro-
longing the induction period was reported by Gortzi et al.
[2008]. The low oxidative stability of pure liposomes (without
bioactive compound) ( ) can be explained by the lipo-
philic components present in lipid bilayers, which stabilized
the liposome membranes but also underwent to oxidation
firstly due to the presence of double bonds prone to oxidative
degradation [Huang et al., 2019]. It is already known that en-
capsulated antioxidants (for instance, essential oils and poly-
phenols) protect lipid bilayers from oxidation to some extent
[Balanc et al., 2016; Detoni et al., 2012]. In our case, encap-
sulated sinigrin in liposomes partially stabilized the liposomal
membrane, protecting itself from degradation, so it could pre-
vent lipid peroxidation of olive oil.

The application of the sinigrin-loaded liposomes as a pro-
tective agent against lipid peroxidation might be of great inter-
est in lipid-based food systems.

CONCLUSION

The present study demonstrated the high stability of sini-
grin after simulated digestion with human gastric and duo-
denal medium, and the influence of a slightly basic medium
on the stability of sinigrin. The use of liposomes enabled
the protection of sinigrin under the conditions of the simulat-
ed digestive process (stomach and duodenum) and prolonged
its release in the gastric and duodenal medium. Moreover,
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the liposomal form enhanced the effect of sinigrin on pro-
longing the induction time of edible oil compared to the free
form of sinigrin. The innovative potential of the sinigrin-load-
ed liposomes in real functional food systems or their use as
dietary supplements deserves further investigation.
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The food industry is committed to supplying nutritious products that are attractive and convenient for consumers. Freeze-dried fruit and vegetable
snacks that exemplify such products are difficult to obtain since it is necessary to use a carrier agent (usually a hydrocolloid ingredient) which meets
the requirements of a sustainable development conceptual framework. Therefore, research has been undertaken to replace such a carrier agent with
food waste fruit pomace. This study compared selected physicochemical properties of freeze-dried vegetable snacks obtained through the addition
of sodium alginate and dried apple pomace powder in terms of the viability of replacing hydrocolloid carrier agents in freeze-dried products with fruit
pomace. Three vegetable sets containing: yellow bean, carrot and potato were prepared and modified by adding diverse carrier agents. Snacks with
the addition of dried apple pomace powder featured higher dry matter content and true and apparent density, but sodium alginate-structured products
were harder and more porous. Dried apple pomace powder improved the health-promoting properties of the snacks, such as total phenolic content
and antioxidant capacity. The type of additive also affected the internal structure of the products. The results indicate that the application of both dried
apple pomace powder and sodium alginate as carrier agents can result in snacks characterised by repeatable quality, but it is unclear whether the total

replacement of hydrocolloid is sustainably efficient.

INTRODUCTION

Consumers are becoming increasingly aware of the im-
portance of nutrition and a balanced diet as far as their health
and quality of life is concerned. Although the popularity
of a plant-based diet preventing civilisation diseases and en-
vironmental crisis is constantly increasing, the consumption
of large amounts of highly-processed and nutrient-poor food
products is regarded as an outstanding issue to be addressed
for various age groups [Ciurzynska ef al., 2019a]. Because
of the fast pace of life, consumers are often forced to reach
for convenient and easy-to-eat products, such as healthy
and unhealthy snacks that are abundant on store shelves.
Although the healthy snack market is abundant with dried
fruits, vegetables, nuts and cereal bars, they compete with
candies and other high-energy products. It has been proven
that consumer choices depend on the accessibility and vis-
ibility of products [van Kleef et al., 2012]. A major impact on
the attractiveness of dried snacks is shown by their textural
and sensory properties. Consumers seek a pleasurable eating
experience that may be ensured by rich flavour and aroma as
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well as crunchiness and crispness, although many consum-
ers also declare an interest in the nutritional values of food
[Silva-Espinoza et al., 2021].

Freeze-drying is a method that preserves the structure
of the products because of its mechanism (water is removed
in a gas state instead of a liquid state). This phenomenon
is caused by low pressure in the freeze-dryer chamber,
which accounts for the process to be run at a low tempera-
ture. The pre-set parameters of food dehydration by means
of freeze-drying influence both the physical and nutritional
properties of products [Nowak & Jakubczyk, 2020]. The prop-
erties of dried (especially freeze-dried) food products may
be modulated by both the process parameters and by add-
ing structure-forming agents such as hydrocolloids. This
combination of hydrocolloid carrier agents and the freeze-
-drying method ensures structure preservation and avoids un-
desirable changes that may occur during thermal treatment,
such as air-drying [Cassanelli ef al., 2018]. There have been
several studies on the use of hydrocolloids as carrier agents
in the production of freeze-dried snacks, e.g. gellan gum [Cas-
sanelli ef al., 2018], pectin, xanthan gum and locust bean gum
[Ciurzynska et al., 2019b], sodium alginate [Ciurzyfiska et al.,
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2020; Kuo et al., 2021], gum arabic and bamboo fibre [Silva-
-Espinoza et al., 2021] and many others.

It has been shown that hydrocolloids can produce innova-
tive and attractive food products, but processes of obtaining hy-
drocolloids are usually complex and require significant chemical
reagents, time and equipment, which cause high energy con-
sumption [Liew et al., 2019]. According to sustainable devel-
opment goals, a major challenge for agriculture and the food
industry is a reduction of carbon and energy footprints, which
have an adverse impact on the natural environment. Food pro-
cessing optimisation and solid waste management constitute
one of the ways to follow this conceptual framework [Kar-
wacka et al., 2020]. Therefore, all over the world, scientists are
conducting research into reusing food waste and by-products
as innovative food products. The addition of fruit pomace as
a structure and texture-forming carrier agent in dairy, meat,
bakery and pastry products is becoming a major topic [Kruczek
et al., 2016], but there is no research available on using pomace
as a carrier agent in freeze-dried products. Fruit pomace has
high nutritional and functional potential. For example, apple
pomace is a rich source of polysaccharides, dietary fibre, mi-
cro- and macro-elements, as well as bioactive compounds, such
as antioxidants [Skinner ef al., 2018], and it displays gelation
capacity and the ability to retain water [Masiarz et al., 2019].

This study compared selected physicochemical properties
of freeze-dried vegetable snacks (obtained through the ad-
dition of sodium alginate and dried apple pomace powder)
to investigate replacing hydrocolloid carrier agents in freeze-
-dried products with fruit pomace powders.

MATERIAL AND METHODS

Material

Frozen vegetables (yellow been, carrot and potato) pro-
vided by Unifreeze sp. z 0.0. (Poland), dried apple pomace
powder (AP) (Greenherb, tancut, Poland), sodium alginate
(SA) (Agnex, Bialystok, Poland) and calcium lactate (Agnex,
Bialystok, Poland) were used to prepare freeze-dried snacks.

Snack preparation

Before deploying technological processes, all products
used for snack preparation were weighed in the proportions
shown in . A 600-g portion of vegetables was used
in one technological cycle.

Yellow bean (YB) was blanched at 85°C for 4 min and po-
tato (P) cubes (1x1x1 cm) were cooked at 100°C for 15 min
using Thermomix TMS5 (Vorkwerk, Wuppertal, Germany).
Thermal treatment was launched when the water with veg-
etables reached the pre-set temperature. Carrot (C) cubes
(Ix1x1 cm) were thawed at ambient temperature for about
30 min. The vegetables, after having undergone the aforemen-
tioned treatment, were ground to varying degrees. The YB was
cut in a laboratory knife mill GRINDOMIX GM 200 (Retsch,
Haan, Germany) for 1 min, applying the continuous mode
and a knife speed of 4,500 rpm. The P cubes were blended into
smooth puree using a hand blender (Bosch, Gerlingen, Ger-
many). The C cubes were milled in a meat grinder (Zelmer,
Rzeszow, Poland), using a mesh of 4 mm in diameter.

To produce snacks with apple pomace powder ( ),
the pre-processed vegetables and AP were mixed with a whisk,
placed into 3.5%2.0x10.5 cm silicone moulds and frozen at
-40°C in a shock freezer (Irinox Shock Freezer HCM 51.20, Trev-
iso, Italy). The addition of AP to the vegetables in the amount
of 2 g/100 g maintained an appropriate structure and did not
change the organoleptic features of the snacks developed in pre-
liminary studies. To produce snacks with sodium alginate,
SA was added to the pre-processed vegetables and whisked
using a manual blender. After measuring the specific volume
of water containing calcium lactate, it was heated up to 40°C un-
til the salt dissolved. This solution was then poured into the veg-
etables and whisked again to be put into 3.5%2.0x10.5 cm sili-
cone moulds and frozen at -40°C. After freezing the snacks, they
were put into a Gamma 1-16 LSCplus freeze-dryer (Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode, Harz, Ger-
many) and dried for about 48 h at a shelf temperature of 30°C
and a pressure of 63 Pa. Freeze-dried snacks were packed into
polyethylene zip-up bags and stored in darkness.

Out of 600 g of the vegetable input, five freeze-dried vegeta-
ble snacks (5 g in average weight) were obtained. The properties
of freeze-dried vegetable snacks were determined using 15 ran-
domly selected snacks as the output of five technological cycles.

Monitoring drying Kinetics

During the freeze-drying process, changes in the weight
of the snacks were recorded with special software (SWLO0125,
Mensor, Zabki, Poland) every 5 min for the first 120 min
of the drying process and subsequently every 15 min until
the end of the freeze-drying process. The samples were dried

TABLE 1. Composition of the freeze-dried vegetable snacks with sodium alginate and dried apple pomace powder (g/100 g).

Ingredient YB-SA YB/C-SA YB/P/C-SA YB-AP YB/C-AP YB/P/C-AP
Yellow bean (YB) 50 35 35 100 70 70
Carrot (C) - 15 7.5 - 30 15
Potato (P) - - 7.5 - - 15
Water 48.4 -

Sodium alginate (SA) 1.5 -

Calcium lactate 0.1 -

Apple pomace (AP) - +2
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to a constant weight and the process was carried out two
times for each type of vegetable snack.

Based on the recorded weight changes and dry matter
contents, the drying kinetics of the freeze-dried vegetable
snacks was determined and expressed in terms of the mois-
ture content throughout the duration of the freeze-drying
process. The moisture content was calculated according to
the equation formula:

m —m
U= e
m. X dm
€ ¢

where: « is moisture content (g H,O/g dry matter (d.m.)),
m, is product weight while being dried (g), m, is dried prod-
uct residual weight (g) and dm, is the dry matter content
of a dried product (g/100 g).

Dry matter content determination

Water content was determined by hot air drying of 0.5 to
1 g of vegetable snacks before and after freeze-drying in a con-
vective dryer SUP 65 W/G (WAMED, Warsaw, Poland) at
70°C for 24 h, according to Association of Official Analyti-
cal Chemists (AOAC) procedure [AOAC, 2002]. After drying,
the samples were chilled in a desiccator and weighed again.
The water content of the samples was calculated in terms
of the difference in weight before and after drying divided
by the weight of the sample before drying. Measurements
were taken three times for each sample.

Water activity measurement

The water activity of freeze-dried vegetable snacks was
measured using HygroLab C1 meter (Rotronic AG, Bassers-
dorf, Switzerland) at 25+1°C. Measurements of each sample
were performed in triplicate according to the manufacturer’s
instructions.

True density determination

The volume of the dried solid matter was measured using
a helium pycnometer (Quantachrome Instruments, Boynton
Beach, FL, USA) according to the method described by Tsami
et al. [1998]. The sample was placed into a large measure-
ment cell and cleaned with helium three times before mea-
surement. A pycnometer software (version 2.7) was used for
converting the results into true density. The procedure was
performed three times for each sample.

Apparent density determination

The apparent density of the freeze-dried vegetable snacks
was determined using the modified method presented by Tsami
et al. [1998] using chia seed displacement. The weighed cu-
boidal samples were put in a glass cylinder that was then filled
up with chia seeds to reach a volume of 25 mL. The measure-
ment was performed ten times for each freeze-dried snack.
The apparent density was calculated in terms of the ratio
of the weight to the geometric sample volume.

Analysis of textural properties
The textural properties of the freeze-dried vegetable
snacks were determined by the modified method described

by Meullenet & Gross [1999]. A compression test was con-
ducted in a TA.-HD plus texture analyser (Stable Micro Sys-
tems, Surrey, UK) using a 20 mm diameter platen probe,
applying a test speed of 0.5 mm/s. The measurement was
performed on twenty cuboid samples of the freeze-dried veg-
etable snacks (1x1x1 cm) until 50% deformation of their ini-
tial height was obtained. The compression force was recorded
by the Texture Export software to determine compression
curves and maximum force.

X-Ray tomography imaging

The microstructure of the freeze-dried vegetable snacks
was analysed using the X-ray micro-CT SkyScan 1272 sys-
tem (Bruker microCT, Kontich, Belgium). Cuboidal samples
of the freeze-dried vegetable snacks (I1x1x1 cm) were at-
tached to the rotation stage using double-sided adhesive tape.
Measurements were performed based on the following pa-
rameters: a pixel size of 13.4 um, accelerating voltage of 40 kV
and 193 pA of supply current. To obtain a radiographic im-
age size of 2016 by 2016 pixels, the samples were rotated every
0.2° step until the full rotation of 360°. The output images were
loaded into the NRecon1.6.3.2 computer program (Bruker mi-
croCT) and converted into a 3D reconstruction of the sample.
The greyscale images were binarised by using the lower intensi-
ty pixels as the background (air, pores) and higher intensity pix-
els as the freeze-dried snack input. The porosity and mean pore
distribution were calculated based on the 3D data using CTAn
v.1.10.1.0 software (Bruker microCT) [Gondek et al., 2013].

Colour analysis

The colour of freeze-dried vegetable snacks was determined
using a Konica-Minolta CM-5 colorimeter (Osaka, Japan).
The CIE L*a*b* system (CIE standard Illuminate D65, an angle
of 0° the diameter of the measurement hole equalled 8§ mm)
and the reflectance mode were used. Before the measurement,
the colorimeter was calibrated with black and white reference
tiles. The lightness (L*), redness (¢*) and yellowness (b*) were
measured within 20 repetitions. To evaluate the colour changes,
the total colour difference (AE) was calculated according to
the following equation formula [Methakhup et al., 2005]:

AE = (AL + (Aa¥)? + (Ab¥)?

where: AL*, Aa*, Ab* are the differences in lightness (L *), red-
ness (a¢*) and yellowness (b*) between the vegetable snacks
before and after freeze-drying.

Extract preparation

The extract of the freeze-dried vegetable snacks was pre-
pared using 25 mL of an 80% (v/v) aqueous ethanol solution
(Avantor Performance Materials, Gliwice, Poland) and 2 g
of the freeze-dried snack ground in an analytical mill (IKA
All basic, IKA Werke GmbH & Co. KG, Staufen, Germany).
The mixture was warmed to 80°C and then filtered. The fil-
trate was transferred into a volumetric flask and filled with
an 80% (v/v) ethanol solution up to 50 mL. This procedure
was performed three times for each sample. The extracts
were used to determine the total phenolic contents (TPC)
and the antioxidant capacity of the snacks.
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Total phenolic content determination

The TPC was determined according to Singleton et al.
[1999] method. The volumes of 0.18 mL of the extract
of the vegetable snacks and 0.3 mL of Folin-Ciocalteau’s
reagent (Merck, Darmstadt, Germany) were put into a glass
tube filled in with 4.82 mL of distilled water. The tube was
stirred and left in the ambient temperature for 3 min. Next,
0.6 mL of saturated sodium carbonate (Avantor Performance
Materials) was added, the mixture was stirred again and left
in darkness for 1 h. The absorbance of mixtures was measured
using a spectrophotometer (Helios Gamma, Thermo Fisher
Scientific, Waltham, MA, USA) at a 750 nm wavelength ver-
sus a blank sample of distilled water with Folin-Ciocalteau’s
reagent and without any extract. The TPC was expressed
in terms of gallic acid equivalents (GAE) per 100 g of snack
d.m. The analysis was performed twice for each extract.

Antioxidant capacity determination using DPPH assay
To determine antioxidant capacity of the freeze-dried veg-
etable snacks using the DPPH assay [Brand-Williams et al.,
1995], 16 h before the analysis, 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH") solution was prepared by dissolving DPPH*
(Sigma-Aldrich, Steinheim, Germany) in methanol and stored
at 4°C in darkness. Directly before the analysis, the DPPH"
solution was diluted by mixing with an 80% (v/v) aqueous eth-
anol solution to a final solution absorbance within the range
of 0.680-0.720 at 515 nm. Various volumes (0.1, 0.2, 0.3,
0.4 mL) of the extract of snacks were put into separate glass
tubes and filled with 80% ethanol up to 2 mL. These mixtures
were supplemented with 2 mL of a DPPH" solution. After
stirring for 30 min in darkness at room temperature, the ab-
sorbance was measured at 515 nm using a Helios Gamma
spectrophotometer (Thermo Fisher Scientific) versus an 80%
(v/v) aqueous ethanol solution as a blank sample. The assay
was carried out twice for each extract. The results were ex-
pressed in terms of the EC,, proving that the extract concen-
tration had the ability to scavenge 50% of DPPH". The results
were expressed in mg of snack d.m. per mL of the extract.

Antioxidant capacity determination using ABTS assay
To determine the antioxidant capacity of the freeze-dried
vegetable snacks using the ABTS assay [Re et al, 1999],

an ABTS radical cation solution was prepared by dissolv-
ing persulfate (Sigma-Aldrich) and ABTS (Sigma-Aldrich)
in the distilled water and storing it for 16 h in darkness to
obtain 7 mM solutions. Before the analysis, the ABTS"* solu-
tion was mixed with an 80% (v/v) aqueous ethanol solution
to obtain the reagent proving the absorbance ranging from
0.680 to 0.720 at 734 nm. Varied volumes (0.025, 0.05, 0.075,
0.1 mL) of freeze-dried vegetable snack extracts were put into
glass tubes, and 3 mL of the ABTS** solution was added.
The tubes were then stirred and kept for 6 min in darkness at
the ambient temperature. The 80% (v/v) aqueous ethanol so-
lution served as a blank sample. The absorbance of mixtures
was measured at 734 nm using a Helios Gamma spectropho-
tometer (Thermo Fisher Scientific). The assay was carried
out twice for each extract. The results were expressed in terms
of the EC,, (mg d.m./mL).

Statistical analysis

To identify significant differences between the values for
tested snacks, the ANOVA with Tukey’s post-hoc test (at
p<0.05) were performed. Moreover, in order to recognise
the relationship between the parameters, Pearson’s correla-
tion analysis was carried out and correlation coefficient (r)
was determined. The statistical analysis was carried out us-
ing STATISTICA 13 software (TIBCO Software, Palo Alto,
CA, USA).

RESULTS AND DISCUSSION

The dry matter contents of vegetable snacks before
and after drying are shown in . The dry matter con-
tent of fresh vegetable pulps with dried apple pomace powder
was 10.36 g/100 g to 10.70 g/100 g. The addition of the so-
dium alginate as a structure-forming component caused
the need for water. Therefore, the initial dry matter con-
tent was significantly lower (6.29 g/100 g to 6.76 g/100 g)
in the output obtained using a hydrocolloid. There were
no significant (p>0.05) differences between the dry matter
content of the samples with homogenous additive compo-
nents and varied vegetable ingredients. Water removal dur-
ing the freeze-drying reduced the weight of the snacks with
SA and AP by 94.20% and 89.11%, respectively. The dried

TABLE 2. Dry matter content of vegetable snacks with sodium alginate (SA) and dried apple pomace powder (AP) before and after freeze-drying

process, and water activity of the freeze-dried products.

Snack Dry matter content Dry matter content Wa'lt?r
before drying (g/100 g) after drying (g/100 g) activity
YB-SA 6.29+0.21° 97.19+0.19° 0.012+0.003¢
YB/C-SA 6.39+0.16° 97.31%0.20° 0.013+0.002¢
YB/P/C-SA 6.76+0.13° 97.310.29° 0.010+0.002*
YB-AP 10.52+0.18¢ 98.35+0.02° 0.009+0.003*
YB/C-AP 10.36=0.16 98.27x0.11° 0.010+0.002
YB/P/C-AP 10.70+0.292 98.20+0.15° 0.006+0.002°

Results are expressed as mean=standard deviation. Different letters (*°) in columns indicate significant differences at p<0.05. Vegetable ingredients:

yellow bean (YB), carrot (C) and potato (P).
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FIGURE 1. Drying kinetic curves obtained for freeze-drying of vegetable snacks with sodium alginate (SA) and dried apple pomace powder (AP) at

30°C. Vegetable ingredients: yellow bean (YB), carrot (C) and potato (P).

materials were characterised by a very high dry matter content
and a corresponding low water content, which indicated very
low water activity (0.006-0.013). Although the type of addi-
tive significantly affected the water content of the samples,
the corresponding differences were not evidently reflected
by water activity. Similar results of the low water activity
and high dry matter content of freeze-dried vegetable snacks
with hydrocolloids were obtained by Ciurzyniska et al. [2020].
Low water content and activity are factors that restrain chem-
ical and biochemical reactions in food products. They also
inhibit the development of microorganisms, thus affecting
the safety and stability of products and prolonging their shelf
life [Rahman & Labuza, 2020].

Freeze-drying kinetic curves are presented in .
They show changes in the moisture content in the dried out-
put in terms of the dehydration process duration. The type
of used additive determined the drying course. The initial
moisture content of the samples with an addition of SA was
about two times higher than in the case of the samples with AP.
Such a phenomenon was caused by the addition of water to
snacks with SA, as mentioned above. The equilibrium mois-
ture content achieved by the end of the freeze-drying process
was 0.028 g H,0O/g d.m. for the input supplemented with SA
and 0.018 g H,0/g d.m. for the samples with the AP addition.
The type of the additive also influenced the duration of drying,
which was about 2,800 min for each snack containing the SA
and 2,760 min for the AP samples. The drying time of veg-
etable snacks was determined by the parameters of the freeze-
drying process (temperature and pressure) selected in the pre-
liminary tests. The preliminary experiments were conducted for
about two days at a shelf temperature of 30°C and at a pres-
sure of 63 Pa, which allowed obtaining a product with an ap-
propriate structure and texture that accounted for the features
that matter to a possible snack consumer. At the same time,
the process duration was determined by measuring the tem-
perature in the thermal centre of the freeze-dried vegetable
snacks until the pre-set temperature of the shelf in the device
was reached to be consistent with the procedure relevant to
the freeze-drying porous amorphous products [Ciurzyniska &

Lenart, 2011]. The course of the drying curves indicates that,
in this study, the freeze-drying process depended on the mois-
ture content of the experimental input. A lower rate of water
removal at the same temperature and pressure resulted from
a lower moisture content. The freeze-drying process course
is affected by the sample thickness, while the size of ice crys-
tals depends on the moisture content in the fresh sample
and the composition of the matrix, as well as the process
conditions such as temperature and pressure [Oyinloye &
Yoon, 2020]. Due to the processing parameters and the very
low moisture content, freeze-dried products are usually in an
amorphous state, which ensures their textural and structural
properties. However, since they are also very prone to adsorb
water, and hydrocolloids are also characterised by a high
ability to retain water, the drying process needs to be carried
out until the moisture content is low in order to prevent glass
transition and structure collapse [Cassanelli ef al., 2018; Sil-
va-Espinoza et al., 2020].

The true density of the freeze-dried vegetable snacks
in terms of the density of the solid material is shown in
The snacks obtained by adding the apple pomace powder were
characterised by 7% higher true density than the input supple-
mented with sodium alginate. The true density of the prod-
ucts was also dependent on vegetable ingredients. Irrespective
of any carrier agent, the lowest values of the true density were
obtained for the snacks containing only blanched yellow bean
(YB-SA and YB-AP), whereas cooked potato puree caused an
increase in the true density, and the highest values were noted
for the YB/P/C-SA and YB/P/C-AP. Oikonomopoulou ef al.
[2011] demonstrated that the true density of freeze-dried agri-
cultural products and mushrooms significantly differed from
one another and depended on the type of pre-treatment used
(e.g. boiling duration). Such results were probably caused
by differences in the molecular weight of the skeletal com-
pounds of the snacks and the presence of small, closed pores.
However, according to Marques et al. [2006] using helium al-
lows penetrating all small and closed pores during measure-
ment. Koua er al. [2019] also noted the relationship between
the moisture content and the true density of the dried input,
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TABLE 3. True and apparent density, porosity and hardness of freeze-dried vegetable snacks with sodium alginate (SA) and dried apple pomace

powder (AP).

Snack True density (g/cm?) Apparent density (g/cm?) Porosity (%) Hardness (N)
YB-SA 1.460=0.002 0.073+0.003¢ 69.46+2.51® 20.29+2.93
YB/C-SA 1.469+0.000¢ 0.065+0.004¢ 73.90+3.73¢ 18.94+2.79
YB/P/C-SA 1.478+0.001¢ 0.075+0.004¢ 65.65+1.10%¢ 27.36x1.64°
YB-AP 1.578+0.001¢ 0.135+0.009 59.39+2.34¢ 12.71+1.95¢
YB/C-AP 1.583+0.001° 0.130+0.005* 64.11+0.32% 15.29+2.52¢
YB/P/C-AP 1.596+0.001° 0.143=0.006° 61.43+1.68™ 16.83+2.56%

Results are expressed as mean=standard deviation. Different letters (**4<) in columns indicate significant differences at p <0.05. Vegetable ingredients:

yellow bean (YB), carrot (C) and potato (P).

but in the current study, the samples containing less water
were characterised by a higher true density and in the afore-
mentioned study it was reverse.

The capacity of the hydrocolloids to create a porous struc-
ture also influenced the apparent density of the freeze-dried
snacks ( ), which was 46% to 50% lower for the samples
supplemented with sodium alginate (SA) than it was for the AP
variants. The apparent density was strongly correlated with
the true density of the input (r=0.99). Since using a hydrocol-
loid compound allowed for the preservation of the structure
during freeze-drying, a smaller weight of the substance occu-
pied a similar volume as the AP samples. Hydrocolloids are
prone to creating a porous structure by using mixing and aer-
ating devices such as blenders [Ciurzynska et al., 2017],
and in such cases, replacement of the sodium alginate with
apple pomace powder led to the formation of a structure with
a smaller amount of closed pores and caused a higher content
of the solid mass inside the sample. The differences in the in-
ternal structure of the snacks are presented in .
According to the displayed cross-section scans and 3D vi-
sualisations, the skeletal elements were much more con-
densed in the case of the snacks with the addition of AP than
in the case of the products with SA. As shown in , for
the snacks supplemented with SA, the more frequent appear-
ance of pores with a mean diameter larger than 0.16 mm was
observed, while in the AP snacks, a larger number of smaller
pores with a mean diameter lower than 0.10 mm was noted.
The hydrophilic nature of sodium alginate reduces the mobil-
ity of water [Rhim, 2004; Borchard et al., 2005], which induces
the formation of large ice crystals and, consequently, a larger
size of pores compared to the addition of dried apple pom-
ace powder. The type of carrier agent also affected the total
porosity of the freeze-dried snacks ( ). Porosity ranged
from 59.39% to 73.90% and lower results were received for
snacks with the addition of dried apple pomace powder.
There was a strong negative correlation between the poros-
ity and density results (1, .. =0-83, T, geny=-0-87).
During freeze-drying, since pores are created where ice crys-
tals are removed [Voda ef al., 2012], the presented outcomes
could also be caused by the amount of water removed from
the sample. The water content was higher in the products
supplemented with sodium alginate. Differences in the appar-
ent density, porosity and pore distribution arise from the type

of additive and technological process that was consistent with
the specific nature of the carrier agent used. Mixing ingredi-
ents of the snacks with a whisk initiated aeration of the hydro-
colloid, which resulted in a very porous structure. For a dried
apple pomace powder addition, since aeration was absent
and the cellular composition of ingredients was destroyed
by grinding, the pores were smaller and porosity was lower
in these snacks. The porosity and apparent density of freeze-
-dried agricultural products depended on the duration of ther-
mal pre-treatment and drying conditions. Since the pressure
in a drying chamber influenced those features, higher porosity

YB/P/C-SA

FIGURE 2. 3D images (A) and the cross-section (B) of freeze-dried veg-
etable snacks with sodium alginate (SA) and dried apple pomace powder
(AP). Vegetable ingredients: yellow bean (YB), carrot (C) and potato (P).
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FIGURE 3. Percentage distribution of pore sizes in freeze-dried vegetable snacks with sodium alginate (SA) and dried apple pomace powder (AP).

Vegetable ingredients: yellow bean (YB), carrot (C) and potato (P).

and a lower apparent density were caused by the low pressure
in the drying chamber [Oikonomopoulou et al., 2011].

The type of additive also affected the textural properties
of the freeze-dried vegetable snacks, which happens to be al-
most as important as sensory properties for both consumers
and manufacturers. In general, products obtained after add-
ing dried apple pomace powder were characterised by lower
hardness (12.71-16.83 N) than the snacks supplemented
with sodium alginate (18.94-27.36 N), as expressed in terms
of the maximum force recorded during a compression test (

). However, there were similarities between YB/P/C-AP
and YB/C-SA variants. A higher hardness was correlated
with a more stable internal structure of the tested sample. For
both the AP and SA additives, the YB/P/C snacks were char-
acterised by the highest hardness value, which was induced
by the structure and texture-forming properties of the starch
contained in the cooked potato puree [Pieniazek & Messina,
2017]. The type of the carrier agent determined not only
the hardness of the freeze-dried snacks, but also the course
of the compression curves presented in . The SA
sample curves were full of periodic drops of compression
force, while for snacks with the AP addition they were much
smoother, and some drops appeared only on the YB/P/C-AP
curve. The occurrence of these drops indicated the cracking
of the internal structure of the sample as a result of the ap-
plied force. For snacks with added AP, the course of the curves
was softer because they were compressed without breaking

[— - YB/C-SA
YB/P/C-SA
—— YB-AP
YB/C-AP
YB/P/C-AP

N
w
!

N
o
!

T

Force (N)
=
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Time (s)

FIGURE 4. Example compression curves of freeze-dried vegetable
snacks with sodium alginate (SA) and dried apple pomace powder (AP).
Vegetable ingredients: yellow bean (YB), carrot (C) and potato (P).

and cracking, except for the YB/P/C-AP variant, which was
harder. Internal cracks were characteristic of fragile and dry
input, especially in samples obtained with the freeze-drying
method [Rowicka et al., 2002].

The colour parameters of the freeze-dried vegetable
snacks are presented in . The L* values of snacks be-
fore drying ranged from 53.69 to 57.39. There were no sig-
nificant (p>0.05) differences between the YB samples with
the addition of sodium alginate and apple pomace powder,
but for other recipes L * was lower for the AP samples than for

TABLE 4. Colour parameters of freeze-dried vegetable snacks with sodium alginate (SA) and dried apple pomace powder (AP).

Snack L* before drying | a* before drying | b* before drying | L* after drying | a* after drying | b* after drying AE

YB-SA 57.35+0.20¢ -5.35+0.11¢ 31.51%0.20¢ 76.45+1.43¢ -10.62+0.41¢ 34.56=0.91¢ 17.09+1.02¢
YB/C-SA 54.33+0.24¢ 8.93+0.66° 35.16=0.19° 71.49+1.69% 4.76x2.17° 25.29+2.13¢ 18.27+2.94%
YB/P/C-SA 57.13%0.14° 1.75+0.15¢ 31.91+0.16¢ 74.11x1.1® -2.94x0.47¢ 23.69+2.92¢ 19.42+3.45%
YB-AP 57.39%0.04 1.48+0.04¢ 31.94+0.07¢ 75.32£2.77 -3.14x0.48¢ 30.67+1.33 19.71+1.45%
YB/C-AP 53.69+0.05¢ 13.32+0.222 36.35+0.11° 69.12+2.87¢ 6.62+1.91* 34.23£2.76* 19.38+1.98
YB/P/C-AP 54.49+0.07¢ 7.42+0.19¢ 32.38+0.14¢ 68.54=1.41¢ 0.89£0.95¢ 32.08+1.53° 20.75+1.14

Results are expressed as means=standard deviation. Different letters (**<4¢) in columns indicate significant differences at p<0.05. Vegetable ingredi-
ents: yellow bean (YB), carrot (C) and potato (P). Colour parameters: lightness (L*), redness (a*), yellowness (b*) and total colour difference (AE).
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the SA samples, which means that the snacks with apple pom-
ace powder were darker. After freeze-drying, the L* parameter
of each sample increased. The aforementioned trends were
also relevant to the dried products, and the snacks with SA
were characterised by higher lightness than the AP samples.

Chroma parameter a*, which accounts for greenness
and redness, was the lowest for the YB snacks and was
the highest for the YB/C, regardless of the carrier agent used
( ). This trend occurred both before drying and for
freeze-dried snacks and was related to the quantity of car-
rot contained in vegetable mixes, which caused the insertion
of orange colorants such as carotenoids. The type of additive
caused a* parameter of each vegetable variant to be signifi-
cantly higher for the input with AP than for the samples sup-
plemented with AS. If ¢* parameter went up, those samples
were redder, which was caused by the colour of dried pomace
powder that could contain enzymatic and thermal browning
products [Krokida er al., 1998], which resulted from pressing
the juice and drying the pomace.

The values of chroma parameter b* were positive for every
tested sample ( ). Such results meant that each snack,
regardless of the vegetable composition or the type of additive
used, was yellow, and no blue shades were noted. Fresh veg-
etable pulps with an addition of SA were characterised by sig-
nificantly (p<0.05) lower yellowness, but after freeze-drying,
b* parameters of the SA products increased while b* of snacks
with AP decreased. The AP freeze-dried vegetable snacks were
also characterised by higher yellowness than the SA products.

The influence of an apple pomace addition on the colour
parameters in various food products was compiled by Anton-
ic et al. [2020] and, in most cases, the products were darker
and characterised by higher ¢* and b* parameters. Although
the colour changes were usually regarded as a quality-de-
creasing factor, an increase in nutritive value and sensory fea-
tures was also observed.

The total colour change that occurred during the freeze-
-drying process, expressed as AE, ranged from 17.09 to
20.75 ( ), as noted for the YB-SA and YB/P/C-AP,
respectively. Neither the addition of the sodium alginate nor
the dried apple pomace powder caused a significantly higher
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FIGURE 5. Total phenolic content (TPC) of freeze-dried vegetable snacks
with sodium alginate (SA) and dried apple pomace powder (AP). Vegeta-
ble ingredients: yellow bean (YB), carrot (C) and potato (P) The different
letters above bars indicate that the values differ significantly (p<0.05).

or lower change in the colour of every vegetable mix. The total
colour change involved the increase in lightness and green-
ness, decrease in redness, as well as changes in yellowness,
which appeared to have been caused by the freeze-drying pro-
cess. Freeze-drying is known as the dehydration method that
causes the lowest colour change compared to other drying
methods [Krokida ef al., 2001; Zalewska et al., 2016].

The total phenolic content (TPC) of freeze-dried vegeta-
ble snacks is presented in . The products obtained
using dried apple pomace powder, i.e. the YB-AP, YB/C-AP
and YB/P/C-AP, contained 281.6, 303.4 and 281.0 mg
GAE/100 g d.m., while the snacks supplemented with sodium
alginate contained 103.9, 127.7 and 88.7 mg GAE/100 g d.m.,
respectively. According to Sudrez et al. [2010] and Tarko et al.
[2012], apple pomace is a rich source of phenolic compounds
and may be used as an enriching additive in food products.
As expected, using AP increased total phenolic contents, but
it was surprising that the increases would be so much high-
er (63%, 58% and 68% for YB, YB/C and YB/P/C variants,
respectively).

The antioxidant capacity of snacks determined using
DPPH and ABTS assays is shown in . as EC, val-
ues, which express the capacity of the snack dry matter to
scavenge 50% of the DPPH" and ABTS"*, respectively. To this
end, the lower value indicates a higher antioxidant activity.
The DPPH" scavenging capacity of YB, YB/C and YB/P/C
snacks supplemented with SA was equivalent to 10.44, 14.51,
16.52 mg d.m./mL, and for the sample supplemented with AP
itwas 5.03, 5.70, 6.90 mg d.m./mL. The presented data shows
that in comparison to sodium alginate samples, the snacks
with apple pomace powder had higher antioxidant capac-
ity by 52%, 61% and 58%, respectively. The results obtained
with the ABTS assay were 2.85, 2.04, 2.42 and 1.90, 1.92,
1.97 mg d.m./mL, according to the aforementioned sequence.
In the cases of the YB and YB/P/C variants, the antioxidant
capacity was higher by 33% and 19% for the AP samples,
but the EC,, values of YB/C snacks were similar (p>0.05),
irrespective of the type of carrier agent used. The antioxi-
dant capacity was correlated with the total phenolic content

(r,,..=-0.76 and r,.,,.=-0.91), which means that the more
ABTS DPPH
0 7
8 +——————— — — -
16 + — — — — — b,,,,{_ 777777777777777
=14 +———— g —_ — — — [DPPH assay mABTS assay -
E
E 12 +———— R T e
< 10 1 - - = -
1)
E s+ - s T
Bﬁ 6T - -1 |- = -
4 4 — - — — [E—
a c ) .
gil BN BN BN |
0 4 . . .

YB-SA YB/C-SA YB/P/C-SA  YB-AP

YB/C-AP YB/P/C-AP

FIGURE 6. Antioxidant capacity of freeze-dried vegetable snacks with so-
dium alginate (SA) and dried apple pomace powder (AP) determined as
EC,, using DPPH and ABTS assays. Vegetable ingredients: yellow bean
(YB), carrot (C) and potato (P). The different letters above bars indicate
that the values differ significantly (p<0.05): a-¢ for results of DPPH as-
say; a-c for results of ABTS assay.
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phenolic compounds are contained in the input, the more
radicals it is possible to scavenge. Phenolic compounds are
characterised by strong antioxidant activity and, as it has
been reported in the literature, during apple juice production,
about 90% of them were left in the apple pomace [Wichrow-
ska & Zary-Sikorska 2015]. Freeze-drying is the best method
in terms of retention of bioactive compounds such as phe-
nolics, vitamins and colorants in plant products [Bhatta
et al., 20201, so it is a desirable method for the production
of functional food products. Nevertheless, due to the porous
structure of the freeze-dried input, air with oxygen has full
access to penetrate it. For this reason, since all bioactive com-
pounds are in danger of degradation and the oxidative stabil-
ity of such products is lower, appropriate packaging is neces-
sary [Duan et al., 2016].

CONCLUSIONS

In summary, based on the presented results, using dried
apple pomace powder and sodium alginate as a carrier agent
to produce freeze-dried vegetable snacks produced stable
products characterised by repeatable quality. The snacks sup-
plemented with dried apple pomace powder featured higher
dry matter content and density, but the sodium alginate-de-
rived products were harder. Dried apple pomace powder im-
proved the health-promoting properties of the snacks, such as
the total phenolic content and antioxidant activity. The type
of additive also affected textural properties and the internal
structure of the products.

Although it is incorrect to state that food waste (par-
ticularly apple pomace) is a perfect substitute for a hydro-
colloid carrier agent in the case of freeze-dried products,
it is worth conducting further research on its nutritive value,
sensory and storage properties and to replace only a part
of the hydrocolloid with dried pomace powder to improve
quality of the product and sustain its texture. Moreover, due
to the high content of active ingredients, the addition of fruit
pomace may increase the health attractiveness of snack
products. At the same time, from an economic point of view,
the addition of apple pomace may reduce the cost of pro-
ducing a unit of the finished product and lower its price on
store shelves.
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A variety of cultivated mushrooms in Northeast India are well known for their taste, nutritional and medicinal benefits. Many wild-growing mush-
rooms are also consumed due to their exotic flavours and tastes; however, the scientific exploration of their nutritional and bioactive properties is still
negligible. In the present study, the 32 wild edible mushroom samples of 11 species collected from different parts of Northeast India were evaluated
for their proximate composition, mineral and vitamin (ascorbic acid and riboflavin) contents, antioxidant and antihaemolytic activity, and profiles
of organic and phenolic acids. Lentinus sajor-caju and Lentinus squarrosulus had the highest carbohydrate content (49.80 g/100 g dry weight (d.w.)
and 46.36 g/100 g d.w., respectively), crude protein content (20.72 g/100 g d.w. and 20.54 g/100 g d.w., respectively) and a considerable content of min-
erals. The highest fat content was determined in Lentinus velutinus (7.17 g/100 g d.w.). Among the minerals, potassium was found as the most abundant
in all the samples. The extracts of L. sajor-caju, L. squarrosulus, and Pleurotus pulmonarius were characterized by the highest antioxidant activity, while
these of L. sajor-caju, Pleurotus ostreatus, P. pulmonarius and Agaricus bisporus showed the highest antihaemolytic potential. The HPLC analysis al-
lowed determining the high contents of ascorbic acid and a few organic and phenolic acids such as lactic acid, gallic acid, 3,4-dihydroxybenzoic acid
and trans-cinnamic acid in the tested mushrooms. Other compounds viz. citric acid, caffeic acid, riboflavin, vanillic acid, pyruvic acid, and p-coumaric
acid were detected with variations. This study established the nutritional and health benefits of wild edible mushrooms of Northeast India region for

consumption as functional foods in the human diet.

INTRODUCTION

Mushrooms (including the members of Basidiomycota
and the fruiting body forming Ascomycota) are considered to
be one of the important components of the forest ecosystem.
They have been gaining in importance since ancient times
due to their edibility, psychotropic properties, poisonous na-
ture, and mycorrhizal or parasitic associations with the forest
trees. With an estimation of around 1.5 million fungal spe-
cies on earth [Hawksworth, 2001], more than 31,000 species
of Basidiomycota (which form the fruiting bodies) and more
than 66,000 species of Ascomycota (a small fraction of which
forms the fruiting bodies) are well-characterized [Martins,
2017; Taylor et al., 2015]. Among the discovered mushroom
species, there are abundant numbers of wild edible mush-
rooms which are consumed world-wide. These mushrooms
need to be evaluated for their nutritional composition
and bioactive metabolites.
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Many mushrooms are rich in nutrients, medicinal,
and plant growth-promoting compounds [Ghate & Sridhar,
2016], whereas, many others contain toxic metabolites. Ed-
ible mushrooms contain considerable amount of nutritional
compounds including carbohydrates (especially non-reduc-
ing sugars), proteins, minerals and vitamins. Presence of phe-
nolics, tocopherols, carotenoids and ascorbic acid in mush-
room fruiting bodies make them a good source of natural
antioxidants [Sanchez, 2017]. These antioxidant molecules
provide biochemical support to the growth of fruiting bodies
by neutralizing the oxidative stresses provided by reactive oxy-
gen species and free radicals. Likewise, consumption of foods
that are rich in natural antioxidants provide excellent health
benefits and protects our body against oxidative stresses
and aging signs [Chang, 1996; Lindequist et al., 2005]. Re-
cent studies have demonstrated the antihaemolytic potential
of a few mushroom species [Madhanraj et al., 2019; Sharif
etal.,2017]. Antihaemolytic compounds are antioxidants that

Submitted: 2 April 2021
Accepted: 17 November 2021
Published on-line: 13 December 2021

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences

@' © 2021 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License

( ).


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://journal.pan.olsztyn.pl
https://orcid.org/0000-0002-5021-7692
https://orcid.org/0000-0001-6370-4230
https://orcid.org/0000-0002-9745-4118
https://orcid.org/0000-0002-6433-2149
https://orcid.org/0000-0001-8576-105X
https://orcid.org/0000-0001-7258-9801
https://orcid.org/0000-0002-3768-5336
https://orcid.org/0000-0002-0866-3357
mailto:robin.boro@aau.ac.in

464

Pol. J. Food Nutr. Sci., 2021, 71(4), 463480

inhibit the lysis of red blood cells caused by oxidative agents
[Shabbir ez al., 2013].

The Northeast (NE) India possesses a richness in for-
ests, with an abundance of many tree species and other
woody plants. The biodiversity of woody plants can be cor-
related with an equally diverse mycoflora. Ethnic commu-
nities inhabiting different regions of Northeast India regu-
larly consume edible mushrooms collecting from the wild
based on their traditional knowledge on mushroom iden-
tities and their nutritional benefits. However, the diversity
of wild mushrooms from this region is not well documented
in terms of nutritional properties and bioactive proper-
ties. Earlier studies have identified some of the wild edible
mushrooms from the states of NE India including Assam,
Arunachal Pradesh, Meghalaya, and Nagaland [Khaund &
Joshi, 2013; Parveen et al., 2017; Sarma et al., 2010]. How-
ever, nutritional profiling of majority of these wild edible
mushrooms are not well investigated. In our recent study,
a molecular genetic analysis was conducted to identify
50 wild mushrooms collected from different regions of five
Northeastern states of India, out of which 32 edible samples
belonging to 11 different species were detected based on
their morphological characters as well as genetic informa-
tion of the internal transcribed spacer (ITS) region [Ka-
koti et al., 2021]. Most of these edible mushrooms are part
of the regular diet of various tribal and non-tribal commu-
nities. Therefore, the present investigation was conducted
to evaluate the species-wise nutritional profiling including
proximate composition, mineral and vitamin (ascorbic acid
and riboflavin) contents, bioactivity (antioxidant and anti-
haemolytic activities) and contents of organic and phenolic
acids of those 32 wild edible mushrooms to establish their
edibility as functional food.

MATERIALS AND METHODS

Collection of the fruiting bodies of mushrooms

The fruiting bodies of different mushrooms were collected
from different locations of five North-Eastern states of India
(Assam, Arunachal Pradesh, Manipur, Meghalaya, and Naga-
land). The fruiting bodies were cleaned at the site of collection
with distilled water and immediately taken to the laboratory
by packing inside the collection bags. A total of 32 wild-edible
mushroom samples were used in this study and their funda-
mental sampling information are described in . These
information are also available online at Barcode of Life Data
(BOLD) system ( ). Morphologi-
cal description of molecular identities (ITS barcode details)
of the samples was provided previously [Kakoti ef al., 2021].
BOLD submission IDs and GenBank Accession numbers are
provided in

Preparation of dry powder

The mushroom fruiting bodies were initially shade-dried
with dry air to remove the excessive moisture from the sam-
ples and placed in a hot air oven at 45°C until the residual
moisture was removed. This process took 16-24 h depend-
ing on the sample characteristics. Dry mushrooms were then
powdered using a grinder and sieved through 0.5 mm net.

Determination of moisture content

Moisture content of the fresh mushrooms was determined
using the Association of Official Analytical Chemists (AOAC)
standard protocol [AOAC, 1996]. Briefly, about 20 g of freshly
collected samples were weighed, shade-dried at room temper-
ature for 2 h inside a laminar air flow hood (to remove the ex-
cessive moisture), and placed in a hot-air oven at 105°C for
5 h. The dishes were later cooled in a desiccator and weighed
with the lid on. The moisture content of the mushrooms was
estimated using the formula:

Moisture content of fresh sample (g/100 g)

__ [ Fresh weight (g) - Dry weight (g) %100
h Fresh weight (g)

The residual moisture content in the dry fruiting powders
was determined from 1 g dry powder by placing in a hot-air
oven at 105°C for 5 h.

Moisture content of dry powder (g/100 g)

[ Initial dry weight (g)- final dry weight (g) % 100
B Initial dry weight (g)
Moisture content of the dry powder was used to calculate

the actual dry weight of the samples.

Determination of ash content

The ash content of mushrooms was determined from
the dried, fine powders of the mushroom fruiting bodies.
One gram of powder was weighed into a crucible, which was
placed in a muffle furnace initially at 130°C for 1 h, and fi-
nally the temperature was increased to 600°C for about 6 h.
The powder was cooled in a desiccator and weighed. The ash
content was calculated using the following equation:

Ash content (g/100 g)
_ Weight of ash (g)
~ | Weight of dry mushroom (g)

X 100

Finally, ash content of dried mushrooms was expressed as
g per 100 g of powder dry weight (d.w.).

Determination of crude protein content

The crude protein in the dried and powdered mushroom
tissue was determined using the macro-Kjeldhal method
[method 984.13; AOAC, 1990] with necessary modifications.
Briefly, 100 mg of the mushroom powder was subjected to acid
digestion in a KelPlus digestion apparatus (Pelican equip-
ment, Channai, Tamil Nadu, India). The digested sample
was distilled following the alkali treatment and the released
ammonia was extracted in 2.5% boric acid using the KelPlus
automatic distiller (Pelican equipment). The resultant solu-
tion was then titrated manually against 0.02 N sulfuric acid
to determine the nitrogen content. The crude protein content
was calculated from the nitrogen content by multiplying with
a factor of 4.38 [Reis et al., 2012]. The results were expressed
as g per 100 g of d.w. of mushroom powders.

Determination of total carbohydrate content

Dried mushroom powder (100 mg) was mixed with 2.5 N
HCI and boiled in a water bath for 3 h. The hydrolysate was
neutralized with sodium carbonate. The volume was made up


http://www.boldsystems.org/

M. Kakoti et al.

465

to 100 mL and supernatant was collected by centrifugation.
Carbohydrate content in the supernatant was determined us-
ing the anthrone method [Sadasivam & Manickam, 1996].
Total carbohydrate content of mushroom powders was ex-
pressed as g per 100 g of d.w.

Determination of fat content

The total fat content of dried mushroom fruiting bodies
was determined using the gravimetric method [AOAC, 2007].
Fat was extracted with ethanol : diethyl ether : petroleum ether
(5:12:12, v/v/v) after hydrolysis of the dry mushroom powder
with concentrated HCI. The petroleum ether layer was sepa-
rated after proper mixing and dried to obtain the fat, which
was further weighed. Total fat content in dried mushrooms
was calculated as follows:

Fat content (g/100 g)
[ Weight of the extracted fat (g)

100
Sample weight (g) x

The results were expressed as g per 100 g of d.w. of mush-
room powders.

Determination of mineral content

The contents of minerals viz. calcium, magnesium, potas-
sium, sodium, zinc, iron, copper and manganese, in the dried
mushroom fruiting bodies were determined using an
iCE3000 atomic absorption spectrometer (Thermo Scientific,
Waltham, MA, USA). Extracts were prepared by digesting
the powdered mushroom samples in nitric acid and hydrogen
peroxide as described earlier [Soylak et al., 2005]. The phos-
phorus content was estimated using the molybdovanadate
method [method 965.17; AOAC, 1990]. The content of each
element was determined using a calibration curve plotted with
known concentrations of the respective standards. Results
were expressed based on d.w. of mushroom powders.

Extract preparation from the fruiting bodies

Dry powdered fruiting bodies (1 g) were extracted over-
night using 100 mL of methanol and the supernatant was
carefully filtered through Whatman No. 42 filter paper (GE
Healthcare, Chicago, IL, USA) taking the care that minimal
residue was transferred to the filter paper. Supernatant was
collected and the residue was extracted with another 100 mL
of methanol as described above. For the determination of to-
tal phenolic content, the filtered supernatant was directly
used in the assay. For antioxidant and antihaemolytic activi-
ties analysis, the extracts were evaporated to dryness using
a rotary evaporator and re-dissolved in a required volume
(to prepare the working solutions) of methanol or phosphate
buffered saline (PBS; 10 mM Na,HPO,, 1.8 mM KH, PO,,
137 mM NaCl and 2.7 mM KCI, pH 7.4), respectively, as per
the requirements for further experiments.

Determination of total phenolic content

Total phenolic content in the methanol extracts of mush-
room samples was estimated spectrophotometrically, based
on the procedure described by Singleton & Rossi [1965] with
some modifications. First, 1 mL of the extract was mixed
with 1 mL of a Folin-Ciocalteu’s phenol reagent. After 3 min,

I mL of a saturated sodium carbonate solution was added to
the mixture and adjusted to the total volume to 10 mL with dis-
tilled water. The reaction mixture was kept in dark for 90 min,
after that the absorbance was recorded at 725 nm. Known
concentrations of gallic acid were used to prepare the stan-
dard curve. The total phenolic content of the samples was
calculated based on the graph and expressed as mg gallic acid
equivalents (GAE) per 100 g of d.w. of mushroom powders.

DPPH radical scavenging activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma, Saint
Louis, MO, USA) radical scavenging activity was determined
by the Blois’s method [Blois, 1958] with minor modifications.
The extract and reference standard solutions in methanol
(I mL) were prepared in different concentrations and mixed
individually with 0.5 mL of 0.15 mM DPPH"* solution.
a-Tocopherol was used as the reference standard [Boonsong
et al., 2016]. The percentage of inhibition of DPPH* was ob-
tained by measuring the absorbance at 517 nm using an Evo-
lution 202 UV-Vis double beam spectrophotometer (Thermo
Scientific) and calculation using the following formula:

% Inhibition of DPPH radical

Absorbance of control - Absorbance of sample
= x 100
Absorbance of control

The % inhibition data was used to calculate the IC, val-
ue — concentration of extract that could scavenge 50%
of DPPH radicals. Additionally, the results were expressed as
the tocopherol equivalent antioxidant activity (TEAA) in mg
tocopherol equivalent per 100 g of d.w. of mushroom powder.

Determination of antihaemolytic activity

The antihaemolytic activity of the dried mushrooms was
evaluated using the spectrophotometric method described
previously by Shabbir er al. [2013] with minor modifica-
tions. Briefly, the reaction mixture consisted 0.5 mL of mush-
room extract with varying concentrations viz., 100, 250, 500,
750 and 1000 wg/mL in PBS and 0.5 mL of a red blood cell
(RBC) suspension, and the mixture was incubated at room
temperature for 20 min. After incubation, 0.5 mL of hydrogen
peroxide (H,0,) was supplemented to the mixture for induction
of the oxidative degradation of membrane lipids. A control was
prepared with a similar volume of the reaction mixture without
adding the extract. The reaction mixture was then centrifuged
at 500xg, 4°C for 5 min and the antihaemolytic activity was as-
sessed spectrophotometrically at 540 nm. The percent of hae-
molysis was calculated using the following formula:

% Inhibition of haemolysis

Absorbance of control - Absorbance of sample
= X 100
Absorbance of control

The % inhibition data was used to calculate the IC, val-
ue — concentration of extract that could inhibit the haemolysis
of RBC by 50%.

Detection of major organic acids and antioxidant
compounds

The organic and phenolic acids and some other me-
tabolites were initially extracted from powdered mushroom
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(60.36 g/100 g). Moisture contents vary among species to spe-
cies depending on their types of fruiting bodies. Although, dif-
ferences in moisture content among the members of the same
species may vary depending upon the environmental factors
such as relative humidity, temperature, and relative amount
of metabolic water [Crisan & Sands, 1978; Singdevsachan
et al., 2014]. Dry fruiting body powders of the mushrooms
also retained the minimal amount of moisture ranging from
2.43 g/100 g to 3.53 g/100 g ( ). The highest ash con-
tent was determined in Agaricus bisporus (9.23 g/100 g d.w.),
while the lowest one in Lycoperdon scabrum (5.62 g/100 g
d.w.) and A. auricula-judae (5.68 g/100 g d.w.).

Total crude protein content of the edible dried mush-
rooms showed variations among different species ( ).
Species-wise comparisons showed that the crude protein
content was the highest in Lentinus sajor-caju (20.72 g/100 g
d.w.), and Lentinus squarrosulus (20.54 g/100 g d.w.). Al-
though, there were no significant differences (p<0.05) ob-
served in the crude protein content of these two species with
that of A. auricula-judae (19.70 g/100 g d.w.), Pleurotus os-
treatus (19.28 g/100 g d.w.) and A. bisporus (18.65 g/100 g
d.w.). Our results were comparable to the previous findings
on the protein contents of edible mushroom species [Kalac,
2013; Phan et al., 2012; Reis et al., 2012]. However, different
researchers found differences in the protein contents based
on the external growing parameters. For instance, the protein
content in Pleurotus pulmonarius was reported to vary from
~14 g/100 g d.w. to 26 g/100 d.w. depending on different car-
bon sources supplemented during their cultivation process
[Smiderle et al., 2012]. Therefore, it can be concluded that
protein content in wild mushrooms may vary depending upon
the substrates on which they grow.

Among the edible mushroom species, L. sajor-caju
showed the highest carbohydrate contents (49.80 g/100 g
d.w.), which was followed by P arcularius (46.64 g/100 g
d.w.), L. squarrosulus (46.36 g/100 g d.w.) and A. auricu-
la-judae (42.75 g/100 g d.w.) ( ). Our results could
be compared with the carbohydrate content of edible mush-
rooms as reported earlier [Johnsy ef al., 2011; Nwanze et al.,
2005]. Carbohydrates are the most abundant constituents
of mushrooms, which include sugars (monosaccharides,
their derivatives and oligosaccharides) as well as both re-
served and construction polysaccharides [Kalac, 2013].
Compared to the small amount of reducing sugars pres-
ent in mushrooms, chitin and starch constitute the major
fraction of total carbohydrates [Manzi et al., 2001]. Mush-
rooms contain digestible carbohydratess (such as glucose,
glycogen, mannitol, and trehalose) as well as non-digestible
carbohydrate (such as p-glucan, chitin and mannans). Both
of these carbohydrate forms constitute the total carbohy-
drates in mushroom fruiting bodies [Ho ef al., 2020].

Species-wise comparison showed the highest total fat
content in Lentinus velutinus (7.17 g/100 g d.w.), which
was followed by Pleurotus giganteus (3.43 g/100 g d.w.) and
L. squarrosulus (2.69 g/100 g d.w.). The lowest total fat content
was determined in the samples of L. scabrum (0.57 g/ 100 g
d.w.) and L. sajor-caju (0.62 g/100 g d.w.) ( ). Typical-
ly, mushrooms have been reported to have a low fat content
compared to the carbohydrate and protein contents. Fruiting

bodies of edible mushrooms mostly contain cis-linoleic acid
as a major fatty acid which varies from 22-65% in abundance
of total fat. The other major fatty acids in mushrooms include
cis-oleic acid, palmitic acid, and stearic acids [Giing Ergontil
etal., 2013].

The mineral content analysis of the edible dried mush-
rooms revealed that there were significant differences among
the tested samples. and show the species-
wise average contents of macro- and microelements, respec-
tively, of the mushroom samples. Among all the minerals,
potassium (K) content was the highest in all the samples.
Species-wise comparison showed that potassium content var-
ied among different species and the highest content was in
P, ostreatus (2074.0 mg/100 g d.w.), along with A. bisporus,
P, pulmonarius, L. squarrosulus, L. sajor-caju, A. auricula-judae
and Panus lecomtei ( ). Previous studies also reported
potassium as the predominant macroelement among differ-
ent mushroom species [Dursun ef al., 2006; Gengcelep et al.,
2009]. The phosphorus content was the highest in L. velutinus
(318.8 mg/100 g d.w.), which was followed by that in P pulmo-
narius (294.3 mg/100 g d.w.) and P, ostreatus (285.2 mg/100 g
d.w.). The highest calcium (Ca) content was found in L. sa-
Jor-caju (232.0 mg/100 g of d.w.), which was non-significantly
higher (p>0.05) than in A. auricula-judae (222.3 mg/100 g
of d.w.), and few other species ( ). There were very little
differences in the magnesium (Mg) content among different
species. The average sodium (Na) content of A. bisporus was
the highest among the analysed mushroom species ( ).
On the other hand, the lowest sodium content was found in
P, lecomtei. Four microelements, namely iron (Fe), zinc (Zn),
copper (Cu), and manganese (Mn), were also determined us-
ing atomic absorption spectroscopy ( ). The findings
revealed exceptionally high iron content in A. auricula-judae
(97.30 mg/100 g d.w.) compared to the samples of other spe-
cies. Iron contents of L. squarrosulus, L. sajor-caju, P. pulmo-
narius and A. bisporus were also found high. Compared to
iron contents, other three elements (Zn, Cu and Mn) were
determined at lower levels, which was consistent with find-
ings of other authors [Dursun et al., 2006; Gengcelep et al.,
2009]. As suggested by previous findings, the mineral con-
tents of mushrooms are greatly affected by geographical loca-
tions, growing substrates and several other internal and exter-
nal factors including growth conditions and genetic factors
[Gengcelep et al., 2009; Mallikarjuna ef al., 2013; Uzun et al.,
2017]. It was also reported that bioavailability of some ele-
ments in mushrooms, especially copper, is low for human due
to limited absorption from the small intestine [Schellmann
etal., 1980].

Total phenolic content (TPC) in the dry mushrooms
Phenolic compounds are a major class of secondary plant
metabolites with an important role in the protection against
oxidation processes [Croft, 1999]. Numerous studies have
proved that mushrooms also contain many phenolics equiva-
lent to plant phenolics with potent radical scavenging ability
[Elmastas et al., 2007; Turkoglu et al., 2007]. Here, total phe-
nolic contents of the wild edible mushrooms were determined
spectrophotometrically using the Folin-Ciocalteu reagent
after extraction with methanol. Methanol can be considered
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as the most suitable solvent for the extraction of organic com-
pounds including phenolics. Previously, it was reported that
extraction of phenolics with methanol resulted in the high-
est TPC compared to ethanol, acetone and water [Do
et al., 2020]. In the present study, the total phenolic content
ranged from 59.2 to 1051.5 mg GAE/100 g d.w. for the dried
mushrooms ( ). Species-wise comparisons showed
that the highest TPC was found in the samples of L. sajor-
caju (831.3 mg GAE/100 g of d.w.), which was followed by
P, lecomtei (780.9 mg GAE/100 g of d.w.) and P pulmonarius.
Samples belonging to the species P, arcularius had the lowest
TPC (109.1 mg GAE/100 g of d.w.) compared to those of oth-
er species ( ). There are extensive reports concerning
the phenolic contents of mushrooms; however, comparison
of findings is difficult due to diversity in research materials,
environmental conditions, habitats, analytical methods or
ways of expressing the findings [Nowacka ef al., 2014]. Our
study demonstrated higher total phenolic contents in wild
mushrooms (such as L. sajor-caju, P ostreatus, and P pulmo-
narius) compared to the cultivated strains of those species
described earlier [Jeena ef al., 2014]; however, total phenolic
contents as high as 2.17-36.19 mg/g d.w. have been described
earlier for a few edible mushrooms [Boonsong et al., 2016].

Antioxidant activity

DPPH radical scavenging activity of the mushroom sam-
ples was evaluated and the species-wise results were com-
pared based on the IC, of the methanolic extracts, as well
as the tocopherol equivalent antioxidant activity (TEAA).
The results suggested that the samples of the species L. sajor-
caju, L. squarrosulus, and P pulmonarius exhibited higher an-
tioxidant activity indicated by the lower IC, and higher TEAA
as compared to other species ( ). IC, signifies the abil-
ity of the extract to scavenge the DPPH radical in a concen-
tration-dependent manner. Based on the IC, , our results were
comparable with those of earlier reports, which suggested that
40-60% inhibition of DPPH radical occurred in the presence
of ~500 ug/mL mushroom extracts [Boonsong et al., 2016];
although, concentrations as high as 5-20 mg/mL for scav-
enging 40-60% of DPPH radical were also reported for few
edible mushroom extracts [Cheung et al., 2003; Jeena et al.,
2014; Wong & Chye, 2009]. Extraction solvents play a cru-
cial role in the determination of antioxidant activity of bio-
logical samples. Previous studies reported a high extraction
yield of antioxidants from mushrooms with high antioxidant
properties using methanol and ethyl acetate [Akata ef al.,
2019; Lakshmi et al., 2004]. In our study, there was a posi-
tive correlation between total phenolic content and TEAA,
with a correlation coefficient of 0.544 (p<0.01), suggesting
the major role of phenolic compounds in antioxidant activ-
ity of mushroom powders. It was earlier reported that the an-
tioxidant properties of button mushrooms varied between
5.49 and 10.48 nmol Trolox equivalent/mg d.w. based on their
growing stages, and the antioxidant activity of those samples
correlated with the ergosterol content [Shao et al., 2010].

Antihaemolytic activity
Antihaemolytic activity of the extracts was tested in goat
RBC cells in the presence of the haemolytic agent H,O,.

Extracts from the mushroom powders showed inhibition
of haemolytic activity, which was found to be increased with
increasing concentrations of the extracts (data not shown).

shows sample-wise and species-wise comparisons
of the antihaemolytic activities of the dried fruiting body
extracts. The samples belonging to the species L. sajor-caju,
P, ostreatus, P pulmonarius and A. bisporus showed the highest
antihaemolytic activity compared to the samples of other spe-
cies. Few extracts of L. squarrosulus indicated low IC, values,
suggesting to have prominent antihaemolytic activity. The an-
tihaemolytic activity of the mushroom extracts can be corre-
lated to their antioxidative potential, or total plenolic content
[Afsar et al., 2016]. Haemolytic agents, like H,O,, oxidize
the lipids in the plasma membrane of RBC cells, due to which
haemoglobins release to the extracellular matrix. Phenolic
compounds in the mushroom extracts inhibit the oxidation
of lipids by H,O, due to their antioxidant potential. There are
plenty of reports demonstrating the antihaemolytic activity
of phytoconstituents from different plant species [Alinezhad
et al., 2013; Besbas et al., 2020; Chansiw ef al., 2018]; how-
ever, only few studies have described the antihaemolytic po-
tential of the extracts from the fruiting bodies of mushrooms.
In an earlier study [Sharif er al., 2017], haemolytic inhibitory
activity was evaluated in five different extracts (obtained us-
ing methanol, ethanol, ethyl acetate, n-hexane and water)
of Ganoderma lucidum against human erythrocytes. The re-
sults suggested that two extracts (water and n-hexane)
showed the antihaemolytic activity but, the other two extracts
(ethyl acetate and ethanol) were detected as toxic. The de-
crease in toxicity of the five extracts was found to be in the or-
der of ethyl acetate>ethanol>methanol>n-hexane>water
[Sharif et al., 2017].

Content of organic acids, phenolic acids and vitamins
(ascorbic acid and riboflavin) in mushrooms
The presence of organic and phenolic acids and other
metabolites in the mushroom extracts was determined us-
ing the HPLC analysis by comparing the retention times (t,)
and the absorption maxima of the separated peaks with these
of reference standards (supplementary Table S1). The chro-
matograms of selected mushroom extract (DIM1) and 11 com-
mercially available reference substances used for the identifica-
tion of mushroom powder compounds are shown in .
Few phenolic acids, including 3,4-dihydroxybenzoic acid (t:
10.2 min), gallic acid (t,: 8.5 min), and frans-cinnamic acid (t;:
15.4 min), were identified in most of the tested samples (
). Other non-phenolic acids, including ascorbic acids (t:
3.8 min) and lactic acid (t,: 4.8 min), were also detected abun-
dantly in most of the samples. Few other organic and phenolic
acids, like citric acid (t,: 6.0 min), caffeic acid (t;: 9.7 min),
vanillic acid (t,: 10.6 min), pyruvic acid (t,: 14.4 min), and p-
coumaric acid (t,: 14.6 min), showed species-specific variation
in their presence and contents ( ). Riboflavin was detect-
ed with moderate to low content (9-65 mg/100 g d.w.) in few
species only. The presence of compounds with antioxidant ac-
tivities has supported the earlier findings of this study. Previous
studies also reported some major non-phenolic and phenolic
acids, such as ascorbic acids, citric acid, caffeic acid, vanillic
acid, gallic acid, and trans-cinnamic acid, in edible mushroom
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TABLE 4. Microelement contents (mg/100 g dry weight) of the dried mushroom fruiting bodies.

. Cu Fe Mn Zn
No. gf ];Z(;:sl;l igge Average Average Average Average Average Average Average Average
of samples of species of samples of species of samples of species of samples of species
Agaricus bisporus 3.46%0.03" 24.73%1.15" 3.48%0.02° 8.34+0.19¢
MLS2 3.46=0.03° 24.73=1.159 3.48=0.02% 8.34=0.19¢
) afr‘lfz I’ZZIZ fZ, . 1.980.03" 97.30+4.52¢ 15.15+0.61° 7.1520.39
DIMI 1.98+0.03¢ 97.30+4.522 15.15x0.612 7.15+0.39¢
Lentinus sajor-caju 1.12+0.56¢ 19.01£7.52¢ 2.54%0.64° 4.60£0.51™
APKS5 1.57+0.01" 32.36x0.85¢" 3.50=0.16% 5.45=0.07
DH3 0.32+0.019 7.67=0.161 2.54+0.18' 4.28+0.078m
3. DIM3 0.53=0.00° 15.55+0.50° 2.79+0.04* 4.95+0.07"
MIS2 1.69+0.02¢ 19.49+0.14" 1.58+0.04° 4.010.05mnp
MIS7 1.00+0.04 19.85+0.53" 2.81+0.02* 4.45+0.33¢
MP3 1.60+0.04" 19.17+0.04 1.99+0.01" 4.49+(.24*
Lentinus squarrosulus 1.33%+0.51° 35.64+16.98" 3.75+0.94° 5.47%1.94%
AAU1 1.62+0.03" 57.75+1.55¢ 4.70+0.04¢ 8.76=0.17°
AAU2 1.09+0.01) 40.77=1.31" 2.58+0.05! 4.99+0.07"
AAU3 0.70=0.01" 9.18+0.28¢r 5.00=0.04° 3.67=0.12¢
AAU4 1.33+0.02! 19.87+0.927 4.510.06« 4.34+0.11¢
4. AAUS 0.72+0.02" 22.74=1.05m 4.40+0.08¢ 3.96=0.28p
AAU6 1.87+0.04" 49.77+0.18¢ 2.22+0.01m 5.52+0.17%
AAU7 1.9320.05¢ 26.58=0.851 2.99+0.04 5.54=0.13t
DHI1 0.58+0.00° 46.76=0.57¢ 3.22+0.09m 4.35+0.11¢
DIM2 1.58+0.01" 23.13x0.20m™ 4.43+0.03¢ 4.14=0.09'mno
KB2 1. 87=+0.04f 59.88+1.34° 3.41=0.05e" 9.38+0.08¢
Lentinus velutinus 0.74+0.02< 7.05£0.40° 4.08+0.20° 2.31%0.02¢
KMS5 0.74=0.02m 7.05=0.40° 4.08+0.20¢ 2.31+0.02"
Lycoperdon scabrum 0.88+0.07¢ 11.26+0.66" 0.72£0.04¢ 4.35+0.38°
BP9 0.97+0.02¢ 10.97=0.40° 0.76+0.02¢" 4.22+0.09¥mn
6. DIMS 0.88+0.02' 12.130.59° 0.75+0.01¢ 3.90=0.08°r4
KM7 0.78+0.03" 10.65=0.127 0.67+0.03" 4.91+0.09"
RB6 0.88+0.02' 11.28=0.07° 0.72+0.01¢ 4.35+0.01¢
Panus lecomtei 0.25+0.02¢ 7.12+0.30¢ 0.75%0.02¢ 5.35%0.06"
E APBN3 0.25+0.02" 7.12+0.30° 0.75+0.02¢r 5.35%0.06¢
Pleurotus giganteus 0.86+0.48< 5.95+2.84¢ 0.92+0.70° 2.54+1.64¢
8. KM1 0.42+0.020 3.37x0.21 0.29+0.06' 1.04=0.06¢
KM2 1.30+0.03! 8.53+0.39 1.55+0.06% 4.03+0.12mnep
Pleurotus ostreatus 0.78+0.03« 33.12+0.09° 0.47+0.04¢ 3.82%0.03¢
MP1 0.78+0.03™ 33.12+0.092 0.47+0.04+ 3.82+0.03m
Pleurotus pulmonarius 1.43+0.64" 30.82+0.66" 3.31+0.48° 6.25+1.67
10. MLS1 2.02+0.02¢ 30.65+0.96" 3.69+0.38" 7.77%0.12¢
MP2 0.85+0.01' 30.99+0.27" 2.94=0.04 4.72+0.011
Polyporus arcularius 2.10£0.45° 25.68+2.31° 0.96+0.32¢ 5.65+1.32:
- APBN4 1.58+0.01" 23.03x0.22'm 1.33+0.037 4.13+0.09'mno
DH2 2.61=0.02° 28.25=0.16' 0.59+0.03" 7.15+0.07¢
MLS6 2.10=0.11¢ 25.74=0.87% 0.97+0.069 5.66=0.28"

All the sample-wise data are represented as average + standard deviations (SD) of three independent replications, while species-wise data are rep-
resented as average = SD of all the triplicate data belonging to a single species. The different lowercase letters (a, b, ¢, d, and so on) after each data
in columns indicate the significant difference among the samples/species (p<0.05).
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TABLE 5. Total phenolic content, DPPH radical scavenging activity and antihaemolytic activity of the mushroom samples.

Total phenolic content

DPPH radical scavenging activity

Antihaemolytic activity;

No.|  Species name (mg GAE/100 g dry weight) I1C50 (ug/mL of extract) TEAA (mg/100 g dry weight) IC,, (ug/mL of extract)
& sample code Average Average Average Average Average Average Average Average
of samples of species of samples of species of samples of species of samples of species
Agaricus bisporus 299.2+21.0¢ 979.3+51.9° 120.2+6.5% 462.9%2.6%
MLS2 299.2+21.0m 979.3£51.9 120.2+6.5%° 462.9x2.6
) a:r‘l‘c’;if]“; " 172.5+3.6' 828.7+39.8" 93.9+4.6° Not determined
DIMI 172.5+3.6™ 828.7+39.8¢ 93.9+4.64 Not determined
Lentinus sajor-caju 831.3+156.9* 330.6+52.4" 345.9+38.0° 340.9+58.5¢
APKS5 622.5%60.7¢" 277.5=3.3m 396.1x4.7 283.8+36.1m
DH3 677.1£45.8% 322.0%7.6W 341.4=8.1¢ 299.3x20.9m
3. DIM3 923.7+67.7° 434.8+8.6" 296.4%5.9¢" 316.8=24.1™
MIS2 836.1£26.4< 292.0+11.7m 389.7+15.8% 342.2+22.6!
MIS7 876.682.4 333.8x10.9% 318.0£10.4¢ 438.9+28.1%
MP3 1051.5+41.4 323.7+£3.1i 333.6+3.2¢ 364.1£43.39
Sqﬁi’:ﬁ;’%s 418.6:158.6° 361.8+73.9% 328.5+46.7° 481.1+142.3
AAUI 254.8+7.3% 249.64.5" 394.9=+7.1° 325.0£59.0 km
AAU2 175.4+49.8 339.0x15.31 324.6=15.0% 409.4=5.5
AAU3 247.7+30.3% 352.7£6.6 317.1£5.9¢ 281.8x1.20
AAU4 561.6+45.6" 466.4+35.2¢ 269.1£20.2 671.21.9«
4. AAUS 297.4+6.37 431.5=14.0" 294.4+9 .4 663.2+5.00«
AAU6 398.7+30.9!mne 317.8«15.2% 394.0+19.00 589.15+4.9
AAU7 520.8+17.5% 328.8+9.4ik 357.4=10.3° 557.7+3.9¢
DHI1 568.0=14.5" 339.7+8.70 312.57.9¢ 4573x7.2
DIM2 612.515.0e 486.7=8.7¢ 260.9=4.6 552.8+2.4¢
KB2 549.415.8" 305.5+4.8km 359.7+5.6 303.9«1.2m
Lentinus velutinus 248.0+31.6° 833.1+12.9° 120.5£1.9% 579.3+1.3%
KM35 248.0=31.6% 833.1x12.9 120.5+1.9 579.3=1.3"
Lentinus scabrum 396.6+57.5¢ 711.4+32.3¢ 141.5+14.9° 630.7+64.9"
BP9 382.5+12.3mnop 731.4x17.0¢ 139.3+3.20 727.2+17.3¢
6. DIMS 321.1%2.9om 677.8+8.3¢ 164.9+2.0m 639.7=15.0¢
KM7 411.2+13.9!mn 688.7x14.2¢ 129.3x2.7mp 579.3=1.3
RB6 471.4=16.2M 747.7=10.7¢ 131.8«1. 9 576.713.7°
Panus lecomtei 780.9+14.6" 417.6£6.0% 276.8+4.0° 550.9£2.2¢
APBN3 780.9=14.6% 417.6=6.0" 276.8=4.01 550.9+2.2¢
Pleurotus giganteus 330.6+18.7° 444.1+109.2% 266.3+39.9° 1037.5+114.1°
8. KM1 330.218.8mrd 344.6x6.01 302.5+5.24% 937.7+10.3°
KM2 331.0£22.8nopa 543.6x7.0" 230.1x3.0" 1137.2+50.8
Pleurotus ostreatus 461.3+38.0" 426.9+13.5¢ 284.3+£9.2" 350.4%+7.6%
MP1 461.3£38.04m 426.9+13.5" 284.3+9.2M 350.4=7.6'
) LZ%’:::;S 662.1+139.6" 332.4%10.0¢ 342.4%21.3° 357.5+154.6¢
10. MLSI 608.9£199.4¢ 339.0x6.21 324.2+5.9¢ 498.4x1.6"
MP2 715.3+£22.6¢ 325.8+9.0k 360.7=10.01 216.6=13.8°
Polyporus arcularius 109.1+46.9¢ 914.6x17.7 124.4+7.3¢ 487.7+7.3¢
" APBN4 156.7+5.9 921.8=13.6° 115.1«1.7° 485.9+1.5
DH2 59.2x27.7T 917.6=18.6° 130.1£2.6"r 496.9+0.8"
MLS6 111.4x29.4% 904.5+21.8° 127.8«3.1mp 480.4=1.5
12. Ref(e{grc‘g;ﬁ‘;ggard 18.9+2 .30 286.5%2.1"

All the sample-wise data are represented as average =+ standard deviations (SD) of three independent replications, while species-wise data are represented
as average = SD of all the triplicate data belonging to a single species. The different lowercase letters (a, b, ¢, d, and so on) after each data in columns
indicate the significant difference among the samples/species (p<0.05). GAE: gallic acid equivalents; TEAA: tocopherol equivalent antioxidant activity.
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FIGURE 1. High performance liquid chromatography (HPLC) sepa-
ration of the reference standards (A) and mushroom extract of DIMI
sample (B). Peaks for different compounds are designated with numbers:
1. ascorbic acid, 2. lactic acid, 3. citric acid, 4. gallic acid, 5. caffeic acid,
6. 3,4-dihydroxybenzoic acid, 7. riboflavin, 8. vanillic acid, 9. pyruvic
acid, 10. p-coumaric acid, and 11. trans-cinnamic acid.

samples [Gasecka et al., 2018; Valentao et al., 2005; Yahia
et al., 2017]. Tt is noteworthy that apart from the selected
peaks, there were other peaks in the HPLC chromatograms
which were not identified using standards. Therefore, we do
not deny the presence of other compounds in the mushroom
extracts as they were not targeted for evaluation in this study.
It was previously reported that the organic acid profile varied
among different wild growing species of Agaricus, where lactic
acid and succinic acid were found most abundantly in the test-
ed mushrooms [Ggsecka et al., 2018]. In the present study,
similar findings were recorded with heterogeneous distribution
of organic acids among different mushroom species with in-
tra-specific variations in the relative abundance of few organic
acids. The presence of important phenolic acids in the fruit-
ing bodies of edible mushrooms make them functional foods
as they can protect human body from different diseases due
to their strong antioxidant properties [Ribeiro et al., 2015;
Valentao et al., 2005].

CONCLUSIONS

Based on the findings of our study, the dried edible mush-
rooms, especially L. sajor-caju and L. squarrosulus had a high
nutritive value and a potent antioxidant activity. The sam-
ples of other mushroom species including, P ostreatus,
P pulmonarius, A. bisporus and A. auricle-judae, also featured
considerable nutritional and antioxidant properties. The high

nutritional value of these wild edible mushrooms may enlighten
their scope for domestication and cultivation, thereby contrib-
uting towards the complementation of food security and nutri-
tional demands among the indigenous communities of North-
east India, especially, the people preferring the vegetarian diet.
Moreover, mushroom extracts could be an emerging source
of natural antioxidants, like phenolic acids (3,4-dihydroxyben-
zoic and trans-cinnamic acids) and ascorbic acid. Our study
has demonstrated the antihaemolytic activity of several wild
edible mushrooms from Northeast India, which contained sev-
eral important organic acids and mentioned antioxidant me-
tabolites. Consumption of such wild edible mushrooms with
radical scavenging activity and antihaemolytic potential might
be beneficial to combat oxidative damages in the human body.
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REVIEW PROCESS. All scientific contributions will be peer-reviewed on the criteria of originality and quality. Submitted manuscripts
will be pre-evaluated by Editor-in-Chief and Statistical Editor (except for review articles), and when meeting PJFNS’ scope and formal
requirements, they will be sent to a section Editor who upon positive pre-evaluation will assign at least two reviewers from Advisory Board
Members, reviewers suggested by the author or other experts in the field. Based on the reviews achieved, Section Editor and Editor-in-Chief
will make a decision on whether a manuscript will be accepted for publication, sent back to the corresponding author for revision, or rejected.
Once a manuscript is sent back to the corresponding author for revision, all points of the reviews should be answered or rebuttal should
be provided in the Explanation letter. The revised manuscripts will be checked by Section Editor and by the original reviewers (if necessary),
and a final decision will be made on acceptance or rejection by both Section Editor and Editor-in-Chief.
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Polish Journal of Food and Nutrition Sciences uses CrossCheck’s iThenticate software to detect instances of similarity in sub-
mitted manuscripts. In publishing only original research, PJFNS is committed to deterring plagiarism, including self-plagiarism.
Your manuscript may be screened for similarity to published materials.

COPYRIGHT LICENSE AGREEMENT referring to Authorship Responsibility and Acknowledgement, Conflict of Interest and Fi-
nancial Disclosure, Copyright Transfer, are required for all authors, i.e. Authorship Responsibility and Acknowledgement: Everyone who has
made substantial intellectual contributions to the study on which the article is based (for example, to the research question, design, analysis,
interpretation, and written description) should be an author. It is dishonest to omit mention of someone who has participated in writing
the manuscript (“ghost authorship”) and unfair to omit investigator who have had important engagement with other aspects of the work. All
contributors who do not meet the criteria for authorship should be listed in an Acknowledgments section. Examples of those who might be ac-
knowledged include a person who provided purely technical help, writing assistance, or a department chairperson who provided only general
support. Any financial and material support should also be acknowledged. Conflict of Interest and Financial Disclosure: Authors are responsible
for disclosing financial support from the industry or other conflicts of interest that might bias the interpretation of results. Copyright License
Agreement: Authors agree that papers accepted become the copyright of the Institute of Animal Reproduction and Food Research of the Polish
Academy of Sciences in Olsztyn, Poland, and may not be published elsewhere without the Editor’s permission in writing.

A manuscript will not be published once the signed form has not been submitted to the Editor with the manuscript revised
after positive reviews.

ETHICAL APPROVAL OF STUDIES AND INFORMED CONSENT. For all manuscripts reporting data from studies involving
human participants or animals, formal approval by an appropriate institutional review board or ethics committee is required and should
be described in the Methods section. For those investigators who do not have formal ethics review committees, the principles outlined
in the Declaration of Helsinki should be followed. For investigations of humans, state in the Methods section the manner in which informed
consent was obtained from the study participants (i.e., oral or written). Editors may request that authors provide documentation of the formal
review and recommendation from the institutional review board or ethics committee responsible for oversight of the study.

UNAUTHORIZED USE AND COPYRIGHT AGREEMENT. Published manuscripts become the property of the Institute of Animal
Reproduction and Food Research of the Polish Academy of Sciences (IAR&FR PAS) and may not be published elsewhere without written per-
mission. Unauthorized use of the PJFNS name, logo, or any content for commercial purposes or to promote commercial goods and services
(in any format, including print, video, audio, and digital) is not permitted by IAR&FR PAS.

MANUSCRIPTS. A manuscript in English must be single-sided, preferably in Times New Roman (12) with 1.5-point spacing, without
numbers of lines. The Editor reserves the right to make literary corrections and to make suggestions to improve brevity. English is the official
language. The English version of the paper will be checked by Language Editor. Unclear and unintelligible version will be sent to the author(s)
for correction.

Every paper should be divided under the following headings in this order: a Title (possibly below 150 spaces), Running title (up to
50 spaces, submitted under the Title); the Names(s) of the author(s) in full. In paper with more than one author, the asterisk indicates
the name of the author to whom correspondence and inquiries should be addressed, otherwise the first author is considered for the corre-
spondence. Current full postal address of the indicated corresponding author or the first author must be given in a footnote on the title page;
the Place(s) where the work was done including the institution name, city, country if not Poland. In papers originated from several institu-
tions the names of the authors should be marked with respective superscripts; the Key words (up to 6 words or phrases) for the main topics
of the paper; an Abstract (up to 250 words for regular papers and reviews and 100 words for Short Reports) summarizing briefly main results
of the paper, no literature references; an Introduction giving essential background by saying why the research is important, how it relates to
previous works and stating clearly the objectives at the end; Materials and Methods with sufficient experimental details permitting to repeat
or extend the experiments. Literature references to the methods, sources of material, company names and location (city, country) for specific
instruments must be given. Describe how the data were evaluated, including selection criteria used; Results and Discussion presented
together (in one chapter). Results should be presented concisely and organized to supplement, but not repeat, data in tables and figures. Do
not display the data in both tabular and graphic form. Use narrative form to present the data for which tables or figures are unnecessary.
Discussion should cover the implications and consequences, not merely recapitulating the results, and it must be accomplished with concise
Conclusions; Acknowledgements should be made to persons who do not fill the authorship criteria (see: Authorship forms); Research
funding should include financial and material support; and References as shown below.

REFERENCES cach must be listed alphabetically at the end of the paper (each should have an Arabic number in the list) in the form
as follows: Periodicals — names and initials of all the authors, year of publication, title of the paper, journal title as in Chemical Abstracts,
year of publication, volume, issue, inclusive page numbers; Books — names and initials of all the authors, names of editors, chapter title, year
of publication, publishing company, place of publication, inclusive page numbers; Patents — the name of the application, the title, the country,
patent number or application number, the year of publication.

For papers published in language other than English, manuscript title should be provided in English, whereas a note on the original lan-
guage and English abstract should be given in parentheses at the end.

The reference list should only include peer-reviewed full-text works that have been published or accepted for publication.
Citations of MSc/PhD theses and works unavailable to international Editors, Reviewers, and Readers should be limited as much
as possible.

References in the text must be cited by name and year in square parentheses (e.g.: one author — [Tokarz, 1994]; two authors — [Sfonimski &
Campbell, 1987]; more than two authors — [Amarowicz et al., 1994]). If more than one paper is published in the same year by the same author
or group of authors use [Tokarz, 1994a, b]. Unpublished work must only be cited where necessary and only in the text by giving the person’s
name.
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Examples:

Article in a journal:
Stonimski, B.A., Campbell, L.D., Batista, E., Howard B. (2008). Gas chromatographic determination of indole glucosinolates. Journal of Sci-
ence and Food Agriculture, 40(5), 131-143.

Book:
Weber, W, Ashton, L., Milton, C. (2012). Antioxidants — Friends or Foes? 2nd editition. PBD Publishing, Birmingham, UK. pp. 218-223.

Chapter in a book:
Uden, C., Gambino, A., Lamar, K. (2016). Gas chromatography. In M. Queresi, W. Bolton (Eds.), CRC Handbook of Chromatography, CRC
Press Inc., Boca Raton, Florida, USA, pp. 44-46.

ABBREVIATIONS AND UNITS. Abbreviations should only be used when long or unwieldy names occur frequently, and never in the ti-
tle; they should be given at the first mention of the name. Metric SI units should be used. The capital letter L should be used for liters. Avoid
the use of percentages (% g/g,% w/w; Mol-%; vol-%), ppm, ppb. Instead, the expression such as g/kg, g/L, mg/kg, mg/mL should be used.
A space must be left between a number and a symbol (e.g. 50 mL not 50mL). A small x must be used as multiplication sign between numeric
values (e.g. 5 x 10%> g/mL). Statistics and measurements should be given in figures, except when the number begins a sentence. Chemical
formulae and solutions must specify the form used. Chemical abbreviations, unless they are internationally known, Greek symbols and un-
usual symbols for the first time should be defined by name. Common species names should be followed by the Latin at the first mention, with
contracting it to a single letter or word for subsequent use.

FIGURES should be submitted in separate files. Each must have an Arabic number and a caption. Captions of all Figures should
be provided on a separate page “Figure Captions”. Figures should be comprehensible without reference to the text. Self-explanatory legend
to all figures should be provided under the heading “Legends to figures”; all abbreviations appearing on figures should be explained in figure
footnotes. Three-dimensional graphs should only be used to illustrate real 3-D relationships. Start the scale of axes and bars or columns at
zero, do not interrupt them or omit missing data on them. Figures must be cited in Arabic numbers in the text.

TABLES should be submitted in separate files. They should be as few in number and as simple as possible (like figures, they are expensive
and space consuming), and include only essential data with appropriate statistical values. Each must have an Arabic number and a caption.
Captions of all Tables should be provided on a separate page “Table Captions”. Tables should be self-explanatory; all abbreviations appearing
in tables should be explained in table footnotes. Tables must be cited in Arabic numbers in the text.

PAGE CHARGES. A standard publication fee has been established at the rate of 450 EUR + tax (if applicable) irrespective of the number
of pages and tables/figures. For Polish Authors an equivalent fee was set at 1950 PLN + VAT. Payment instructions will be sent to Authors via
e-mail with acceptance letter.

Information on publishing and subscription is available from:
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Editorial Office of Pol. J. Food Nutr. Sci.

Institute of Animal Reproduction and Food Research
Tuwima 10 Str., 10-748 Olsztyn 5, Poland

phone (48 89) 523-46-70, fax (48 89) 523-46-70;

e-mail: pjfns@pan.olsztyn.pl; http://journal.pan.olsztyn.pl








