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Review article
Section: Food Technology

Technological and Nutritional Challenges, and Novelty in Gluten-Free Breadmaking: a Review

Paola Conte', Costantino Fadda', Natalia Drabiriska’, Urszula Krupa-Kozak**

!Dipartimento di Agraria, Universita degli Studi di Sassari, Sassari, Italy; pconte @uniss.it;
’Department of Chemistry and Biodynamics of Food, Institute of Animal Reproduction and Food Research
of Polish Academy of Sciences, Olsztyn, Poland
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The presence of gluten is considered fundamental for successful breadmaking. However, the ingestion of gluten by susceptible individuals has
been associated with the development of gluten-related disorders such as celiac disease, wheat allergy, and non-celiac gluten sensitivity. The elimina-
tion of gluten from cereal-based baked products has a detrimental effect on the breadmaking process and sensory properties, and raises technological
challenges in terms of making good quality leavened bread. The use of non-gluten raw materials changes the rheological behaviour of the gluten-free
dough, which may result in different processing performance and associated post-baking quality of the obtained bread. Gluten-free bread tends to have
a poor visual texture characteristics, a low nutritional value, reduced mouthfeel and flavour, as well as a shorter shelf-life. The aim of this review is to
present the main problems related to gluten-free breadmaking technology and to summarise recent findings in the improvement of the technological,
nutritional, and sensory properties of gluten-free bread. A great deal of this review focuses on the development of novel and healthy gluten-free breads
formulated with flours, starches, hydrocolloids, and alternative nutrient-dense raw materials, which should fulfil all quality requirements for bakery

products as well as meet the needs of celiac consumers.

INTRODUCTION

Bread is considered a staple food worldwide [Simicet et al.,
2018; Wandersleben et al., 2018]. Gluten proteins or, specifi-
cally, the gliadin fraction of wheat and the prolamins from
other cereals such as barley (hordeins) and rye (secalins)
are responsible for the viscoelastic properties of the dough
and the bread-baking unique asset [Pefia-Bautista et al., 2017].
However, for individuals who suffer from celiac disease (CD)
or other gluten-related disorders (such as wheat allergy (WA)
and non-celiac gluten sensitivity (NCGS)) even the ingestion
of a small amount of gluten can lead to deleterious and serious
health risks [Scherf et al., 2016; Bathrellou er al., 2018], which
are graphically depicted in Figure 1. A strict and life-long glu-
ten-free diet (GFD) is the only available therapy for patients
suffering from CD, and research results showed improvements
in both symptomatology and small bowel histology [Haines
et al., 2008]. Patients with NCGS and WA also benefit from
a GFD, although individuals with WA do not need to restrict
rye, barley, and oats from their diet [Pietzak, 2012].

In reality, a complete avoidance of gluten intake is very dif-
ficult, due to gluten ubiquity in human foods, hidden gluten
sources, and food contamination. Due to the on-going need
for gluten-free products, the gluten-free market is growing
fast. While a strict adherence to GFD may lead to nutrition-

* Corresponding Author: Tel.: +48 89 523 46 18; Fax: +48 89 523 46 01;
E-mail: u.krupa-kozak@pan.olsztyn.pl (U. Krupa-Kozak)

al deficiencies in the longer term, the absence of gluten has
a detrimental effect on breadmaking process and raises tech-
nological challenges in making good quality leavened bread
[Horstmann et al., 2018]. In fact, the technological and sen-
sory characteristics of gluten-free bread (GFB) are worse than
those of conventional gluten-containing bread [Primo-Martin
et al., 2006]. In general, gluten-free baked products are char-
acterized by a crumbling texture, pale crust colour as well as
a faster staling rate [Gallagher et al., 2003]. Considerable ef-
forts have been made to improve GFB quality: nutrient-dense
ingredients, additives with gluten-imitating function and di-
verse technologies have been studied in the hopes of narrow-
ing the gap between gluten-free and gluten-containing bread
[Capriles & Aréas, 2014; Drabifiska et al., 2016]. The aim
of this review is to provide recent findings in improving
the technological, nutritional and sensory properties of GFB.

CONVENTIONAL V'S. GLUTEN-FREE BREADMAKING

Conventional and gluten-free breadmaking are processes
that differ substantially in terms of the complexity of formula-
tions used (including main ingredients and amount of water),
dough rheological behaviour, and overall quality of the final
product [Conte et al., 2016; Morreale et al., 2018a]. In tra-
ditional breadmaking, the term “bread” usually refers to
a yeast-leavened product or sourdough bread specifically
made with wheat flour. The reason why bread is usually made
with wheat flour derives from the unique properties of the in-

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
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FIGURE 1. Short characteristics of gluten-related disorders.

soluble fraction of wheat protein (gliadin and glutenin) to
form, when flour is hydrated and in the presence of mechani-
cal work input, a cohesive viscoelastic mass called a gluten
network. Thus, in wheat bread, gluten is considered the main
structure-forming complex with an exceptional ability to form
a tenacious, extensible, and elastic dough capable of entrap-
ping gas during both proofing and the early stage of baking as
well as enclosing starch granules and fibre fragments [Scan-
lon & Zghal, 2001; Gallagher et al., 2004]. These characteris-
tics of the dough lead to a final bread with a good loaf volume
and a typical crumb structure that results in a sponge-like
texture, which is highly desirable in the leavened baked goods.

In gluten-free breadmaking, in which the elimination
of gluten becomes a necessity, the absence of this continu-
ous three-dimensional protein-starch matrix significantly
affects the rheology of the doughs, the production process,
and the overall quality of the final breads [Ronda et al., 2017].
Gluten-free doughs, which cannot develop a network similar
to traditional breads due to differences in their protein prop-
erties, are less elastic and cohesive, and stickier and more
difficult to handle than their gluten-containing counterparts
[Ronda ef al., 2017]. In order to obtain doughs with accept-
able consistency and better behaviour during the mixing
phase, gluten-free flours/starches require higher amounts
of water than wheat flour does. Thus, gluten-free doughs,
which have a viscosity more like that of cake batters, are often
called batters instead of doughs. The final products, in turn,
tend to show some quality defects such as lower specific vol-
ume; lighter crumb and crust colour; rough, dry and crum-
bly texture; and a shorter shelf life [Gallagher et al., 2004;
Houben et al., 2012; Jnawali et al., 2016]. Therefore, the pro-
duction of GFBs, unlike their wheat-containing counterparts,
requires different technological solutions. The development
of GFB has generally involved the use of complex formula-
tions consisting of a combination of different ingredients

Morbidity: 1%

Genetic background: HLA-DQ2 or HLA-DQS8
Atrophy of duodenal villi: Present

Symptoms: Intestinal and extraintestinal

Time of gluten-fiee diet duration: Lifelong

Morbidity: Unknown

Genetic background. In 50% HLA-DQ?2

or HLA-DQ8

Atrophy of duodenal villi: Absent
Symptoms: Intestinal and extraintestinal
Time of gluten-fiee diet duration: Unknown

Morbidity: 1%

Genetic background. Atopy

Atrophy of duodenal villi: May be present
Symptoms: Intestinal and extraintestinal

Time of gluten-fiee diet duration: The average of
6 years, individual. Lifelong in anaphylaxis

and additives able to imitate the viscoelastic properties of glu-
ten and, consequently, the appearance, quality, and sensory
properties of the bread-like products. To this end, due to their
negligible structure-building capability, the most common
flours and/or starches from different origins (such as rice,
corn, potato, and cassava) usually included in GFB formula-
tions, were often combined with binding agents, such as hy-
drocolloids and protein [Capriles & Aréas, 2014]. Certainly,
the most suitable basic ingredient for GFB preparation is rice
(Oryza sativa) flour. This is probably due to its neutral flavour,
white colour, hypoallergenic properties, high amount of easily
digested carbohydrates, and its low sodium content [Rosell
& Marco, 2008]. However, the use of rice flour in gluten-
-free breadmaking is also associated with some technological
disadvantages. In fact, due to the poor functional properties
of its proteins and the low level of prolamins, it is unable to
form viscoelastic doughs required to retain the carbon dioxide
produced during proofing, leading to a product with low spe-
cific volume and a compact crumb [Rosell & Marco, 2008].
However, despite some discrepancies reported in the litera-
ture, it seems that not all varieties of rice and their related
amylose contents influence the quality of GFB in the same
way [Cornejo & Rosell, 2015]. As reported by Kadan et al.
[2001], the partial replacement (10%) of a long-grain rice
variety with a short grain rice resulted in breads with softer
crumb and slower retrogradation than those produced with
100% long-grain rice. de la Hera ef al. [2013] obtained short-
-grain GFB with higher specific volume and lower hardness
values than those of breads made of long rice varieties. On
the contrary, Cornejo & Rosell [2015] analysing the bread-
making potential of six long-grain rice varieties, obtained
GFBs with characteristics similar to those previously reported
for breads made of short-grain varieties. They concluded that
the breadmaking properties of rice flour might be more af-
fected by the synergic effect of other factors (particle size,
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protein conformation, starch structure) than by the length
of the rice grain. Apart from rice flour, corn meal (Zea mays)
is the second basic ingredient most often used in gluten-free
products. In particular, the yellow corn varieties, due to their
characteristic yellow colour and distinctive flavour, are more
suitable to produce pasta, whereas, the white maize variet-
ies are the flour/starch sources most often used in gluten-free
breadmaking [Hager ez al., 2012].

Not only starch-containing flours, but also starches from
different origins are the main players in providing struc-
ture and texture of the manufactured breads [Jnawali et al.,
2016]. During the bread baking process, starch is able to
bind water and form a gas-permeable structure influencing,
in turn, water retention and dough rheology [Houben et al.,
2012; Witczak et al., 2016]. In fact, starch granules gelatinize
(trough granules swelling and partial solubilisation of starch)
and form a starch paste able to trap air bubbles [Zannini
et al., 2012]. As a result, the addition of starch in GFB for-
mulae (either as a single starch or a composite starch mix-
ture) leads to a product with a higher volume, and a softer,
more cohesive and compact crumb structure [Goémez &
Sciarini, 2015]. However, it is worth highlighting that not all
kinds of starches behave in the same way, as their functional
characteristics depend on their origin, particle size, amylose/
amylopectin content, water swelling and solubility, past-
ing and gelling, starch treatment, and interaction with other
ingredients [Witczak et al., 2016; Zhang et al., 2017]. How-
ever, during food processing, despite the numerous advan-
tages of starch, its native forms show a limited resistance to
physical conditions, such as high tendency to retrogradation
and syneresis, loss of viscosity (especially at low pH condi-
tions), low thermal stability, and inappropriate rheological
characteristics of pastes and gels. For this reason, modifica-
tions of starches by chemical reactions or physical methods
have been proposed to overcome some of these shortcomings
[Witczak et al., 2012; Yousif ef al., 2012]. Korus er al. [2009]
observed that the partial replacement of corn starch with
increasing percentages of tapioca and corn resistant starch
preparations led to gluten-free doughs with increased elastic
behaviour (increase of both storage and loss moduli, and G’
> (3”) and rheological properties typical of a week gel (tan &
> 0.1). The resulting GFBs showed diminished crumb hard-
ness values with the increasing amounts of resistant starch
preparations applied. These authors also found that the addi-
tion of resistant starch raised total dietary fibre, by up to 89%,
as compared to the control samples.

The relatively poor functional properties of the above-
-mentioned basic ingredients, as well as the necessity to
mimic the functionalities of gluten, and the inclusion of other
polymeric substances such as hydrocolloids and non-gluten
protein, are critical factors in a starch-based system like
GFB. Hydrocolloids, also known as food gums, are sub-
stances consisting of hydrophilic, long-chain, high molecular
weight molecules, including different polysaccharides but also
some proteins, such as gelatin [Hoefler, 2004]. When they are
incorporated in a water-based system, they exhibit a range
of functions, including the primary gelling and thickening,
but also emulsifying and encapsulating ones [Hoefler, 2004].
Moreover, the hydrocolloids classified as soluble fibres serve

important physiological functions [Matos & Rosell, 2015].
The addition of hydrocolloids to GFB formulae could have
several effects on both intermediate and end products. (a) At
the dough level, due to their ability to act as water binders,
they raise the viscosity of the system, improve the viscoelastic
properties of the dough and increase, in turn, its gas-holding
capacity. Furthermore, they affect swelling and gelatinization
of the starch granules. (b) At the bread level, due to their abil-
ity to reduce moisture loss, they slow down starch retrogra-
dation and extend the shelf life of the products, preserving
their overall quality over time. Additionally, they influence
other bread quality attributes, such as specific volume, crumb
structure, texture, and sensory properties [Lazaridou et al.,
2007; Jnawali et al., 2016]. Different types of hydrocolloids
of both natural (agar-agar, carrageen, pectin and B-glucan,
gum arabic, locust bean gum, guar gum and psyllium fi-
bre) and synthetic origin (synthesized cellulose derivatives:
hydroxypropylmethyl cellulose (HPMC), carboxymethyl
cellulose (CMC), and methyl cellulose (MC); microbial
biosynthetic: xanthan gum) have been proposed as gluten re-
placers in GFBs [Lazaridou et al., 2007; Schober et al., 2008;
Demirkesen ef al., 2014; Mohammadi et al., 2014; Naji-Tabasi
& Mohebbi, 2014]. However, not all kinds of hydrocolloids
behave in the same way. In fact, their interaction with other
food polymers, such as starch and protein included in the for-
mulation, the specific hydrocolloid used and its supplemen-
tation level (usually up to 2%), as well as the parameter
of the process, could change the type and extent of influence
exerted on both dough and bread properties [Lazaridou et al.,
2007; Rosell & Marco, 2008; Capriles & Aréas, 2014; Jnawali
etal.,2016].

GLUTEN-FREE BATTER/DOUGH CHARACTERISTICS

The quality of GFBs is greatly influenced by the selection
and combination of structural ingredients (mainly polysac-
charides) that are able to provide stability to the system (by in-
creasing viscosity), as well as prevent an excessive weakening
of the protein/starch/hydrocolloids coherent matrix [Scanlon
& Zghal, 2001]. For this reason, in the gluten-free breadmak-
ing process, the development of processable doughs able to
stretch in response to the expansion of gases released during
fermentation, as well as the formation of dough films able
to stretch without rupturing and with sufficient strength to
prevent the collapse of the structure, are crucial prerequi-
sites to obtain high quality yeast-leavened products [Singh
& MacRitchie, 2001; Mir et al, 2016]. From a rheological
point of view, due to the large amount of water usually added
in the complex recipes and also the absence of gluten, gluten-
-free doughs resemble a semiliquid system which greatly var-
ies in terms of consistency, viscoelasticity, and structural net-
working [Gallagher et al., 2003; Hager et al., 2012]. Findings
from selected recent research related to the rheological prop-
erties of dough and bread are summarized in Table 1. Rozyto
etal. [2015] demonstrated that, depending on the type of flour
used (corn, rice, and buckwheat flour), the addition of dif-
ferent amounts of water (from 80% to 120%) to the dough
can affect the quality parameters (such as specific volume
and crumb hardness) of different types of GFBs. In particu-



8

Novelty in Gluten-Free Bread

TABLE 1. Different types of flour/starch and amount of water used in gluten-free breadmaking.

Basic ingredients Amount of water Dough properties Bread properties References

Corn flour 90%, 102% Dough yield Baking yield

Corn starch Rheological properties Specific volume

Potato starch (Rheometer) Sensory evaluation [Pruska-Kedzior et al., 2008]
Rice flour Leavening properties

Buckwheat flour (Rheofermentometer)

Rice flour 120% Microstructural properties Bake loss

Oat flour 95% Leavening properties Specific volume

Quinoa flour 90% (Rheofermentometer) Crumb texture

Sorghum flour 90% Crumb structure [Hager et al., 2012]
Teff flour 90% Shelf-life

Buckwheat flour 85% Sensory evaluation

Short-grain rice flour 80% Microstructural properties Weight loss

Long-grain rice flour 110% Leavening properties Specific volume [de la Heraet al., 2013]

(Rheofermentometer)

Crumb texture

Corn starch 44.4%, 44.7%, Mixing properties Specific volume
&ce starch and 52.7% (Fannograph? Water absprptlon) Crumb structure [Cappa et al., 2013]
Rice flour Leavening properties Colour
(Rheofermentometer, Image anlaysis)
Rice flour 80% Specific volume
Corn flour Crumb texture .
Corn starch Sensory evaluation (Elgeti eral,, 2014]
Quinoa flour
Rice flour 150% Rheological properties Specific volume
(Rheometer) Hardness [Demirkesen ez al., 2014]
Sensory evaluation
Rice flour 70-110% Weight loss
Specific volume
Crumb texture [de la Hera et al., 2014]
Starch digestibility
and glycaemic index
Corn flour 80-120% Specific volume
Rice flour Hardness g
Buckwheat flour Crumb structure [Rozyloet al, 20151
Sensory evaluation
; Y ; ; ;
Rice flour 90-110% Rheological properties Specific volume [Mancebo ef al., 2015]
(Rheometer) Hardness
Rice flour 78-141% Dough extrusion Weight loss
(Texture Analyzer) Crumb texture
Rheological properties Crumb structure [Ronda et al., 2015]
(Rheometer) Colour
Shelf-life
Long grain rice flour 110 % Specific volume
Crumb texture [Cornejo & Rosell, 2015]
Crumb colour
Rice flour 87% Rheological properties Bake loss
Potato starch (Rheometer) Crumb texture
Quinoa flour Crumb microstructural
Buckwheat flour properties [Turkutet al, 2016]
Colour
Sensory evaluation
Maize flour 100% Microstructural properties Crumb microstructural
Rice flour Rheological properties properties
Maize starch (Rheometer) Specific volume [Martinez & Gomez, 2017]
Wheat starch Crumb texture
Potato starch
White rice flour 90-110% Rheological properties Specific volume

(Mixolab®)

Crumb texture
Crumb structure
Colour

[Morreale et al., 2018b]

lar, they observed that GFBs made with corn flour required
the largest amount of water (120%), while, those made with
rice flour required the lowest (80%). The importance of hy-
dration levels in determining the viscoelastic behaviour

of gluten-free dough/batter and influencing the rheological
characteristics of the resulting bread was also recently con-
firmed by Morreale er al. [2018b]. In the same study, besides
the dough hydration levels, the authors underlined the role
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FIGURE 2. Visual appearance of gluten-containing (A) and gluten-free bread (B).

of viscosity (100, 4000, and 15,000 mPaxs) and levels of in-
clusion (1, 2, 3%) of the hydrocolloid HPMC to improve
both batter consistency and some technological parameters
of the final products (crumb hardness, cohesiveness, and re-
silience). The feasibility of improving the rheological proper-
ties of gluten-free doughs through the use of different types
of hydrocolloids and amounts of water was also explored
by many other authors [Cappa et al., 2013; Mancebo et al,
2015; Ronda et al, 2015]. As reported by Pruska-Kedzior
et al. [2008], the distinct rheological behaviour of gluten-free
doughs may also be due to differences in the endogenous
protein content and the fractional compositions of the ba-
sic ingredients included in the formulation (maize starch
and flour, potato starch, rice flour and buckwheat flour). Ac-
cording to the authors, a complex approach involving rheo-
logical and fermentographic methods in future studies on
gluten-free dough technology could be useful in the develop-
ment of GFBs with improved sensory profile and prolonged
shelf-life. However, although a number of studies have been
conducted to characterize the dough/batter rheological prop-
erties using both fundamental and empirical analyses, finding
reliable predictors able to correlate gluten-free dough rheo-
logical properties with the quality of the resulting breads, still
remains an important task [Matos & Rosell, 2015]. Matos &
Rosell [2013], in an attempt to determine such quality indica-
tors at dough levels, tested seven different gluten-free com-
plex formulations (one based on corn starch, and the other
six on rice flour) and evaluated the rheological properties
of the dough and the technological and sensory characteristics
of the resulting breads. They reported that dough Mixolab pa-
rameters showed high correlation coefficients with the physi-
cal quality of fresh breads, but relatively low correlations with
their sensory characteristics. In particular, a strong relation-
ship was observed between bread crumb hardness and dough
consistency during mixing and after cooling. Martinez &
Gomez [2017], using the most common types of flours (rice
and maize) and starches (maize, wheat and potato) usually
included in gluten-free formulae, studied the mechanistic re-
lations among the development of the starch/flour structure,
dough rheology, and bread quality. These authors reported

that the structure and morphology of the starch granules
and flour particles were the major determinants of dough
changes produced during the fermentation and baking phas-
es. The large and compact particles of the flours produced
dough with high consistency and breads with volume and tex-
tural properties lower than those obtained with starches.
In particular, among the starch-based formulations, the small
wheat starch granules, which also exhibited the lowest pasting
temperature, formed a continuous and uniform starch-hydro-
colloid matrix, leading to doughs with a lower consistency but
higher holding capacity and, consequently, breads with higher
specific volume and better textural properties.

QUALITY OF GLUTEN-FREE BREAD

Gluten-free bread appearance, texture, and shelf-life

Despite the considerable advances made in improving
gluten-free bakery products, some major problems related to
their technological and sensory quality must to be overcome.
Due to the need of using non-gluten raw materials, the changes
observed in the technological properties of gluten-free doughs
may result in different processing performance and associated
post-baking quality defects of the resulting breads, which tend
to have unattractive appearance, in particular pale crust colour
with irregular surface, poor mouthfeel and flavour, and a short-
er shelf-life [Houben et al., 2012; Jnawali et al., 2016; Con-
te et al., 2018]. Visual texture is defined as the appearance
of the product, ranging from the crust colour to the loaf volume
to the crumb grain structure of each single slice of bread [Wang
et al., 2013]. The colour of both crust and crumb is known
to be one of the most important visual characteristics, which
strongly influence consumer choice [Gallagher et al., 2003;
Conte et al., 2018]. GFBs, unlike their wheat-containing coun-
terparts, show unappealing and often too white coloration
(Figure 2). It may be due to the natural colour of the conven-
tional raw materials included in the formulations [Gallagher
et al., 2003; Rozyto et al., 2015]. Furthermore, a small amount
of proteins and high water contents hamper the browning reac-
tion, which is the main responsible for the formation of brown
pigments [Mohammadi ez al., 2014].
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The specific volume is one of the most important techno-
logical parameters of bread quality. However, due to the mul-
tiplicity of bread varieties, each of which has its own particu-
lar characteristics, the specific volume cannot be considered
a quality factor itself. For instance, in the case of breads baked
in pans, high values of specific volume, being usually associ-
ated with a proper aeration of the bread loaves, are required to
obtain products able to satisfy the widest cross-section of con-
sumers. A suitable gas bubble entrapment and a subsequent
stabilisation of the foam structure are also fundamental to
achieve a fine alveolate structure, in which the resulting pores
should be small, regular and spread evenly across the crumb
[Elgeti et al., 2014]. Tt is during baking that the further growth
of the gas bubbles previously incorporated during mixing de-
termines dough expansion and, consequently, the final vol-
ume and appearance of breads [Scanlon & Zghal, 2001].
Naji-Tabasi & Mohebbi [2015] reported that in formulations
based on rice flour, corn flour, and corn starch, the addition
of cress seed gum and xanthan gum as gluten substitutes led
to breads with higher specific volumes and improved cell area
fraction. They also reported that hydrocolloids, by forming
thick layer, influenced the stability of the gas cells, leading to
more regular and solid pores, especially in breads contain-
ing cress seed gum. Furthermore, hydrocolloids (by limiting
the diffusion of water) had a positive effect on crumb colour
during storage.

Apart from visual texture defects, GFBs tend to have
high crumb hardness, low cohesiveness and elasticity and, as
a consequence, high brittleness with a pronounced tendency
to fracture or crumble [Gallagher et al., 2003]. It is well es-
tablished that such a mechanical behaviour of GFBs, which
is usually described by the above-mentioned physical texture
parameters, is strongly influenced by product density and po-
rosity. This implies that, in dough processing, all the aspects
that change bread volume and cell structure are also major
determinants of the bread texture. Demirkesen et al. [2014]
studied the effects of the addition of different gums (xanthan,
guar, locust bean, agar, MC, CMC, and HPMC) and gum
blends (xanthan-guar and xanthan-locust bean) on crumb
structure and texture parameters of rice-based GFBs. The au-
thors found that the use of both gum blends and single xanthan,
CMC, and HPMC led to breads with homogenous and finer
crumb structure in terms of lower porosity and average area
of pores, and higher number of pores. They also reported that
the hardness, cohesiveness and springiness values were cor-
related with the internal structure of the crumb. In particular,
it was observed that GFBs with softer, more cohesive and elas-
tic crumb, also showed the lower values of porosity, lower
average size of pores and higher number of pores. Similarly,
de la Hera et al. [2014], studying the impact of dough hydra-
tion levels (70, 90, and 110%) and particle size distribution
(fine and coarse) on the quality of rice-based GFBs, found
a strong correlation (r=-0.8931; P<0.001) between hardness
values and specific volume. In spite of a slightly detrimental
effect in the nutritional aspect, better results were obtained
with coarse flour and large amounts of water.

Another major disadvantage normally associated with
GFBs is the impossibility to keep breads fresh for a longer
time. In fact, during storage, baked products undergo a num-

ber of physicochemical changes, ranging from the crumb
hardening to the loss of crust crispiness and organoleptic
freshness to the gradual decrease in consumer acceptance
[Fadda et al., 2014]. These alterations are commonly referred
to as staling, which is a complex, but not-well understood
process that has been associated primarily with moisture
redistribution, starch retrogradation, polymers reorganiza-
tion, and starch-protein interactions [Fadda et al., 2014]. If,
on the one hand, the transfer of moisture from the internal
to the external region of the loaf is commonly recognized as
mainly responsible for the staling of the crust, on the other
hand, staling of the crumb is a more complex phenome-
non that involves multiple factors [Gray & Bemiller, 2003].
Certainly, the most widely accepted mechanism involved
in the firming of the crumb is the recrystallization of amylo-
pectin. However, also the moisture content and its redistri-
bution among the different constituents of the crumb seems
to play a critical role [Gray & Bemiller, 2003; Ronda et al.,
2011]. It should be noted that most GFBs, which are often
based on pure starches and require an extra amount of water,
are more prone to stale than their gluten-containing coun-
terparts. In fact, owing to the absence of gluten, the transfer
of moisture may increase, leading to a product with softer
crust and firmer crumb [Gallagher ef al., 2003; Sciarini et al.,
2010]. In an attempt to delay the staling of GFBs, several au-
thors reported different promising strategies, including: (a)
the use of enzymes such as a-amylase and cyclodextrin glyco-
syltransferase, which are able to partially degrade amylopec-
tin, thus hindering its recrystallization, as well as to modify
both protein-starch and protein-protein interactions, respec-
tively [Gujral et al., 2003; Haghighat-Kharazi et al, 2018];
(b) the use of some hydrocolloids such as xanthan, CMC,
and HPMC, which are able to decrease the loss of moisture
content during storage and, consequently, retard both starch
retrogradation and crumb hardening [Mohammadi er al,
2014; Mir et al., 2016]; and (c) the use of sourdough technol-
ogy [Rinaldi et al., 2017].

Nutritional quality of gluten-free bread

Another concern regarding GFB is related to its nutri-
tional value. Gluten-free cereal-based products, including
bread, are mainly made of starches from different sources or
refined flours, they lack several macro- and micronutrients
and provide smaller amounts of valuable nutrients needed
in a healthy and balanced diet [Gallagher et al., 2004; Martin
et al, 2013]. Compared to their gluten-containing counter-
parts, commercial gluten-free products have a lower protein
content, inadequate amount of B-group vitamins [Thomp-
son, 1999; Yazynina et al, 2008], and minerals (including
iron, zinc, calcium) [Wronkowska et al., 2008; Saturni ef al.,
2010]. Besides, gluten-free flours are not enriched or fortified
like the refined wheat-based flour or products are on a volun-
tary or mandatory basis [Department of Health, 1998; Akhtar
et al., 2011]. Meanwhile, the enrichment of gluten-free flours
in minerals and/or vitamins could increase the nutritional sta-
tus of CD patients and increase the amount of minerals to
the level sufficient for prophylactic or therapeutic use.

Nutritional deficiencies are frequently detected in newly
diagnosed and untreated CD patients due to chronic inflam-
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mation and malabsorption problem [Wierdsma ez al., 2013].
Besides, a GFD which is the only recommended CD treat-
ment may not be nutritionally adequate and well-balanced
thus may generate deficiencies that persist in CD patients
following this eliminative diet [Saturni et al., 2010; Penagini
etal., 2013]. Tron deficiency anaemia [Theethira et al., 2014]
and lower bone mineral density [Meyer ef al., 2001; Krupa-
-Kozak, 2014] were frequently determined in CD patients
at time of diagnosis. Hallert et al. [2002] found a poor vita-
mins status, in particular lower contents of folic acid and vit.
B6 in CD patients on a GFD for over 10 years. In turn,
Sdepanian et al. [2003] revealed that the mean bone min-
eral density in adolescents with CD was significantly lower
than in the control groups, and that they showed high per-
centages of magnesium and calcium as well as phosphorous
deficiencies.

Recently, a growing number of studies related to gluten-
-free bakery products besides the focus on the better sensory
quality and prolonged shelf-life, pay special attention on
the development of products characterised by an improved
nutritional quality [Capriles & Aréas, 2014]. Inclusion of mi-
croelements into a GFB formulation is one of the promising
methods for the improvement of the nutrition value of GFB
without compromising its sensory quality. A GFB enriched
in calcium was obtained by Krupa-Kozak et al. [2011a] who
evaluated the effect of the individual and combined addition
of calcium caseinate and calcium citrate to GFB formula-
tions. Compared with unfortified control GFB, in breads
containing calcium citrate alone (2%) or containing a mixture
of calcium citrate and calcium caseinate (1.3% and 0.7%, re-
spectively), a significant increase of calcium levels was deter-
mined, which allowed considering the obtained GFBs as good
sources of calcium, providing approx. 100-140 mg of calcium
per serving. Moreover, the technological and sensory charac-
teristics of calcium-enriched GFBs were favourably modified.
In a subsequent study, Krupa-Kozak et al. [2012] assessed
the suitability of different organic or inorganic calcium sourc-
es (calcium lactate, calcium citrate, calcium chloride, cal-
cium carbonate) in GFB formulations with inulin. The best
results were achieved with the addition of calcium carbonate,
which additionally raised the overall consumer acceptability
of GFB. Kiskini e al. [2012] compared the effects of iron sup-
plements (ferric pyrophosphate, ferric pyrophosphate with
emulsifiers, sodium iron EDTA, microencapsulated ferrous
sulfate, and elemental iron) on the sensory and physical qual-
ity of iron-fortified GFB (40 mg/kg solid compound). They
observed that the electrolytic iron was stable during thermal
treatment, and thus its addition caused no adverse chang-
es to GFB. In contrast, authors indicated the limitations
of other iron supplements administered into GFB, in par-
ticular observed that the addition of ferric pyrophosphate
and NaFeEDTA caused undesirable changes in bread, in par-
ticular darkening of crust and crumb and a metallic taste.

More often, however, the use of highly nutritious naturally
gluten-free ingredients such as pseudocereals, minor cereals,
legumes, and protein from various sources has been suggest-
ed as an important and dietary method for the improvement
of the nutritional value of GFB. However, while the incorpo-
ration of such raw materials in gluten-free formulae may have

advantages due to their high nutritional value, there are also
disadvantages due to their technological limitations, which
can change the appearance, colour, texture, aroma, and taste
of GFB [Capriles et al., 2016]. Several excellent reviews sum-
marized the nutritional aspects of fortified gluten-free prod-
ucts, including their glycaemic index and antioxidant capacity
[Capriles & Aréas, 2016; Taylor et al., 2016; Tsatsaragkou &
Mandala, 2016; Torres et al., 2017]. The recent application
and properties of additional ingredients in GFB will be dis-
cussed in the following sections of this review.

HOW TO IMPROVE GLUTEN-FREE BREAD?

In the last few decades, a great deal of attention has been
paid to the development of novel and healthier GFBs able to
fulfil all quality requirements for bakery products [Capriles
et al., 2016]. To this end, the special role of different protein
sources has been strengthened and the use of alternative
nutrient-dense raw materials and natural compounds has be-
come increasingly popular.

Proteins of animal and plant origin

To build up a network similar to that formed by gluten
in wheat bread production, the inclusion of other polymeric
substances such as non-gluten proteins is a critical factor.
Although proteins play a functional role in developing bread
structure and texture, their inclusion in gluten-free formulae
may also confer nutritional benefits to the final products [Zio-
bro et al., 2013a]. Different types of proteins of both plant
(such as cereals, pseudocereals, and legumes) and animal
origin (such as dairy proteins and egg albumins) have been
used to produce protein-enriched GFBs [Crocketter al., 2011;
Ziobro et al., 2013a; Aguilar et al., 2015; Collar et al., 2015].

Dairy ingredients such as caseinates, whey proteins,
and skim milk powder were widely used in gluten-free bread-
making due to their functional properties, which are similar
to these of gluten, and to their high nutritional value, which
entails an increase in calcium and protein content and sup-
ply of essential amino acids [Stathopoulos, 2008; Nunes
et al., 2009]. However, not all kinds of dairy proteins be-
have in the same way, as they possess different functional-
ities, which range from the ability of caseinates to stabilize
the dough/batter, through the ability of isolated and concen-
trated whey proteins to form gels, to the high water-holding
capacity of high-temperature skim milk powders [Nunes
et al., 2009]. Thus, the addition of dairy proteins in GF bread
formulae could have several effects on the overall quality
of the intermediate and end products: (a) at the dough level,
they increase water binding capacity and enhance the han-
dling properties of dough/batter; (b) at the bread level, they
increase loaf volume, improve texture, enhance crust colour
and aroma, and reduce the staling rate [Houben et al., 2012].
Krupa-Kozak ef al. [2013] evaluated the effects of the ad-
dition (12% and 24%) of four low lactose dairy proteins
(calcium and sodium caseinate, dried whey protein isolate,
and hydrolyzed whey proteins) on the behaviour of the dough
and the quality properties of the resulting GFBs. They found
that, although the GFBs exhibited higher protein content at
all supplementation levels, breads prepared with the addition
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of 12% milk powders where more than 5 times richer in pro-
tein than the control one; in addition, their crumb softness,
specific volume, crust darkening, and crumb lightness were
observed to significantly increase. However, since many newly
diagnosed patients with coeliac disease commonly report
a secondary lactose deficiency caused by an inadequate secre-
tion of lactase (which is normally produced by the intestinal
villi), the use of high-lactose dairy ingredients in the develop-
ment of gluten-free bakery products must be carefully con-
sidered.

Other kinds of proteins which have shown a great poten-
tial in gluten-free breadmaking are egg proteins. The addition
of egg proteins as gluten replacers is due to their foaming
ability, stabilizing effect, and emulsifying properties. How-
ever, due to their allergenic character, their use as food prod-
ucts ingredients should be limited or carefully considered
[Phongthai ez al., 2016].

Another way to include proteins in a GFB formulation
is to use various types of legume grains. In fact, legumes of-
fer a high nutritional value, suitable functional properties,
and beneficial health effects. They are important sources
of protein, whose content ranges from 18 to 25%. Soybeans,
however, are unique in that they contain about 35-43% pro-
tein [Tharanathan & Mahadevamma, 2003]. Moreover,
legume proteins, due to their high content of the essential
amino acid — lysine which is often deficient in grain food, as
well as a concomitant deficiency of methionine and cysteine,
are nutritionally complementary to cereal proteins [Duranti,
2006]. Legumes are also good sources of minerals (such as
calcium and iron), vitamins (especially B-group vitamins),
and dietary fibre (both soluble and insoluble fractions). In ad-
dition, they are identified as low glycaemic index foods [Collar
et al., 2014]. When incorporated into food matrices, legume
proteins show a range of functional properties, which include
foaming, emulsifying, and gelation capabilities as well as
texture, water/oil binding capacity, and viscosity [Maninder
et al., 2007]. In recent years, proteins from legume sources
such as soybean, carob, pea, and lupine have been widely used
in gluten-free breadmaking [Marco & Rosell, 2008a; Crockett
et al., 2011; Ziobro et al., 2016; Horstmann et al., 2017]. Soy
proteins, which are usually added into the bread formulae ei-
ther as soy protein isolates or high-protein soy flour, have for
long been used to improve mechanical behaviour of doughs
as well as textural properties, specific volume, and nutritional
value of GFBs [Marco & Rosell, 2008b]. However, soy flour
incorporation may be curbed by its “beany” flavour. Shin
et al. [2013] found that the pre-treatment of soy flour can im-
prove not only the flavour but also technological parameters
of GFBs. Carob, which is the fruit of the carob tree (Ceratonia
siligua L.) (also called locust bean) is cultivated throughout
the Mediterranean region for its edible pods. Carob flour
is rich in proteins, dietary fibre, micronutrients, and polyphe-
nols [Turfani et al,, 2017]. Moreover, it contains caroubin,
a water-insoluble protein able to form wheat-like dough due
to disulphide bonded high molecular weight proteins, which
makes carob an interesting ingredient in gluten-free bread-
making [Smith ez al., 2012]. In fact, it was observed that carob
germ flour (7%), when mixed with corn starch (93%), HPMC
(2%) and water (80%), was able to form viscoelastic dough

similar to that of wheat, resulting in breads with both a high-
er specific volume and crumb softness [Smith et al., 2012].
Tsatsaragkou et al. [2014] used the Response Surface Meth-
odology to optimise the levels of carob flour, resistant starch
and water in rice-based GFBs. They reported that the use
of 15% carob flour, 15% resistant starch, and 140% water
resulted in GFBs rich in fibre (6.10 g/100g) and with softer
crumb and improved porosity values. However, Mifiarro ef al.
[2012] in their attempt to substitute soya protein with other
legume proteins such as pea isolates, chickpea and carob
germ flour, obtained opposite results. These authors found
that, in spite of good rheological properties, the breads ob-
tained with carob germ flour showed the lowest specific vol-
ume, the darkest crumb, and the highest values of hardness
during 5 days of storage. On the contrary, the best overall
behaviour (higher specific volume and softer crumb during
storage) was observed in the breads produced with the addi-
tion of chickpea flour, probably due to the good emulsifying
stability index of its proteins. Significant improvement in both
the technological and the nutritional quality of GFB achieved
via incorporation of chickpea flour has been recently reported
also by other authors [Ouazib et al., 2016; Santos et al., 2018].

Pseudocereals

The rekindled interest in some under-utilized and natu-
rally gluten-free plant species such as buckwheat, amaranth
and quinoa derives from their excellent nutritional value.
In fact, in addition to a superior protein profile, they have high
contents of resistant starch, dietary fibre, and micronutrients,
such as vitamins, minerals, and phenols. Although the num-
ber of gluten-free bakery products made of all three pseudo-
cereals has increased significantly, buckwheat flour remains
the most studied ingredient in the development of GFBs. On
the contrary, only a few attempts have been made to include
quinoa into GFB formulations [Capriles & Aréas, 2014].

Buckwheat belongs to the family Poligonaceae and genus
Fagopyrum, which consists of about 15 species cultivated
around the world. However, among them, only two species
are utilized for food consumption: Fagopyrum esculentum
and Fagopyrum tataricum, which are also known as common
and tartary buckwheat, respectively. The nutritional value
of buckwheat flour is highly connected with its protein com-
position. In fact, contrarily to the true cereals, where the main
proteins are glutelin and prolamins, buckwheat proteins are
composed mainly of the water-soluble globulins and albu-
mins, which contain high levels of the essential amino acids
lysine and arginine, resulting in a well-balanced amino acids
composition. Due to that, despite a protein content close
to that measured in common cereal grains (12%), buck-
wheat protein has a high biological value [Alvarez-Jubete
et al., 2010a,b; Giménez-Bastida ef al., 2017; Tomoskozi &
Lang0, 2017]. Buckwheat is also a source of minor compo-
nents such as minerals (potassium, calcium, copper, zinc,
and manganese), vitamins (B-group and E), and phenolic
compounds (hyperin, quercitrin, and quercetin). In particular,
among pseudocereals, it is unique in containing the flavonol
glycoside-rutin with recognized anti-inflammatory and an-
tioxidant properties [Zhang et al., 2012; Wronkowska et al.,
2016; Tomoskozi & Lango, 2017]. Luksic et al. [2016], evalu-
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ating the impact of sourdough fermentation and thermal pro-
cesses on the conversion of rutin to quercetin in bread made
of common and tartary buckwheat, observed that the com-
bined effects of sourdough fermentation and baking process
only preserve quercetin, but not rutin, in tartary buckwheat
breads. In turn, Torbica ef al. [2010] found that the in-
corporation of different levels (up to 30%) of both husked
and unhusked buckwheat flours in rice-based GFBs made
the addition of hydrocolloids not necessary for a good de-
velopment of the dough structure, without detrimental effects
on the sensory bread acceptance (except for high levels of un-
husked buckwheat flour). They also reported that the addition
of increasing amounts of buckwheat flour reduced the starch
retrogradation degree of the tested samples, leading to a final
product with improved anti-staling properties. Other study
assessed the effect of a dehulled and puffed buckwheat flour
application at 40% substitution level on the nutritional value
of two commercial GFB mixtures [Mariotti ez al., 2013]. Au-
thors indicated that the inclusion of 40% dehulled buckwheat
flour improved the leavening properties of the commercial
GF mixtures. Moreover, the presence of a small amount
of puffed buckwheat flour and HPMC limited the diffusion/
loss of water from the bread crumb and the interactions be-
tween starch and protein macromolecules, resulting in a soft-
er GFB crumb and reduced staling kinetics during storage.
Krupa-Kozak ef al. [2011b] reported that the addition of dif-
ferent levels of buckwheat flour (from 10% to 40%) improved
the technological and nutritional quality of breads made
with corn and potato starch. In particular, they observed that
the increasing levels of buckwheat supplementation resulted
in a proportional enrichment of the final products with both
proteins and microelements (Cu and Mg). Turkut ez al. [2016]
demonstrated that, in gluten-free formulations based on rice
flour, potato starch and buckwheat flour, the replacement
of buckwheat with increasing levels of quinoa flour (up to
50%) can improve the bread sensory flavour and the overall
liking, without detrimental effects on baking loss, specific vol-
ume and protein content, when levels of substitution were up
t0 25%.

In the last few years, apart from buckwheat flour, special
emphasis has also been put on the inclusion of nutritious am-
aranth and quinoa flours into gluten-free formulations. Ama-
ranth belongs to the family Amaranthaceae and genus Ama-
ranthus, which consists of about 60 different species. Among
them, A. caudatus, A. cruentus, and A. hypochondriacus are
the three main species commonly used for food consumption.
Quinoa belongs to the family Chenopodiaceae and genus Che-
nopodium, in which, due to the presence of bitter tasting sapo-
nins whose contents can range from 0.03 to 2.05%, it is possi-
ble to identify sweet and bitter varieties [Schoenlechner et al.,
2008]. Amaranth and quinoa have higher protein contents
(14-15% and 13-14%, respectively) compared to the true
cereal grains. Furthermore, their amino acid compositions,
with high levels of the essential amino acids lysine and me-
thionine, are well-balanced and comparable (or even higher)
to those of whole egg and casein, respectively [Schoenlechner
et al., 2008]. In addition to protein, amaranth and quinoa are
rich in many nutrients, such as dietary fibre, folate, riboflavin,
ascorbic acid, tocopherol, and phenolic compounds. More-

over, they have a total mineral content (calcium, magnesium,
iron, potassium, and zinc) approximately 2 times higher than
that of true cereals [Schoenlechner e al, 2008]. The use
of both amaranth and quinoa in GFB production has been
recently investigated by Machado Alencar ez al. [2015]. These
authors reported that the supplementation of a starch-rich
base formulation, containing cassava, potato, sour tapioca,
and rice flour with amaranth, quinoa (20%) and different
sweeteners (stevia, sucralose, and sucralose/acesulfame-K
blend) led to breads with higher contents of protein, lipids
and ash, without detrimental effects on the specific volume,
firmness, and water activity. In particular, the best results
were obtained in the experimental sample prepared with qui-
noa and stevia, which showed the highest specific volume
and the lowest crumb firmness values.

Minor cereals: Sorghum and Teff

Sorghum (Sorghum vuigare) is a member of the grass fam-
ily, which is more closely related to corn and wild rice than
to wheat, rye and barley. For this reason, it is often used as
a safe ingredient in gluten-free breadmaking [Schober ef al.,
2007; Vallons et al., 2010; Marston et al., 2016]. In addition,
the white and bland-taste flours obtained from the so-called
food-grade sorghum lines, do not impart unusual colours or
strong flavours to food products and, therefore, may be pre-
ferred over maize flour [Taylor ef al., 2006]. The major con-
stituent of sorghum is starch, which constitutes about 72%
of the whole grain. However, although sorghum has a similar
chemical composition to that of maize, its starch tends to have
a slow digesting profile and a higher gelatinization tempera-
ture, which could lead to an inadequate gelatinization during
baking. Its protein content, ranging between 8.6% and 15.6%,
is similar to that found in other cereal grains. Furthermore,
sorghum proteins have poor nutritional quality (low lysine
content) as well as poor functionality during processing.
In fact, the prolamins of sorghum are located in protein bod-
ies that have a relatively hydrophobic surface [Awika, 2017].
However, due to the large amount of bioactive compounds
present in sorghum grain, it can be considered as a potential
source of nutraceuticals [Taylor et al., 2006]. In particular,
sorghum contains phenolic acids and flavonoids, which are
responsible for the different colour of sorghum grains. How-
ever, certain cultivars have higher contents of condensed tan-
nins (proanthocyanidins) and, therefore, exhibit bitter taste
[Awika, 2017]. Thus, the use of sorghum as the main ingre-
dient in gluten-free breadmaking can have advantages but
also limitations. Specifically, some physicochemical proper-
ties of sorghum flour negatively affect the breadmaking per-
formance. In fact, during milling, the horny part of the en-
dosperm forms coarse grits, which contribute to a coarse
and sandy mouthfeel. The further milling of such grits into
fine flour results in a high amount of damaged starch. Fur-
thermore, when heated, sorghum proteins can form aggre-
gates that, interfering with the starch gel, lead to breads with
flat top and big holes in the crumb [Onyango et al., 2011b].
As reported by Schober ef al. [2005], the use of different va-
rieties of sorghum can also affect the quality characteristics
of the resulting breads. When comparing the breadmaking
performance of 10 sorghum flours (70%) blended with 30%
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corn starch, these authors observed significant differences
in crumb hardness and crumb grain properties. They suggest-
ed that starch damage, which is influenced by kernel hardness,
might have a key role in these differences. Moreover, despite
no significant differences in the specific volume of the differ-
ent breads, these authors concluded that larger bread volumes
could be reached when corn starch is added to the sorghum
flour. The importance of starch damage as well as sorghum
flour composition and particles size on bread performance
was also observed by Trappey ef al. [2015]. In particular, they
found that flour with a lower content of fibre and a smaller
particle size enabled producing breads with more acceptable
volume, crumb structure, colour, and texture. In their at-
tempts to improve the quality of sorghum GFB, other authors
adopted various promising approaches, including: (a) high-
-pressure processing [Vallons et al., 2010] and heat treatment
of sorghum flour [Marston ef al., 2016]; (b) the use of na-
tive and pregelatinised starch, and enzymes [Onyango et al.,
2010; 2011a, bl; and (c) the use of sourdough fermentation
[Schober et al., 2007].

Teff is an ancient cereal originating from Ethiopia where
it is used to make traditional food preparations that range
from typical baked goods, such as injera (leavened flatbread)
and kitta (unleavened bread) through typical local spirits
and opaque beer, such as tella, to porridge and soups [Bultosa
& Taylor, 2002; Zhu, 2018]. Teff belongs to the family Poa-
ceae and genus Eragrostis, which consists of over 350 species,
of which Eragrostis tef is the only cultivated species. The re-
newed interest in the use of teff flour as a valuable ingredient
in food processing is mainly due to its desirable nutritional
properties and the absence of gluten. In terms of chemical
composition, 73% of the total carbohydrates is composed
of starch, which shows a low degree of retrogradation [Bul-
tosa & Taylor, 2002]. The protein content of teff (8.7-11%)
is close to that found in other cereals, such as wheat, maize,
and barley but, unlike them, it has a well-balanced amino
acid composition. Moreover, the essential amino acid pro-
file of teff, except for its relatively lower lysine and isoleucine
contents, is comparable to that of egg protein [Gebremariam
et al., 2014]. Since teff flour is usually obtained by grinding
the whole tiny seeds, it has a high content of dietary fibre (9.8%
dry basis) [Zhu, 2018]. Teff contains also considerable levels
of vitamins and, compared to other cereals such as wheat,
barley and sorghum, it is a good source of iron, calcium,
and zinc. Furthermore, in addition to a lower lipid content
(2-3%) [Schober et al., 2007], teff flour is rich in unsaturated
fatty acids (72.46%), including oleic acid (32.41%) and linole-
ic acid (23.83%) [Gebremariam et al., 2014]. Although there
has been a lot of research dealing with the physical, sensory,
and nutritional performance of wheat breads supplemented
with teff flours, only few studies have been published regard-
ing its potential use as novel and nutritional ingredient in glu-
ten-free breadmaking [Campo et al., 2016; Marti et al., 2017].

Dietary fibre

GFB is often characterised by a low content of dietary fi-
bre, ranging from 1.2% to 7.2% in commercial GFBs [Thomp-
son et al., 2005; Segura & Rosell, 2011]. The refining process
results in a decrease in fibre content as during this process

the outer layer of grains containing most of the fibre is re-
moved, and the starchy inner part is left. Dietary fibres consist
of non-digestible carbohydrates and lignin that are intrinsic
and intact in plants and should be resistant to the enzymes
of the early-sections of the digestive tract and ferment-
ed in the colon by gut microbiota [Anderson et al., 2009].
The daily intake of dietary fibre should range from 25 to 38 g
[Drabifiska ef al., 2018a]. The Joint WHO/FAO Expert Con-
sultation on Diet, Nutrition and the Prevention of Chronic
Diseases [Nishida er al, 2004] stated that an adequate
amount of fibre in the diet confers several health benefits in-
cluding body mass management, as well as reduction of hy-
pertension and risk of type 2 diabetes and cardiovascular dis-
eases [Anderson et al., 2009].

Inulin-type fructans (ITF) are commonly consumed sol-
uble dietary fibres, which are more fermentable and viscous
than the insoluble fibres [Slavin, 2013]. The structure of ITE,
characterized by B-configuration, determines their ability to
reach the colon in the intact form and their prebiotic proper-
ties [Drabinska ef al., 2018a]. ITF have not only nutritional
quality, but can also affect the technological parameters
of food products, which was widely studied in gluten-free
breadmaking. Inulin can affect the quality of bread at every
step of the production process. Hager ef al. [2011] demon-
strated that inulin influenced the moisture content of gluten-
-free batter. The inulin microcrystals led to the formation
of a gel structure entrapping large volumes of water, which re-
sulted in a less elastic and more viscous dough with a creamy
texture. After baking, inulin-enriched GFB had a darker crust,
but also harder crumb, and an increased rate of staling in com-
parison with the control bread without inulin [Slavin, 2013].
Similar findings were reported by Rodriguez et al. [2015],
who analysed the addition of inulin to GFB fortified with
bovine plasma proteins. Inulin-enriched GFB had smoother
crust, increased loaf volume and reduced hardness, because
of a decreased thickness of the walls surrounding the small
air cells. The authors showed that inulin reduced the moisture
loss and, simultaneously, delayed the staling of breads [Hager
et al., 2011], which in another study was found the reason be-
hind the faster aging and staling of stored bread [Capriles &
Aréas, 2013]. Korus ef al. [2006] found that 5% enrichment
of GFB with inulin resulted in an increased volume and de-
creased crumb hardness. However, the authors reported that
too high addition of inulin may result in GFB with wrinkling
crust and reduced cohesiveness and springiness of the crumb
[Korus et al., 2006].

ITF is a group of compounds varying in the length
of the chemical chain, i.e. in the degree of their polymerization
(DP), and consequently having different properties. Long-
-chain inulin significantly affects rheological and viscoelastic
properties of gluten-free dough, causing a decrease in consis-
tency and paste viscosity and an increase in the compliance
values and gelatinization temperatures [Juszczak ef al., 2012].
On the other hand, short-chain inulin was found to increase
bread volume, improve crumb texture (uniform and medium
size porosity), and decrease the staling rate [Ziobro et al.,
2013b]. To obtain breads with various properties, a mixture
of short- and long-chain ITF was also examined. Capriles &
Aréas [2013] found that irrespectively of the amount of mixed
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TABLE 2. By-products used in gluten-free breadmaking.

By products Effect on gluten-free dough

Effect on gluten-free bread References

At the highest level (15%): Modified
viscoelastic properties,
Decreased values of consistency
coefficients and flow indices

Blackcurrant seeds

Decreases loaf volume,
Slight increase in crumb hardness,
gumminess and chewiness,
Increased levels of proteins, dietary
fibre, and polyphenols

[Korus et al., 2012]

At the highest level (15%): Modified
viscoelastic properties,
Decreased values of consistency
coefficients and flow indices

Strawberry seeds

Increased loaf volume
Decreased crumb hardness,
gumminess and chewiness
Increased levels of proteins, dietary
fibre, and polyphenols

[Korus et al., 2012]

Increased robustness of the batter,
Decreased occurrence of starch gelatinization

Orange pomace

Increased specific volume,
Detrimental effect on crumb structure
(dense and compact loaf),
Decreased crumb hardness during
storage (at lower level of addition),
Increased levels of dietary fibre

[O’Shea et al., 2013]

fructans added, the obtained breads were characterised by an
enlarged volume and specific volume, probably due to the in-
creased CO, retention capacity. Moreover, ITFs positively af-
fected the crust colour of GFB, probably due to enhanced for-
mation of brown nitrogenous polymers and melanoidins via
Maillard reaction during baking. The authors also confirmed
the improvement in the sensory quality of GFB fortified with
ITFs. Irrespective of the amount of ITF added, the enriched
breads received higher scores in terms of their appearance,
colour, texture, and taste. Moreover, the fortified breads had
a lower glycaemic index and glycaemic load and higher con-
tents of dietary fibre [Capriles & Aréas, 2013]. The sensory
acceptance was also found to be dependent on DP [Morais
et al., 2014]. GFB fortified with short-chain fructooligosac-
charides received the highest scores for crust colour, porosity,
and texture as well as for taste and flavour.

By-products

Recently, about one third of the fruit and vegetable, in-
cluding peels, skins, outer leaves and seeds, is wasted during
preparation and processing, which poses a huge problem for
both the environment and the food industry. However, many
of these by-products can be used as additives to gluten-free
food products, thus finding a second life (Table 2). Fruit
and vegetable by-products were found to be good sources
of bioactive compounds, such as carotenoids, polyphenols,
glucosinolates and vitamins, as well as dietary fibre [Domin-
guez-Perles et al., 2010; O’Shea et al., 2012; Radocaj et al.,
2014; Majzoobi et al., 2016; Drabifiska et al., 2018b]. For that
reason, nowadays, an increasing number of research focuses
on the evaluation of the nutritional quality and further appli-
cation of by- and waste products as low-cost sources of nutri-
ents and functional ingredients.

Defatted strawberry and blackcurrant seeds have been
used as additional sources of dietary fibre, protein, and poly-
phenols in GFB [Korus ef al., 2012]. The authors found that
the addition of fruit seed modified the viscoelastic properties
of gluten-free batter and decreased values of consistency co-
efficients and flow indices. Moreover, hardness of GFB was
reduced by the addition of fruit by-products, especially straw-
berry seeds. The incorporation of defatted strawberry seed

increased the loaf volume as compared to GFB enriched with
blackcurrant seed and control bread, which was explained
by a higher content of sugars which enhance the ability
of yeast to produce CO, [Korus et al., 2012].

Orange pomace, being a good source of dietary fibre (up
to 40% DM) and bioactive compounds (minerals, vitamins),
is another by-product that has been studied in GFB devel-
opment [O’Shea ef al., 2013, 2015a,b; Talens et al., 2017].
The incorporation of orange pomace into gluten-free batter
improved the robustness and decreased starch gelatinisation
[O’Shea et al., 2013]. Furthermore, the obtained GFB en-
riched in orange pomace had a higher content of fibre (by 4%)
[O’Shea et al., 2015b]. In turn, Talens ef al. [2017] showed
that an attractive colour, flavour and texture of gluten-free
muffins were obtained by the incorporation of a microwave-
-dried orange by-product to the batter.

The recent and on-going studies demonstrated that
the use of by-products in the gluten-free food industry affords
the possibility of improving the quality of many products.
By-products are unused sources of dietary fibre, vitamins,
minerals, and bioactive compounds, which can be used to
increase the quality of gluten-free foodstuff which is usually
poor. However, during the optimization of a novel gluten-free
product, the pre-processing step should be considered as well.

CONCLUSIONS

The presence of gluten is considered fundamental for
successful breadmaking. However, the elimination of gluten
in cereal-based products has a detrimental effect on the bread-
making process and raises technological challenges in mak-
ing good quality leavened bread. On the basis of the recent
findings summarized in this review, it may be concluded that
only the use of a combination of different ingredients and ad-
ditives could result in GFBs with pleasant quality features
that, in some cases, may be compared to those of the glu-
ten-containing breads. In particular, the partial replacement
of the conventional starchy ingredients with alternative nutri-
ent-dense minor cereals, pseudocereals, and legumes allowed
achieving promising results. The incorporation of low-cost
sources of nutrients, such as different kinds of by- and waste
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products, has also been suggested as an interesting approach
to improve the quality of GFB.

However, despite the considerable advances made
in this field, the nutritional quality of gluten-free products
still remains a critical issue. Since low levels of protein, fi-
bre, and essential nutrients, as well as high contents of fat
and sugar are too often observed in GFB, further research
aimed at exploring new strategies to overcome this major
problem is needed.
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Natural phenolic compounds are recognized as bioactive ingredients in food but can also have a role as effective alternatives to synthetic antioxi-
dants in stability improvement of foods prone to oxidation, such as edible oils. This study aimed at the preparation and HPLC-DAD characterization
of phenolic extracts from Vaccinium corymbosum L. (raw, pasteurized, freeze-dried and treated with high-intensity ultrasound), and at testing their
antioxidant potential in the prevention of olive oil oxidation in the native state and encapsulated into microemulsions and liposomes systems. Water-
-in-oil structured microemulsions used in this study were prepared using mechanical, ultrasonic, and high pressure homogenization. Liposomes with
the average size of 589.1+2.9 nm were produced with the proliposome method using commercially available phosphatidylcholine — Phospolipon
90G. The obtained results showed significant prolongation of the oxidative stability of extra virgin olive oil enriched with encapsulated blueberry phe-
nolic extracts than with native phenolic extracts, regardless of the method used for blueberry processing. Phenolic extracts encapsulated in microemul-
sions had a stronger effect on the prolongation of olive oil oxidative stability in comparison with the extracts encapsulated in liposomes. The average
prolongation rate of oxidative stability was 45.65% by phenolic extracts encapsulated in microemulsions prepared by mechanical homogenization
(p=0.012), and 58.72% by microemulsions prepared by ultrasound homogenization (p=0.011). Phenolic extracts encapsulated in microemulsions

prepared by high pressure homogenization had no effect on oil oxidative stability prolongation.

INTRODUCTION

Phenolics are the most common phytochemicals in a hu-
man diet that comprise a variety of compounds with a great
diversity of structures and biological functions (antioxidant,
anti-inflammatory, antimicrobial, anticancer, antiprolifera-
tive, antiatherosclerotic properties) [Giampieri et al., 2017;
Haminiuk et al., 2012]. In addition to being considered as
potent bioactive food ingredients they are also used to en-
hance the color, the flavor and the shelf life/stability of differ-
ent foods prone to oxidation, such as edible oils [Aladedunye
etal., 2014; Asnaashari et al., 2015].

Among plant-derived sources of natural phenolics, blue-
berries (Vaccinium corymbosum L.) are one of the richest
sources per serving size [Pérez-Jiménez et al., 2010]. Compo-

* Corresponding Author: Tel.: +385 51294 707; Fax: +385 51 292 945;
E-mail address: nikolina.liovic@fthm.hr (N. Liovi¢)

sition, stability and biological activity of phenolics originated
from blueberry were already reported [Nile & Park, 2014;
Rodriguez-Mateos et al., 2012]. Specifically, blueberries are
characterized by a high content of anthocyanins that have
been associated with a reduced risk of hypertension and myo-
cardial infarction [Afrin ef al., 2016], a preventive effect on
metabolic syndrome [Basu & Lyons, 2012], beneficial effects
on lipid profiles, and an inhibitory effect on atherosclerosis
development [Huang ez al., 2016]. The beneficial health ef-
fects of phenolic compounds depend not only on food intake
but also on their stability which can vary due to the used
post-harvest processing methods and the storage conditions
of blueberry fruits [Michalska & Lysiak, 2015]. For instance,
conventional fruit processing methods, such as pasteuriza-
tion, which are still most commonly used, provide microbio-
logical stability and longer shelf-life, but, on the other hand,
their application can provoke the degradation of phenolic
compounds. Therefore, researchers are nowadays more fo-

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
© 2019 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/).



24

Encapsulated Phenols Enhance Olive Oil Stability

cused on the usage of novel food processing technologies that
are able to preserve valuable phenolic compounds, such as
freeze-drying, pulsed electric fields, high-intensity ultrasound,
and high pressure processing [Barba et al., 2017; Sablani
etal., 2011].

Apart from the conventional and modern processing tech-
nologies used to preserve phenolics, the use of various encap-
sulation methods has become extremely important for further
protection of these unstable compounds and prolongation
of their biological activities. In that sense, the use of differ-
ent encapsulation techniques (spray drying, coacervation,
emulsions, liposomes, micellae, nanoparticles, freeze-drying,
cocrystallization) in combination with phenolic extracts or
pure phenolic compounds has been reported so far [Chatzi-
daki et al., 2015; Drvenica et al., 2017]. The use of emulsions
is considered as one of the most promising and rapidly devel-
oping tools in the food industry due to their high-efficiency
encapsulation rate, the maintenance of chemical stability
of a targeted compound, and its controlled release [Lu et al.,
2016]. The mean droplet diameter of emulsions within food
systems is typically somewhere between 100 nm and 100 wm.
If dispersed phase droplets sizes are less than 100 nm, these
(nano)emulsions are referred to as microemulsions [McCle-
ments, 2012]. Microemulsions, in particular, have beneficial
properties that are suitable for designing functional foods
due to their optical clarity, thermodynamical stability (high
stability to gravitational separation, flocculation, and co-
alescence), and improved absorption, stability and bioavail-
ability of bioactive components [Xu et al., 2017]. Liposomes
are also interesting encapsulation systems, which have been
widely used in the pharmaceutical and food industries. Due to
the amphiphilic nature of the phospholipid bilayer, they have
the ability to carry a variety of lipophilic and hydrophilic bio-
active compounds. In recent years, liposomes have been used
for the encapsulation of different phenolic compounds, such
as hibiscus extract [Gibis er al., 2014], resveratrol [Isailovi¢
et al., 2013], green tea catechin and epigallocatechin gallate
[Rashidinejad et al., 2014], as well as curcumin [GOmez-
-Mascaraque et al., 2017]. Gortzi et al. [2008] have proven
that the antioxidant and antimicrobial activity of the Myrtus
communis extract encapsulated in liposomes was higher com-
pared to the extract in its pure form.

Despite the benefits arising from literature data on differ-
ent processing methods used prior to the extraction of phe-
nolics and their subsequent protection by encapsulation,
there is a lack of such studies performed on blueberry fruits.
Thus, the major objectives of this study were: (1) to determine
and to compare the phenolic profile of blueberry extracts
obtained from fruits in raw state and after pasteurization,
freeze-drying, and high-intensity ultrasound by HPLC-DAD
technique; (2) to prepare microemulsions using mechanical,
ultrasound and high pressure homogenization, to character-
ize them and to encapsulate blueberry phenolic extracts into
microemulsions; (3) to prepare and to characterize liposomes
and to encapsulate blueberry phenolic extracts into lipo-
some systems; and finally (4) to determine the effect of na-
tive and encapsulated blueberry phenolic extracts on olive oil
oxidative stability by a Rancimat instrument.

TABLE 1. Experimental design of ultrasound treatment.

Sample Amplitude Treatment time E
(%) (min) m
Al 100 6 26621
A2 20 6 16154
A3 20 9 21385
A 100 9 33623
A 7 6 19904
A 30 3 8625
AT 73 6 20391
AS 73 3 1101
A 100 3 13902
AlD 75 6 19899
All 75 9 28762
MATERIAL AND METHODS

Sample preparation

Fresh blueberry samples were purchased in a local gro-
cery store. One part of the samples was taken for dry matter
determination and the other was blended into a blueberry pu-
ree. Part of the blueberry puree was separated and stored as
a fresh control sample at -20°C under nitrogen atmosphere.
The other part was subjected to subsequent processing. To-
tal dry matter and moisture content were determined gravi-
metrically according to the AOAC 930.04 method by drying
the samples in a thermal oven (Memmert, UF30, Schwabach,
Germany) at 105°C until a constant weight has been achieved
[Helrich, 1990].

Ultrasound treatment

High intensity ultrasound treatment was performed
with an ultrasonic processor SONICATOR S-4000 (Miso-
nix Sonicators, Newtown, CT, USA) with a probe diame-
ter of 19.1 mm, at a frequency of 20 kHz. Blueberry puree
(100 mL) was placed in a beaker (200 mL), which was used
as a treatment vessel. Ultrasonication was carried out for 3,
6 and 9 min at an amplitude of 50, 75, and 100%. The ex-
periment was designed in STATGRAPHICS Centurion (Stat
Point Technologies, Inc., Warrenton, VA, USA) software us-
ing Multi-Factor Categorical Design. The experiment con-
sisted of 11 experimental trials and one of them was rep-
licated to get a good estimate of a potential experimental
error (Table 1). Repetition experiments were carried out after
other experiments followed by the order of runs designed
by the program. After all treatments, the samples were
stored at -20°C.

Freeze drying

Freeze drying was carried out in a freeze dryer (Labconco,
Kansas City, USA) at a temperature of —55°C. Freeze-dried
blueberries were finely ground into a powder and stored
in a dry and dark place at the temperature below 20°C.
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Pasteurization

Pasteurization was performed in a thermal oven (Mem-
mert, UF30, Schwabach, Germany) at the temperature
of 80°C for 5 min after which the sample was cooled down
in cold water. The extraction of phenolics was done immedi-
ately after the pasteurization treatment.

Phenolics extraction and determination of total phenolic
content

Extraction of phenolic compounds from blueberry
samples was carried out according to the method described
by Dragovic-Uzelac et al. [2010]. Briefly, 5 g of blueberry pu-
ree and 0.5 g of freeze-dried blueberry powder were weighed
and extracted using 20 mL of 80% (v/v) aqueous ethanol for
20 min under nitrogen atmosphere and filtered through filter
paper Whatmann no. 40 (Whatmann International Ltd., Kent,
UK) using a Buichner funnel. The extraction of the residue
was repeated and the filtrates were combined and adjusted to
50 mL in a volumetric flask with 80% (v/v) aqueous ethanol.

The total phenolic content (TPC) in extracts was deter-
mined using the Folin-Ciocalteau reagent [Singleton & Rossi,
1965], and results were expressed as gallic acid equivalents
(GAE) per 100 g of fresh weight (fw). All determinations were
run in triplicate.

Analysis of phenolic compounds using HPLC-DAD

Chromatographic separation was performed using an
HPLC instrument with Agilent 1260 Infinity quaternary
LC system (Agilent Technologies, Santa Clara, CA, USA)
equipped with a photodiode array detector (PDA), an au-
tomatic injector, and ChemStation software. Extracts were
previously filtered through a 0.45-um pore size membrane
filter (Macherey-Nagel GmbH & Co. KG, Diiren, Germany).
The separation of compounds was performed on a Nucleosil
100-5C18, 5 wm (250 mm X 4.6 mmi.d.) column (Macherey-
-Nagel GmbH & Co. KG, Diiren, Germany). Solvent compo-
sition and gradient conditions were as previously described
by ZoriC et al. [2014].

For gradient elution, mobile phase A contained 3% of for-
mic acid in water (v/v), while solution B contained 3% of for-
mic acid in 80% acetonitrile (v/v). The elution program was as
follows: 0-28 min 0% B, 28-35 min 25% B, 35-40 min 50% B,
40-45 min 80% B, and for the last 10 min again 0% B at a flow
rate of 0.8 mL/min. The injection volume was 5 pL. Calcula-
tion of the concentrations was based on the external standard
method and the compounds were identified by comparing their
retention times and absorption spectra with those of the au-
thentic standards (anthocyanins were identified at 520 nm,
phenolic acid at 280 nm and flavonol glycoside at 360 nm).

All anthocyanin standards, delphinidin-3-glucoside (D-
-3-G), cyanidin 3-glucoside (C-3-G), petunidin 3-glucoside
(Pt-3-G), peonidin 3-glucoside (Pn-3-G), and malvidin 3-glu-
coside (M-3-G) were prepared as stock solutions in acidified
methanol (1% of formic acid in methanol, v/v) at a concentra-
tion of 100 mg/L. Working standard solutions were prepared
by diluting the stock solution to yield five concentrations
in a range from 20 to 100 mg/L.

Standards of quercetin-3-glucoside (Q-3-G) and chlo-
rogenic acid (CA) were prepared as stock solutions in etha-

nol/water (8:2, v/v) at the following concentrations: Q-3-G
400 mg/L and CA 52 mg/L. Working standard solutions were
prepared by diluting the stock solution to yield five concentra-
tions in the range from 80 to 400 mg/L for Q-3-G and from
10.4 to 52 mg/L for CA. The results were expressed in mg per
100 g of fresh weight, as mean value = standard deviation
(N'=2 replicates).

Preparation of microemulsions

Two microemulsion samples (ME-1 and ME-2) were
prepared using the best combination of extra virgin olive oil
as an oil phase at the percentage obtained from preliminary
studies by diluting the combination of oil and a surfactant/co-
surfactant mixture with water using a magnetic stirrer and an
Ultra-Turrax T25 Homogenizer (IKA Labortechnik, Staufen,
Germany) for 5 min. The surfactant to cosurfactant ratio
(i.e. Tween 80 to ethanol) was 9:1 (w/w). The mixture turned
from turbid through opaque to a translucent yellow mixture,
forming a microemulsion. The obtained microemulsions con-
tained: 70% (w/w) of the surfactant/cosurfactant mixture, 20%
(w/w) of extra virgin olive oil, and 10% of aqueous phase in the
case of ME-1 sample; and 70% (w/w) of the surfactant/cosur-
factant mixture, 10% (w/w) of extra virgin olive oil, and 20%
of aqueous phase in the case of ME-2 sample. Apart from
the preparation of microemulsions by mechanical homogeni-
zation, a previously mentioned mixture containing water, ol-
ive oil, Tween 80 and ethanol was treated in a Ultrasonic Lab
Homogenizer UP200S (Hielscher Ultrasonics GmbH, Teltow,
Germany) for 5 min. The frequency was 20 kHz with an ampli-
tude of 70%. The third way to prepare emulsion systems was
to use a High-Pressure Homogenizer (EmulsiFlex-C3, Avestin
Europe GmbH, Mannheim, Germany). Three cycles under
1000 bar were applied with the constant flow at 50 mL/min.

Preparation of liposomes

Liposomes with phenolic extracts were prepared us-
ing the proliposome method as described by Pravilovic ef al.
[2015]. This method, easy scalable for industrial application,
implies the initial formation of a proliposome mixture con-
taining lipid, ethanol, and water, which is eventually converted
into liposomes by a simple dilution step [Perrett ef al., 1991].
Commercially available soy lecithin Phospholipon 90G (Phos-
pholipid GmbH, Koln, Germany), which consists of phospha-
tidylcholine (min. 94%), was used for the preparation of li-
posomes. Namely, the mixture of Phospholipon 90G with an
adequate amount of ethanol and water (1:0.8:2, w/w/w) was
heated up to 60°C in a sealed beaker with continuous stirring
at 800 rpm until a homogenous dispersion has been obtained.
After cooling the mixture down to 25°C, a small portion
of phenolic extract was added to the dispersion while stirring
at 800 rpm during the next 30 min to obtain the final liposomal
formulation. The ratio between phenolic extracts and Phos-
pholipon 90G used in liposomes was 1:10 (w/w).

Characterization of microemulsions and liposomes
Droplet size, polydispersity index, and zeta potential determination

The droplet size, polydispersity index (PDI), and zeta
potential of microemulsions and liposome samples were
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measured with photon correlation spectroscopy using Zeta-
sizer Nano ZS (Malvern Panalytical Ltd, Malvern, UK). Each
sample was measured three times at the room temperature
and the averages were taken as a result. Furthermore, the li-
posome samples were diluted by 1000 with ultra-pure water
before the measurements to avoid multiple scattering effects.
Physical stability of the prepared liposomes stored at +4°C
was monitored through repeated photon correlation spectros-
copy measurements after 7, 14, and 21 days.

Liposome encapsulation efficiency

The encapsulation efficiency in liposomes was calculated
based on the determination of TPC through centrifugal sepa-
ration of un-encapsulated phenolic extract from loaded lipo-
somes, as described by Isailovic et al. [2013].

Viscosity, conductivity, and surface tension measurements

The viscosity of microemulsion samples was measured at
25°C with a Brookfield viscometer (LVDV-E, Brookfield Engi-
neering Laboratories, Middleboro, MA, USA) using spindle
no. 61. with a shear rate of 30 rpm. The electrical conductiv-
ity and surface tension of microemulsion samples were also
measured at 25°C with a conductivity meter (inoLab 7310,
WTW GmbH, Weilheim, Germany) using conductivity cells
with a cell constant of 1.0 and a tensiometer (SIGMA 703D,
Biolin Scientific Oy, Espoo, Finland) using the ring method,
respectively. The conductivity of liposome samples was deter-
mined using a Zetasizer Nano ZS apparatus (Malvern Pana-
lytical Ltd, Malvern, UK). All measurements were performed
in triplicate.

Physical stability study

The physical stability of microemulsions (ME-1 and
ME-2) was studied with regard to the thermal stability
and centrifugation effects. Microemulsions were kept at dif-
ferent temperatures (4°C, 25°C, and 35°C) and observed for
phase separation, precipitation or flocculation. Also, micro-
emulsions were centrifuged (Sorvall RC 5B Superspeed Cen-
trifuge, Dupont, Newton, USA) at 8000 rpm for 20 min at
the temperature of 25°C and inspected for any change in their
homogeneity.

Evaluation of the antioxidant potential of phenolic
extracts with the Rancimat method

The oxidative stability of extra virgin olive oil enriched
with phenolic extracts from blueberries (in the native form
and encapsulated in microemulsions and liposomes) was
evaluated using a Rancimat 743 instrument (Metrohm, Heri-
sau, Switzerland) to monitor the progress of accelerated ox-
idation at the temperature of 120°C. The olive oil samples
(3 g) were enriched with 0.2 g of phenolic extracts and with
0.4 g of microemulsions and liposomes containing phenolic
extracts (2:1 ratio).

The samples were tested at a temperature of 120°C (AT=
1.4°C) with a constant air flow of 20 L/h. The conductivity
was measured as a function of time and the results are ex-
pressed as a prolongation of the induction time (in hours). All
determinations were performed in triplicate, and the results
are presented as mean value = standard deviation.

Statistical analysis

Data analyses were performed using MedCalc Statistical
Software version 14.8.1 (MedCalc Software, Ostend, Bel-
gium; http://www.medcalc.org; 2014). Since the data could
not meet the criteria of variance homogeneity (Levene’s test)
and normal distribution (determined with Shapiro-Wilks
test), the analysis was performed with Kruskal-Wallis test.
In all analyses, p-values of <0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

Influence of different processing treatments on
blueberry phenolic profile and TPC

To the best of our knowledge, this study is the first report
that compares the phenolic profile and TPC of blueberry ex-
tracts obtained from raw plant material, and from plant ma-
terial treated by conventional (pasteurization) and modern
processing technologies (freeze-drying, high-intensity ultra-
sound).

Table 2 shows contents of individual anthocyanins, flavo-
nol glycosides, and chlorogenic acid in different blueberries
extracts. As expected, anthocyanins were the most abundant
phenolic compounds and five anthocyanidin glycosides were
identified. The predominant anthocyanidin glycosides in fresh
(A0), freeze-dried (AL), and in all ultrasound-treated samples
(A1-A11) were malvidin and delphinidin glycosides that to-
gether accounted for almost 80% of all detected anthocya-
nins. The obtained results are in accordance with previously
reported data [Neveu et al., 2010]. In the pasteurized sample
(AP), due to thermal degradation, only malvidin and peoni-
din glycosides were detected and total anthocyanin content
was reduced by almost 80%. Total anthocyanin content cal-
culated as the sum of all individual anthocyanidin glycosides
was lower in comparison to other studies [MoZe ef al., 2011;
Rodriguez-Mateos et al., 2012]. The content of chlorogenic
acid in all samples was remarkably lower and that of flavonol
glycosides was higher than previously reported data [MozZe
etal.,2011; Neveueral.,2010; Rodriguez-Mateos et al., 2012].
These differences may be attributed to the inherent variability
in the plant material due to growing location and conditions
but also because of different methodologies used to quantify
phenolic compounds.

Concerning the TPC among different extracts (Table 3),
the obtained results indicate that the freeze-dried extract had
a 33% higher phenolic content as compared to the raw plant
material (fresh, untreated puree). This is in accordance with
the findings of Sablani er al. [2011] who reported improved
retention of phytochemicals after freeze-drying treatment.
Freeze-drying may lead to a higher extraction efficiency due
to the formation of ice crystals which cause the rupturing
of cell structure and thus better solvent access during the ex-
traction [Keinidnen & Julkunen-Tiitto, 1996]. Brownmiller
et al. [2008] investigated the effect of thermal treatment on
blueberry products and found a significant loss of anthocya-
nins (28 to 95%), which is in accordance with results of this
study. Pasteurized blueberry puree had a significantly lower
amount of total phenolics as compared to the raw sample due
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TABLE 3. Total phenolic content (TPC) of blueberry extracts.

TPC (mg GAE/100 g fw)

Sample

Median Min Max
A0 312.58° 302.02 338.98
AP 276.672¢cdtilmn 197.47 288.28
AL 417.54bdeghikm 391.87 419.25
Al 327.36°¢ 280.90 333.70
A2 284.06¢4 274.56 287.23
A3 321.02b¢h 315.74 341.09
A4 290.40¢ 285.12 308.35
AS 289.34¢f 268.22 292.51
A6 332.64b¢hd 325.25 332.64
AT 284.06% 254.50 326.30
A8 307.30¢ 283.01 319.97
A9 355.870¢ 279.84 365.38
Al0 321.020¢ 283.01 350.59
All 325.25° 295.68 326.30
p-value 0.041

Medians compared with Kruskal Wallis test. Statistically significant dif-
ferences (p<0.05) from: *A0, "AP, AL, YAl, °A2, 'A3, eA4, "AS, 'A6, A7,
A8, 'A9, mA10, "A11.

A0 = Untreated (fresh) sample; AP = pasteurized sample; AL = freeze-dried
(lyophilized) sample; A1-A11 = ultrasound treated samples (see Table 1).

to thermal sensitivity of phenolics. However, another study
has shown that pasteurization significantly decreased only
anthocyanin content but not TPC which could be explained
by condensation reactions between anthocyanins and other
polymeric compounds resulting in the formation of polymer-
ized phenolic compounds that can be detected with the Fo-

lin-Ciocalteau reagent [Casati et al.2017]. In addition, an
interesting study conducted by Howard et al. [2016] showed
that stability of anthocyanins during pasteurization can
be achieved with previous acidification of juice samples to pH
2.1. No significant changes in TPC were observed after ultra-
sound treatments, however, the recovery of phenolics mostly
increased after the shortest treatment (3 min) at amplitudes
of 50 and 100%. A slight decrease in total phenolic content
was found at higher temperatures at the end of the process
and this effect was more pronounced with longer treatments
time (6 and 9 min). Overall, the obtained results showed
that none of the ultrasound treatments had negative ef-
fects on the TPC of the blueberry fruits. As previous studies
showed, ultrasonic treatments can ensure the microbial safety
of foods, while their influence on phenolic compounds is min-
imal [Golmohamadi ef al., 2013].

Characterization of microemulsions and liposomes

For the characterization of microemulsions and liposome
systems, particle size as well as particle size distribution rep-
resent indispensable factors due to their effect on the emulsi-
fication properties, viscosity, and stability.

Emulsion systems used in this study were prepared
by mechanical, ultrasound and high pressure homogeniza-
tion to obtain microemulsions with enhanced stability. Re-
gardless of the preparation technique, the microemulsion
samples had a droplet size distribution with a PDI value
of 0.683=0.015 and droplet size of 50.43=8.17 nm for micro-
emulsion 1 (ME-1) and a PDI value of 0.722+0.023 and drop-
let size of 9.87+1.63 nm for microemulsion 2 (ME-2),
which indicates that a stable microemulsion was formed.
Focusing on size distribution by intensity in Figure 1, large
peaks around 1000 nm may be caused by few large particles
(commonly called “dust”) which are also the main reason
of higher PDI. A confirmation of these previous statements
is the absence of these peaks in size distribution by number.

a) ME-1 b) ME-2
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ME-2 1.4510 2.1 0.0280 31.87 1105

FIGURE 1. The droplet size distribution by intensity, volume, and number for: a) ME-1 and b) ME-2 microemulsion, as well as a refractive index,
zeta-potential, conductivity, surface tension, and viscosity. Composition of ME-1 and ME-2 is provided in Materials and Methods section.
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The obtained results are in accordance with the study by Jafari
et al. [2006], who concluded that emulsification required opti-
mal conditions for both methods beyond which the emulsion
sizes would either increase or have little change with further
processing. It is well known that there is a strong correlation
between the specific structure of the microemulsion systems
and their electrical conductive behavior, where phase systems
(“oil in water” or “water in 0il”) of the microemulsions were
determined by measuring specific conductivity [Eicke et al.,
1989]. In this study, microemulsion formulations had a spe-
cific conductivity of 0.035 mS/cm for ME-1 and 0.028 mS/cm
for ME-2, which indicates the “water in oil” structure of mi-
croemulsions. Also, “water in oil” structure of microemul-
sions is confirmed with color tests. The mean viscosity of for-
mulations was 907 cps for ME-1 and 1105 cps for ME-2.
The highest viscosity was found for ME-2, which indicates
a possible change from “water in 0il” to a bicontinuous struc-
ture. The surface tension of the formulations was 32.20 mN/m
for ME-1 and 31.67 mN/m for ME-2. It can be concluded
that both samples had a “water-in-0il” structure because
the surface tension and refractive index values were very close
to the values of an oil continuous phase. The visual exami-
nation experiment was carried out over a period of 6 months
in weekly intervals for the first 3 months and monthly intervals
for the subsequent months. The visual observation showed no
evidence of phase separation or any precipitation or floccula-
tion. These samples also revealed no sign of phase separation
under centrifugation stress at 8000 rpm for 20 min. The cen-
trifugation tests showed that microemulsions remained ho-
mogenous without any phase separation, which points to
their good physical stability.

The two produced microemulsions, ME-1 and ME-2,
were used as a “premix” for further investigation on the blue-
berry phenolic extract incorporation by an appropriate meth-
od in a portion of 30% (v/v). Interestingly, the microemulsion
containing phenolic extracts from blueberries had nearly

25
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Intensity, volume, number / %
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Size / nm
Formulation Zeta-potential Conductivity
(mV) (ms/cm)
LIPOSOMES -39.31+0.9 0.00879+0.01

FIGURE 2. The size distribution by intensity, volume, and number of li-
posomes used in the study, as well as the zeta-potential and conductivity.

the same size distribution as the one without extracts (data
not shown). Incorporation of various phenolic compounds
in microemulsions results in small changes in the apparent
hydrodynamic diameter of the aqueous droplets [Chatzidaki
et al., 2015]. This result was also confirmed by Jafari et al.
[2006] that a critical point above which the emulsions become
“over-processed” exists and that only slight effect on emul-
sion droplet size can be achieved from “premix” (ME-1 and
ME-2) to final emulsions. This outcome was established even
when different methods were combined ( mechanical homog-
enization for premix production and high-pressure homoge-
nization for final emulsion formation), as shown by the study
of Juttulapa et al. [2017].

The average size of liposomes (z-average) used in this
study was 589.1=2.9 nm. The size distribution of lipo-
somes shown in Figure 2 by intensity, volume, and number
%, revealed very monodispersed distribution with a PDI
of 0.172=0.019. This result was in agreement with a study
of Isailovi€ et al. [2013], where in a comparison of a few dif-
ferent methods for the preparation of liposome, the prolipo-
some method gave the lowest PDI value (below 0.2.), con-
firming once more its efficacy and relevance for industrial
application. Liposome vesicles had a negative surface charge
with mean zeta potential of -39.1x0.9, suggesting good
electrostatic stabilization of dispersion against aggregation
[Isailovi€ et al., 2013; Rashidinejad et al., 2014]. This was
also confirmed by the stability test results, where the mean di-
ameter of liposomes did not change by more than 9% during
three weeks of storage at +4°C (data not shown). Liposomes
containing phenolic extracts from blueberries had nearly
the same size as liposomes without extracts. This outcome
is consistent with the results reported by Gibis ef al. [2014]
who encapsulated hibiscus extract in soy lecithin liposomes.
Furthermore, loaded liposomes showed no significant change
of mean zeta potential, indicating that phenolics are located
inside the vesicles, most likely via hydrogen bonding between
polar head groups of liposomes and phenolics, and hydro-
phobic interactions of hydrophobic moieties of the phenolics
and the fatty acid tails of phospholipids in liposomes [Gibis
et al., 2012]. The encapsulation efficiency of the produced li-
posomal formulation was 70.5%0.8%, which is very similar to
other reports of lecithin liposomes loading green tea and hi-
biscus extracts [Gibis et al., 2014; Rashidinejad et al., 2014].

The effect of native and encapsulated blueberry phenolic
extracts on the oxidative stability of edible oil

The use of antioxidants in the food industry has an impor-
tant role since oxidation of edible oils is one of the major chal-
lenges. There are few studies that evaluated the effect of fruit
phenolic compounds on the prolongation of the oxidative sta-
bility of edible oils [Aladedunye et al., 2014; Asnaashari et al.,
2015]. However, there is a lack of studies focused on the use
of microemulsions and/or liposomes to enhance the effect
of phenolic compounds in the prolongation of the edible oil
oxidative stability. In that sense, this is the first comparative
study about the effect of native and encapsulated blueberry
phenolic extracts on the oxidative stability of extra virgin olive
oil measured with the Rancimat apparatus. Extra virgin olive oil
was used as a matrix because it represents one of the healthiest
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TABLE 4. The prolongation of the lag phase of the oxidative stability of olive oil (in hours) with native phenolic extracts from Vaccinium corymbosum L.

and loaded in microemulsions (ME-1 and ME-2) and liposomes.

ME-1 ME-2
Sample Phenolic extracts Mechanical Ultrasound Mechanical Ultrasound Liposomes
homogenization homogenization homogenization homogenization

A0 0.00 3.90+0.31% 3.45+0.20% 1.20+0.06 5.78+0.28* 3.05+0.11%
AP 0.62=0.13* 0.78=0.31 2.77=0.13* 4.62+0.33* 5.76+0.17* 8.87+0.20*
AL 0.00 2.88+0.06* 7.42+0.07* 1.99+0.20* 5.55+0.06* 3.63+0.14*
Al 0.46+0.34* 3.46+0.07* 9.89+0.21* 1.39+0.07* 6.86+0.23* 227+0.21
A2 0.94+0.25* 4.72+0.31* 10.29=0.16* 4.35+0.33* 3.71x0.17 3.24+0.40%
A3 0.75+0.17* 9.91+0.27* 3.73+0.11% 7.42+0.31* 9.68+0.18* 3.40+0.20*
A4 0.95+0.13* 4.72+0.17* 15.15+0.18* 4.71+0.07* 11.02+0.13* 4.34+0.13*
A5 0.00 10.22+0.20* 11.16=0.11* 4.89+0.11* 5.14=0.34* 3.19+0.31*
A6 0.00 1.86+0.31* 12.71=0.17* 6.07=0.10* 12.27+0.34* 2.54+0.20
A7 0.02+0.14 3.95+0.38* 5.21=0.06* 3.01=0.33* 6.73+0.24* 2.67+0.28*
A8 0.03=0.17 3.49+0.35* 2.80=0.14* 1.43+0.33* 4.05+0.31% 2.81+0.24*
A9 0.00 4.06+0.13* 8.05+0.20* 2.93+0.30* 8.26+0.35* 2.81+0.16*
A10 0.00 6.91+0.17* 14.18=0.13* 8.50=0.14* 8.25+0.23* 3.14+0.27*
All 0.00 2.69+0.11% 5.19+0.21% 4.30+0.20* 13.26=0.13* 2.58+0.14
p-value 0.029 0.012 0.011 0.012 0.011 0.021

Results are expressed as mean value + SD. Values marked with * within column are significantly different (p<0.05) from the control sample (induction
time of pure extra virgin olive oil = 10.43h; induction time of extra virgin olive oil with mechanically homogenized microemulsion = 9.41h; induction
time of extra virgin olive oil with ultrasonically homogenized microemulsion = 13.28h; induction time of extra virgin olive oil with liposomes = 6.98h)

compared by Kruskal-Wallis test.

A0 = Untreated (fresh) sample; AP = pasteurized sample; AL = freeze-dried (Iyophilized) sample; AI-A11 = ultrasound treated samples (see Table 1).

cooking oils which is characteristic for the Mediterranean diet.
The effect of different blueberry phenolic extracts on the oxi-
dative stability of extra virgin olive oil is shown in Table 4.
The highest prolongation of the oxidative stability of olive oil
was achieved with extracts A2 and A4, obtained after treatment
with high intensity ultrasound (p=0.029). Interestingly, many
extracts did not show any effect on the prolongation of the oxi-
dative stability of the olive oil. Despite significant reduction
of phenolic content in the pasteurized sample, its detected
antioxidant capacity expressed through the effect on the pro-
longation of the oil oxidative stability may be due to the forma-
tion of anthocyanin polymers or formation of Maillard reac-
tion products in response to thermal treatment [Brownmiller
et al., 2008; Casati ef al., 2017]. There are some speculations
about the correlation between the TPC and the prolongation
of the oxidative stability [Tiveron et al., 2012].

Blueberry extracts encapsulated in microemulsions prepared
by mechanical homogenization ensured a significant prolonga-
tion of the oxidative stability of extra virgin olive oil (Table 4).
In comparison to the control sample (oil enriched only with me-
chanically homogenized microemulsions), it was observed that
olive oil needed 9.41 hours to oxidize, while the olive oil con-
taining phenolic compounds encapsulated in ME-1 and ME-2
needed on average 13.94 hours and 13.46 hours, which meant
prolongation by 48.22% and 43.09% (p=0.012), respectively.
The microemulsions prepared with an ultrasonic homog-

enizer generally showed a higher effect on the prolongation
of the lag phase of the oxidative stability in comparison with
microemulsions prepared with a mechanical homogenizer
(Table 4). The prolongation of the lag phase was minimally
20.86% and maximally 114.08% for ME-1 (p=0.011) en-
riched with phenolic extracts. For ME-2 enriched with pheno-
lic extracts, the prolongation rate varied from 27.94 to 99.85%
(p=0.011). The effect of liposome-phenolic extract systems
on the prolongation of the oil oxidative stability was also very
high and the average prolongation rate was 43.68% (p=0.021)
(Table 4). Microemulsions prepared with high pressure ho-
mogenizer and enriched with phenolic extracts had no effect
on the prolongation of the oxidative stability of extra virgin
olive oil (data not shown). Although Fernandez-Avila & Tru-
jillo [2017] stated that the use of high pressure homogeniza-
tion produced the emulsion with better physical stability during
storage, maintaining optimal oxidative stability until 3 months,
this study did not prove the effect of microemulsions pro-
duced by high pressure homogenization on the prolongation
of the oxidative stability of the extra virgin olive oil.

To the best of our knowledge, there are no previous data on
the use of blueberry phenolic extracts encapsulated in micro-
emulsions and liposomes on the prolongation of the oxidative
stability of edible oils. Mohideen et al. [2015] studied the ef-
fects of blueberry juices on lipid oxidation during spray drying
of menhaden oil and they found that 10% of blueberry juices
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reduced lipid oxidation. Liet al. [2015] reported that blueberry
extract can be successfully used to delay the lipid oxidation
during spray drying and the storage of Pollock liver oil. Al-
though it was expected, a correlation between a lower droplet
size of ME-2 and a better antioxidant effect of incorporated
blueberry extracts than in the case of ME-1 was not found. This
indicates that olive oil portion as the main difference in com-
position between ME-1 and ME-2 could contribute to the final
physical properties of the produced emulsion due to its own
phenolic content [Giacintucci ef al., 2016]. Since the stronger
effect on the prolongation of the lag phase of the oxidative sta-
bility of microemulsions produced by ultrasound homogenizer
in comparison with microemulsions prepared with a mechani-
cal homogenizer cannot be explained by differences in their
droplet characteristics, this phenomenon merits further eluci-
dation through investigation on added phenolic extracts parti-
tioning and interface organization induced by these methods.
Comparing two delivery systems in our study it was concluded
that emulsions gave better results than liposomes. This could
be explained by the fact that encapsulated phenolics also pro-
tect liposomal phospholipids from peroxidation, through act-
ing as high-level scavengers of radicals [Balanc e al., 2015],
as confirmed in the case of resveratrol, rutin, and quercetin
encapsulation in liposomes via inhibition of malondialdehyde
formation [Balanc et al., 2015; Cesquini et al., 2003]. In that
sense, the antioxidant capacity of phenolics is probably par-
tially involved in the anti-peroxidation of phospholipids, not
only its action on olive oil, while in the case of microemulsions
their antioxidant potential could be fully engaged in prolong-
ing the oxidative stability of the olive oil.

CONCLUSIONS

The present study indicates that the use of freeze drying
enhances the phenolic yield in extracts from blueberry fruits
in comparison with raw plant material. Influence of high-in-
tensity ultrasound on phenolic compounds was minimal while
pasteurization caused significant losses. The most abundant
phenolic constituents detected via HPLC analysis in all sam-
ples were malvidin glycosides.

The obtained results showed that the use of microemul-
sions and liposome systems can greatly enhance the effect
of blueberry phenolic extracts on the prolongation of the oxi-
dation process of extra virgin olive oil. The effect of native
blueberry phenolic extracts on the prolongation of the oxida-
tive stability of olive oil was very weak in comparison with
the effect of extracts encapsulated in microemulsions and li-
posomes. Furthermore, the microemulsions prepared by an
ultrasound homogenizer showed a higher effect on the pro-
longation of the oxidative stability than microemulsions pre-
pared with mechanical and high pressure homogenizer. Ac-
cordingly, encapsulated natural antioxidants from blueberry
may be considered as potential candidates for preserving
the oxidative stability of lipid-containing food.
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Obesity is defined as abnormal or excessive body fat accumulation that may have negative effects on health. Healthy diet induces a balance of gut
microbiota, helping in turn to combat this metabolic disorder. Amaranth is well known because of its beneficial properties on health, but its effects on
microbiota profile are still unknown. The aim of this study was to analyse the changes of gut microbiota in diet-induced obese mice due to amaranth
protein consumption and to compare them with the changes due to soybean protein intake. Male C57BL/6 mice were fed for 8 weeks with regular
(RD) or high-fat (HF) diet, without or with complementation with amaranth or soybean protein isolates. Morphological changes in caecum ultra-
thin sections were measured after hematoxylin/eosin staining. Microbiota was isolated from the caecum and /65 rRNA gene was sequenced. Caecal
Short Chain Fatty Acids (SCFAs) were quantified by gas chromatography. The consumption of soybean protein induced the ectopic deposition of fat
in the whole intestine while amaranth proteins increased caecal crypt depth and calceiform cells number sustaining its beneficial effect on health.
The count of Ruminococcacea family bacteria was increased in mice fed with HF diet, but amaranth proteins intake reduced its abundance. In turn,
Lachnospiraceae bacteria abundance decreased in mice fed the Control-HF and amaranth HF diets, but increased in mice fed the soybean diets.
In mice fed the RD diets, amaranth induced the abundance of Prevotellaceae, an acetate-producing bacteria. Study results indicate that the modulation

of caecal microbiota could be one of the mechanisms by which amaranth exerts its beneficial effects on health.

INTRODUCTION

Obesity is a positive imbalance of energy intake and ex-
penditure with excessive weight gain and is related to comor-
bidities as diabetes mellitus, cardiovascular, and metabolic
diseases. Obesity has increased the international morbid-
ity rate and has become one of the most disquieting health
problems of the 21st century with over 1.9 billion overweight
adults from which approximately 600 million are obese
[WHO, 2016]. The increase in obesity condition has been ob-
served in both developed and developing countries and does
not exclusively afflict adults; more than 41 million children
under five are overweight or obese. Reports indicate that Mex-
ico is the second country with the highest obesity rates, after
the United States, and first one regarding child overweight
and obesity ratios [OECD, 2015].

There are several treatments for the obese condition that
range from lifestyle modification, pharmacological or psycho-
logical therapy, surgery, and even the implementation of new

* Corresponding Author: Tel.:+52 444 8342082; Fax: +52 444 8342000
E-mail: apbarba@ipicyt.edu.mx (AP Barba de la Rosa).
*These authors contributed equally.

procedures as a faecal transplant [Marotz & Zarrinpar, 2016].
Drugs and surgery are not appropiate for each patient and rep-
resent the last options due to their side effects, hence diet modi-
fication will have the greatest impacts in preventing the de-
velopment of comorbidities and improving the quality of life
of patients who present an excessive weight gain. In the pursuit
of health-beneficial foods, the incorporation of nutraceuticals
in diets is gaining increased attention [Houston, 2013].
Amaranth is considered a nutraceutical and evidences
of its health benefits have been reported [Gomez-Cardona
etal.,2017]. Amaranth seeds have high dietary fiber contents,
are rich in unsaturated fatty acids, and their proteins are rich
in essential amino acids (lysine, tryptophan, and sulfur amino
acids) [Bressani ef al., 1987]. It is known that the amaranth
lipid fraction has hypocholesterolaemic properties due to its
high quantities of squalene [Martirosyan et al., 2007], while
amaranth protein consumption induces the accumulation
of antioxidant proteins such as paraoxonase/arylestereas 1
(PON1) [Velarde-Salcedo ef al., 2017]. It has also been ob-
served that the consumption of amaranth proteins increases
leptin levels, a molecule that is involved in appetite control.
Moreover, these proteins reduce concentrations of ghrelin, an
orexigenic hormone [Gémez-Cardona et al., 2017].

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
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Nutraceutical food and microbiota are extremely associ-
ated with the nutritional and health status of the host. Dietary
components are susceptible to be metabolized by the bacteria
during the gastrointestinal passage for their subsequent absorp-
tion [Laparra & Sanz, 2010]. Bacteroidetes and Firmicutes are
the principal phyla that suffer alterations in abundance and di-
versity when feeding habits and compounds of diet are modified
in obese individuals, but results are still unclear. Reports using
mice models have indicated a significant increase in the Fir-
micutes/Bacteroidetes ratio [Turnbaugh et al., 2008], while Jiao
et al. [2018] reported no differences when comparing obese
with lean rodents. Others works have indicated that Bacteroide-
tes increase in human fecal microbiota in overweight subjects
compared with lean ones [Schwiertz ez al., 2010]. Nonetheless,
in the distal colon these phyla are important for dietary fibers
fermentation in order to produce end products such as Short-
Chain Fatty Acids (SCFAs), that not only improve the microbi-
al environment but also regulate several biochemical processes
in the host [Kasubuchi et al., 2015].

To date, there are no reports regarding how amaranth
proteins, which have a good balance of essential amino ac-
ids, can modify the profile of the caecal microbiota and in-
fluence the generation of SCFAs, and whether this potential
change could have positive effects on human health. There-
fore, the aim of this study was to assess the effect of the gut
microbiota profile on diet-induced obese mice due to a daily
amaranth protein intake and to compare it with the effects
due to soybean protein consumption.

MATERIALS AND METHODS

Animals and diets

Male 6-week old C57BL/6 mice were obtained from “Uni-
dad de Produccion y Experimentacion de Animales de Labo-
ratorio UPEAL’ (UAM, Xochimilco, Mexico). Mice were
housed in controlled conditions at 212°C and dry air humid-
ity at 50% =15 g H O/g with a 12 h light/dark cycle in groups
of four to five mice in a standard stainless steel cage. Animals
were randomly assigned to six groups containing eight mice
per group. In the two first groups, the control groups, animals
were fed with regular diet (Ctrl-RD) and high-fat diets (Ctrl-
HF). In the third and fourth groups, mice were fed with regu-
lar diet or high-fat diets supplemented with amaranth protein
isolate (AMA-RD and AMA-HEF, respectively). In the fifth
and sixth groups, the mice diets were supplemented with soy-
bean protein isolate (SOY-RD and SOY-HE respectively).

The regular diet groups received the commercial Teklad
(Envigo, Huntingdon, UK) diet 2018S containing (in 100 g
diet): 18.6 g protein (from wheat, corn, soybean), 44.3 g car-
bohydrates, and 6.2 g fat. High-fat diet was supplied with
Teklad TD 06414 containing (in 100 g diet): 23.5 g protein
(casein), 27.3 g carbohydrates, and 34.3 g fat. The food con-
sumption and mice weight were recorded every week. Protein
isolates from amaranth and soybean, with a purity of 76.5%
and 85.5%, respectively, were obtained as described elsewhere
[Escobedo-Moratilla e al., 2017]. Amaranth or soybean pro-
tein was administered once daily using a stainless steel oral
gavage at a dose of 10 mg protein/kg BW (body weight). Food
and water were provided ad libitum during the study.

Procedures for animal housing and care were assessed
according to the Mexican regulatory standard (NOM-062-
7Z00-1999) and animal experiments were approved by the In-
stitutional Research Bioethics Committee at IPICYT Code:
LPBM-AMA-C57/002 and ratified by the Ethics Research
Committee Code: DIX.UC-EB-17-001 (Registration code:
CONBIOETICA24CEI00320130722). At the end of the ex-
periment, animals were fasted for 6 h on paper bedding be-
fore euthanized; all segments after stomach were collected,
placed in liquid nitrogen, and stored at -80°C until microbial
analysis.

Histomorphometry appearance of the caccum

Frozen caecum sample was dissected into 7 mm sec-
tions cutting 0.6 mm approximately from the ileum for each
randomly selected gut. Samples were immersed in 10 mL
PBS/100 mL formaldehyde (pH=6.4), de-hydrated, clar-
ificated, and embedded in paraffin. Three serial sections
of 7 um from each animal were collected in silanized slides at
one location of caecum and stained with hematoxylin-eosin.
The analysis was carried out blind to the treatment to evalu-
ate the histological changes and the Lieberkiihn cryps depth.
The morphometrical analysis was achieved with the light mi-
croscope Zeiss Axio Imager M2 (Carl Zeiss Co. Oberkochen,
German). Crypt depth measurements were done by triplicate
in 10 well-oriented Lieberkiihn crypts by field from the base to
the highest point still visible with 40-fold magnification using
ImageJ software v1.46r.

Sequencing and analysis of bacterial 16S rRNA gene
Caecal contents were obtained by extrusion from each
thawed intestinal tissue. DNA extraction was achieved using
the DNeasy UltraClean microbial kit (Qiagen, Hilden, Germa-
ny) from 200 mg of intestinal digesta following the manufac-
turer’s instructions. The obtained DNA was quantified by spec-
trophotometry with NanoDrop ND-1000 (Thermo Scientific,
Wilmington, DE, USA) and stored at -80°C until use.
Paired-end sequencing with a read length of 2x250 bp
was performed using the Illumina Miseq platform by the mo-
lecular sequencing laboratory Research and Testing Labora-
tory (Lubbock, Texas, USA). The V3-V4 regions of /6S rRNA
gene were amplified by PCR using the universal primers con-
taining Illumina adapter sequences (357wF/785R). The ob-
tained sequences were merged and filtered by quality using
Pear from the free online software Galaxy v 0.9.6.0 (http://
www.usegalaxy.org). A specify P value of 0.01, 35 as mini-
mum overlap size, 200 bp as the minimum possible length
of the assembled sequences, and a Phred score of 25 were
applied in the analysis [Kautz et al., 2013]. The filtered se-
quences were dereplicated and cleaned of chimeric sequences
with UCHIME with the reference database GoldFasta using
USEARCH-Tool-Suite. Resulting data were grouped into op-
erational taxonomic units (OTU’s) with 97% of identity using
the database from Ribosomal Data Project (RDP) available
online in GALAXY VGL 4.0.1 (http://galaxy-qld.genome.
edu.au, accessed APRIL/2017). Explicet v2.10.5 software was
used to make the OTU Stacket Bar plot to represent bacte-
rial relative abundances between groups. OTU table was ana-
lyzed to survey the relationship of metadata characteristics
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for multiple diversity measurements. Shannon, Good’s cover-
age, and Rarefaction were calculed using INEXT [Hsieher al.,
2016] and Spade (http://chao.stat.nthu.edu.tw/wordpress/
software).

Measurement of caecal Short-Chain Fatty Acids (SCFAs)

Caecal digesta were used for SCFAs quantification. Brief-
ly, samples (100 mg) were homogenized in one mL of ultra-
pure MilliQ® water (Merck, Darmstadt, DE), and mixed on
a vortex mixer for 2 min. The homogenized sample was incu-
bated for 20 min in an ice-water bath and centrifuged at 4°C
and 4800xg for 20 min. Supernatant was recovered and this
procedure was repeated two times for clarifying. The sample
was filtered through 0.22 um Millipore filter (Merck, Darm-
stadt, Germany) before injection into the chromatographic
system.

Analysis of SCFAs was performed on an Agilent 6§90 N GC
system using a 30 m x 0.25 mm 1.D. HP-INNOwax GC capil-
lary column with a film thickness of 0.5 um (Agilent Technol-
ogies Inc, CA, USA). Helium was used as carrier gas at a flow
rate of 1.5 mL/min with a split ratio of 1¢*®":1 and the set
temperatures for the injector and flame ionization detector
(Agilent Technologies Inc.) were 220 and 250°C, respectively.
The flow rates of hydrogen and air were 30 and 300 mL/min,
respectively. The volume of the injected sample was 1 uL,
and the running time was 20.5 min. The determinations were
performed on three individual samples for each group. Cali-
bration curves were performed from 1.5 to 100 mg/L for acetic
acid, 3.1 to 50 mg/L for propionic acid and 1.87 to 30 mg/L
for butyric acid (5 concentration levels, 3 replicates for each
level).

Statistic analysis

Quantitive data was evaluated using SigmaPlot 12.3 soft-
ware (Systat Inc., Illinois, USA), through a Kolmogorov-
-Smirnov normality test followed by a one-way analysis
of variance (ANOVA) with a post hoc Tukey test (p<0.05)
with a desired statistical power of 0.8 and a Kruskal-Wallis
with a post hoc Dunn test for non-parametrical data.

RESULTS AND DISCUSSION

The incidence of obesity-related diseases has increased
and currently the intake of a high protein diet is attracting

particular attention due to its impact on gut microbiota. Ama-
ranth proteins, which present a good balance of essential ami-
no acids as well as an excellent digestibility [Bressani et al.,
19871, are the ideal protein source for food supplementation.
Therefore, we explore the effects of amaranth protein on
modulation of intestinal microbiota in obese mice. However,
several studies suggest that body weight, food intake, and gut
microbiota composition may vary depending on interactions
with sex [Yang et al., 2014] and then only male C57BL/6 mice
were used in the present study.

Physiognomic parameters measurements

The physiognomic parameters showed that at the end
of the experiment, the mice fed the high-fat (HF) diet had
the highest weight gain. No changes in body weight were ob-
served in mice treated with the regular diet supplemented with
amaranth (AMA-RD), but mice fed with soybean (SOY-RD)
showed a tendency to increase weight (Table 1).

At the beginning of the experiment, the highest feed intake
was observed in the mice fed the SOY-RD diet, but in all HF
diets, the mice feed intake was similar in all groups (p<0.001).
At the end of the experiment, it was observed a similar amount
of feed ingested by the mice treated with AMA diets, but not
in the mice fed the SOY-HF diets, which showed a significant
decrease (p<0.05) (Table 1). The weight gain of the whole
intestine was correlated with the feed intake, where SOY-HF
diet-fed mice showed the lowest intestinal weight. With re-
gard to epididymal fat tissue, it was similar among groups
fed either with RD or HF diet (Table 1). Overall, the physiog-
nomic parameters showed slight changes as it has been ob-
served in previous studies with HF diet [Tomas ef al., 2016].
However, an anatomically important observation of intestines
in mice displayed that samples from the SOY-HF diet-fed
mice were coated with fat (Figure 1). These results potentially
indicate that fat accumulation is linked with the consumption
of soy protein because mice fed amaranth protein presented
morphology comparable to control groups (Figure 1).

Studies have suggested that the high consumption of soy
protein decreases food intake and body weight compared
to other protein sources, like whey [Li et al., 2016], which
is also in agreement with the present results. However, an
excessive ectopic deposition of fat in intestine was observed
in the SOY-HF diet-fed mice, in spite of a lower feed intake.
Interestingly, other studies have already detected the deposi-

TABLE 1. Physiognomic parameters at different nutritional conditions in all groups at the beginning and after eight weeks of protein consumption.

Parameters Ctrl-RD Ctrl-HF AMA-RD AMA-HF SOY-RD SOY-HF
Body weight (g) 14.6=6.01° 41.2+£20.42 19.3£7.76° 36.2+13.6 25.1+8.280 35.7£10.72
Feed intake at T, (g) 3.21x0.30¢ 2.30=1.50¢ 4.10%0.28¢ 2.30=0.29¢ 5.46=0.14° 3.15%0.23¢4
Feed intake at T, (g) 2.93+0.4%° 2.30%0.790¢ 3.35x0.5120 2.22+0.38¢ 3.51=0.38 1.36+0.49¢
Intestinal weight (g) 1.88=0.2220 1.70£0.300¢ 2.02+0.222 1.66+0.29b¢ 1.88+0.15%¢ 1.47x0.27¢
EFT weight (g) 0.38%0.17>¢ 1.30=0.56* 0.38%0.12b¢ 1.380.49° 0.61=0.18° 1.20x0.272

T,=values at the beginning of the experiment. T =values after 8 weeks of protein intake. EFT= Epididymal fat tissue. Values represent the mean
of total population in each group (n=8) *standard deviation (SD). Grams (g). Ctrl=Control, AMA=amaranth, SOY=soybean, RD=regular diet,
HF=high fat diet. Different superscript letters along rows indicate statistical differences at p<0.05 in a Kruskal-Wallis with a post hoc Dunn test.
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FIGURE 1. Macroscopical appearance of the intestinal tissue of mice fed with different diets. Digital images show fat coating the gut structures: (A) Ctrl-
RD; (B) Ctrl-HF; (C) AMA-RD; (D) AMA-HF; (E) SOY-RD; and (F) SOY-HE Ctrl=control, RD=regular diet, HF=high fat diet, AMA=amaranth

proteins, SOY =soybean proteins.

tion of fat in the intestinal mucosa by triacylglycerol accumu-
lation in mice fed a high fat diet compared to mice fed a low
fat diet [Douglass ef al., 2012]. This abnormal fat accumula-
tion could be the result of metabolic and endocrine changes
that may trigger both oxidative stress and inflammation at tis-
sue and systemic levels with the development of obesity, lipo-
toxicity, and insulin resistance [Barazzoni ef al., 2018]. This
is in agreement with previous results that have shown that
amaranth protein supplementation was able to reduce the in-
sulin levels in mice plasma but mice fed soy proteins tended to
generate insulin resistance [Escobedo-Moratilla et al., 2017].

Caecum histomorphometric appearance

The morphological changes of the caecum due to the diet
are shown in Figure 2A, and the crypt depth dimensions are
shown in Figure 2B. A significant decrease in crypt depth was
observed in mice fed the Ctrl-HF diet when compared with
samples from mice fed the Ctrl-RD diet (Figure 2Aa and 2b).
Amaranth diets caused also a significant decrease in crypt
depth, when compared with Ctrl-RD diets (Figure 2B).
However, the crypt of mice fed the AMA-HF showed more
epithelial cells, as well as the number and size of calceiform
cells by crypt (Figure 2Ac and 2d), which resemble those ob-
served in the Ctrl-RD fed-mice group. Alike, SOY-RD diet
(Figure 2Ae) elicited a similar effect as Ctrl-RD, but SOY-
HF diet reduced significantly crypt depths (Figure 2Af) even
more than the Ctrl-HF diet did (Figure 2Ab). Furthermore,
it was observed the loss of the intestinal epithelial structure

in the mice fed the SOY-HF diet, which may be related to
the inflammatory state (Figure 2Af).

The gut epithelium is broadly folded into crypts and villi,
which increase the contact surface for secretory, absorptive,
and digestive activities. These functions contribute to ho-
meostatic regulation that impacts mucosal defences, but also
the dynamics of intestinal microbiota [Jakobsson et al., 2015].
Therefore, structural changes or alterations in gut epithelium
are extremely linked with dysbiosis and permeation of luminal
noxious molecules, triggering the dysregulation of inflamma-
tion that promotes the pathogenesis of intestinal and systemic
diseases [Battson et al., 2018].

Our results revealed that the caecum appearance was al-
tered not only by the HF diet, but also by the type of proteins
in diet. The SOY-HF diet had a greater impact on the mice
epithelial tissue integrity with a considerable increase of epi-
thelial cells density. This effect of soy protein consumption
in conjunction with the previously reported insulin resistance
[Escobedo-Moratilla et al., 2017], could be a consequence
of a grade of tissues inflammation. In addition, the accumula-
tion of fat observed in mice intestines (Figure 1) could be ac-
companied by secretory products and inflammatory cytokines
that promote expansion of tissues as reported elsewhere
[Magnuson et al., 2015]. Therefore, these modifications
of the epithelium potentially suggest that the HF treatments
caused a degree of dysbiosis, and that the soy protein does
not help to mitigate the effects caused by the HF diet as
the amaranth proteins do.
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FIGURE 2. Morphometric analysis of the caecum of mice fed with different
diets. (A) Representative micrographics of hematoxylin/eosin stained cuts
of caecum samples from: a and b=control animals; ¢ and d=from animals
feed with amaranth proteins; e and f=from animals feed with soybean pro-
teins. RD=regular diet or HF=high-fat diet. Stained cuts were observed
in a Zeiss Axio Imager microscope. (B) Crypt depth modification of intesti-
nal cecum. Ctrl=Control, AMA=amaranth, SOY =soybean, RD=regular
diet, HF=high fat diet. Bars indicate mean and SEM values of each ultra-
thin slide. Black lines in A) represent a crypt depth measure in each treat-
ment. CC=calceiform cells; EC=epithelial cells. Asterisks denote signifi-
cant differences (*p<0.05, *p<0.01 and **p<0.001 in the Kruskal-Wallis
with a post hoc Dunn test).

Sequence analysis of the caecum bacteria population
Obesity-related changes in the gut microbiota have been
linked to the decrease in species diversity. However, recent
works have reported an increase of gut bacteria diversity
in mice fed high fat diets [Zeng et al., 2016]. Our results
showed that AMA and SOY protein diets also increased

species diversity in the mice caecal microbiota. Ctrl-HF
diet intake was characterized by a trend to increase num-
bers of OTUs compared with Ctrl-RD (Table 2). Mice fed
the AMA and SOY diets did not differ significantly con-
cerning numbers of OTUs, but a significant increase was
observed in OTUs count compared with the mice group fed
the Ctrl-RD diet (Table 2). These changes in bacterial diver-
sity are associated with the relative abundance of sequences,
but not with the OTUs distribution as observed in Good’s
coverage and Shannon index (Table 2).

It is known that gut microbiota in the vertebrates is domi-
nated by Firmicutes and Bacteroidetes, which constitute 80-
90% of the total resident bacteria [Cani & Knauf, 2016]. Some
authors have related the presence of Firmicutes to an obese
or overweight status [Turnbaugh et al., 2008], while others
have had associated them to the lean population [Schwiertz
et al., 2010; Ravussin et al., 2012]. Jiao et al. [2018] reported
that there were no significant differences in Bacterioidetes to
Firmicutes (B/F) ratio between obese and lean rodents. Al-
though this relationship is still not well understood, this could
be attributed to different model species, kind of diet, labora-
tory conditions, and also study design [Aguirre & Venema,
2015]. However, a notable change in gut microbial ecology
has been observed in periods of nutrient deprivation or fasting
[Beliet al.,2018]. We observed high levels of Firmicutes (over
90%) and low levels of Bacteroidetes (about 8%), which could
be associated with the fasting period (6 h) before mice eu-
thanasia (Figure 3A and 3B). A similar microbial profile was
reported not only in mice fed with regular diet (control) but
also in mice fed with high-fat diet fasted for 16 h [Zarrinpar
et al., 2018]. This tendency is related to the ability to harvest
energy from endogenous substrates in the absence of food
during extended fasting; in this situation the gut microbiome
could affect the generation of metabolites such as bile acids
and SCFAs [Beli et al., 2018].

The phylum Firmicutes was mainly composed by Ru-
minococcaceae and Lachnospiraceae families (Figure 3A),
while in the non-firmicutes the main family was Porphyro-
monadaceae with a notable reduction of Helicobacteraceae
when protein isolates were included in diets (Figure 3B).
Mitigation of Helicobacteraceae family abundance is related
to the improvement of inflammation in colitis and bowel dis-
eases [Rooks et al., 2014]. Regarding to Ruminococcaceae
family, an increase in abundance was observed in caecal con-
tents in mice fed with Ctrl-HF and SOY-diets compared with
AMA-diets fed mice (Figure 4A). High abundance of Rumi-
nococcaceae has been observed in other studies following HF
diets [Zhanget al., 2010]. It has stated that Ruminoccocaceae
induced expression of genes involved in inflammation pro-
cess, such as Angpl4, in diet-induced obese mice [Ravussin
etal.,2012]. These bacteria have been also observed in leptin-
-resistant obese and diabetic mice; this correlates with a pre-
vious work, which showed that mice fed with SOY protein
tended to have insulin resistance [Escobedo-Moratilla ef al.,
2017]. The Lachnospiraceae family showed the same abun-
dance levels in mice fed with Ctrl- and AMA diets but in cae-
cal digesta of mice fed with SOY-diets an increase in abun-
dance was observed (Figure 4B).The Lachnospiraceae have
been detected in infants of overweight mothers [Tun ef al.,
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TABLE 2. Relative abundance, number of OTUs, and alpha diversity measures of mice caecal microbiota.

Ctrl

AMA SOY

RD HF

RD HF RD HF

Total sequence 11,733+2252¢ 20,167x10202

15,237+£21.0°

15,176£1251%* 15,824+1624 21,050£7295°

Total OTUs! 6152+503¢ 7324x700° 846814132 7976+1449® 9757+1588¢ 97101655
Rarefaction* 9150+3039¢ 704743730 965045512 8701+2459: 9775+3653¢ 7660+ 1450
Shannon index 8.80+2.81° 9.17£3.55° 8.07x3.132 8.75£2.73¢ 8.37x2.412 9.05£3.412
Good’s coverage 0.67+0.05® 0.64+0.01° 0.75+0.14® 0.65=0.07% 0.72+0.02¢ 0.63=0.09

'Data was grouped into operational taxonomic units (OTUs) with 97% identity. Values represent the mean of total population *standard deviation
(SD). Ctrl=Control, AMA=amaranth, SOY =soybean, RD=regular diet, HF=high fat diet. Different superscript letters along rows indicate statistical
differences at p<0.05 in a Kruskal-Wallis with a post hoc Dunn test. *Sample-size-based rarefaction was computed with an extrapolation extends up

to the maximum size of each sample.
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FIGURE 3. Modulation of the composition of mice caecal microbiota by different diets. The average relative abundance was expressed as a percent-
age of the total population at the family level in each group. (A) Families belonging to the Firmicutes phylum, and (B) families belonging to the phyla

of Bacteroidetes, Verrucomicrobia, and Proteobacteria.

2018], the tendency to an increased abundance of Lachno-
spiraceae in SOY diets is potentially linked with the obesity
status observed in those SOY- groups.

Within the Bacteroidetes families, Prevotellaceae showed
higher relative abundance in caecal contents of mice fed with
AMA-RD (Figure 4C), while Bacteroidaceae were abundant
in mice fed with Ctrl-HF diet (Figure 4D). Prevotella belonging
to the Prevotellaceae family possess the enzymatic machinery
involved in sensing and hydrolysing complex carbohydrates
and proteinaceous compounds with acetate as a product
of fermentation [Hahnke ef al., 2015]. Among the Bacte-
roidaceae family, Bacteroides thetaiotaomicron has been as-
sociated with the damage of epithelial barrier. According to
Wrzosek et al. [2013], this bacterium together with bacteria
that consume acetate and produce butyrate can interfere gob-
let cell differentiation, glycosylation, and mucin production
in the colonic epithelium. Moreover, the increase of Bacteroi-
dales has been detected in overweight women [Tagliabue &
Elli, 2013]. These data could explain the occurrence of Bacte-

roidaceae family in mice fed with Ctrl-HF diet as a potential
indicator of the epithelial damage caused by dysbiosis.

Protein administration generates similar values
of caecal Short Chain Fatty Acids (SCFAs)

Gut microbiota uses products of fermentation of dietary
fiber and in lesser extent dietary, endogenous proteins, to pro-
duce Short Chain Fatty Acids (SCFAs), which have emerged
as important signalling molecules with a diverse physiological
effects including stimulation of ileal motility and mucus pro-
duction [Battson ef al., 2018].

Acetic acid, propionic acid, and butyric acid are the most
abundant SCFAs and constitute 95% of all those found
in the body. In lean individuals, intestinal SCFAs concentra-
tion is mainly constituted by acetic acid, followed by propi-
onic acid and butyric acid in a molar ratio of 60:20:20, respec-
tively. Our results showed that mice fed the Ctrl-RD presented
a SCFAs ratio of 75:2:23 (acetic, propionic, and butyric acids,
respectively), ratio that was significantly decreased in caeca



D. Olguin-Calderon et al.

41

16000 - a
14000
a
[0
S 12000 1 T
S B33
T 10000 R
2 b 5
_g cd . c S
© 80001 I3 K]
] K KRR
2 — S B
= 6000 | 05000 (RO %%
© e 0o s oot I 0%00%e%
3 — 5 B
¢ ? — B R
o 4000 — 5 B
R %ot %o I S0 000008
— R 95955004
2000 — B B
R s
0 R R
w =] w o) L
E I o I [ I
ST T
= =
o o = = o) 0
< < 72} »n
(©) 250 1
a
o 200
o
C
3
c 150 |
>
T
[0} b
2 100 ;
2
©
[0}
X 5
[
7 NI
0 : ; - === NSNS
a w =} L o w
o T 4 T © I
= - D <I >,. >,-
= = <
o o s = o ©
< < 72} (7}

(B) 14000 -
ab
12000 | ab
8
< 10000 a
ab
©
= o%%%
c £RX XA
Ko} 03000083
8 ol
] RRKKS KKK
g 6000 RS~ KX
2 B B
© R RS
o 4000 - SoSeSo I sSecesos
i sl
(S R
i RS RS
00990
2000 g ke
KR B
0 KX KRR
() L (=) 'S [a] L
4 I o T o T
= = < < > >
S
5 o s = o O
< < 7} "
a
500 -
©
[&]
c
© 400 -
e
c
2
2 3001
o
=
o 200 -
[}
Y b
100 - be
b
72 ==1
0 . . ; : X2
o ' o '8 o
g I & I ¢
= = <
T &5 £ = 3
O (&) =
< < (72}

FIGURE 4. Family-level distributions of the microbial communities. Average of the relative abundance of microorganism family in each mice group.
(A) Ruminococcaceae, (B) Lachnospiraceae, (C) Prevotellaceae, and (D) Bacteroidaceae. Different superscript letters indicate statically significant

differences at p<0.05 in the Kruskal-Wallis with a post hoc Dunn test.

of mice fed the following diets: Ctrl-HD (80:5:15), AMA-RD
(82:4:14), AMA-HD (84:5:11), SOY-RD (80:3:17), and SOY-
-HD (86:4:10) (Figure 5). This marked difference was ob-
served due to a statistical increase in acetic acid and a de-
crease in propionic acid contents (Figure 5B and C) that
potentially are associated with the consumption of proteins.
Hedemann ez al. [2009] reported a decrease in propionic acid
in the caecum and colon of rats fed with cellulose, in a molar
ratio of 83:6:11 and 80:4:6, respectively.

Gullan et al. [2016] reported that faecal cultures from
healthy individuals fed with amaranth or quinoa diet showed
an increase of SCFAs and Prevotellaceae family, as observed
in this work. Prevotellaceae and Lachnospiraceae families are
acetate-producing bacteria [Ferrario ef al., 2017], their pres-
ence could be associated with acetic acid content increase
(Figure 4B and 4C). Bacteroidetes richness has been corre-
lated with faecal propionic acid levels in humans [Salonen
et al., 2014]; in this context the decrease of propionic acid
could be linked to the lack of those bacterial groups in the mi-
crobial composition (Figure 3B). However, Vital e/ al. [2015]
indicate that there is no clear association between the butyric
acid production with the abundance of Ruminococcaceae

and Lachnospiracea that exhibit alternative, protein-fed, bu-
tyrate-synthesis pathways.

CONCLUSION

Not only the amount of protein is important, but also
the source of protein has a significant impact on health. Al-
though soybean meal has been reported to provide benefits
to health, basically for the contents of isoflavones, proteins
alone could have undesirable results. Our results have shown
that soybean proteins consumption tends to increase fat ac-
cumulation, in contrast to amaranth proteins. The macro-
scopic analysis of the caecum also showed that amaranth
consumption, under HF diets, had a tendency to increase
the number and size of calceiform cells by crypt, similarly to
the control diets.

The consumption of both amaranth and soybean proteins
caused a reduction of Helicobacteracea, which is related with
a decrease in pathogen families. But the intake of amaranth
proteins, which have an excellent essential amino acid balance
and good digestibility values, led to an improved microbial
profile of the Prevotellaceae and Ruminococcaceae families,
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which are microorganisms related with the intestinal barrier
recovery. Results of our study suggest that amaranth could ex-
ert a modulation of caecal microbiota, which could be a new
mechanism of action by which it exerts its health benefits.
This finding opens new avenues to future research on ama-
ranth mechanisms of action.
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Behavior of Listeria innocua Strains Under Pressure Treatment — Inactivation and Sublethal Injury
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The inactivation and sublethal injury of two strains of Listeria innocua (one collection strain and one wild strain isolated from beetroot juice)
suspended in beetroot juice and in model solutions, after high hydrostatic pressure (HHP) were investigated. Changes within the population assessed
by plating count methods of both L. innocua strains suspended in a buffer pH 4.0 were more noticeable than in the natural beetroot juice environment.
In beetroot juice the lethal effect was reported after 1 min of pressure treatment at 400 MPa for the collection strain. In the case of the wild type strain,
exposure to the maximal parameters of the compression process (400 MPa, 10 min) decreased the population number below 1 log (CFU/mL) but did
not cause complete injury. The collection strain of L. innocua was easier to inactivate in beetroot juice than the strain isolated from this environment.
The maximum level of sublethal injury was observed when the cells were suspended in a buffer pH 7.0. Structural damage in cell membranes after HHP

processing was observed using a transmission electron microscope (TEM).

INTRODUCTION

Beetroot is a traditional vegetable distributed in many
parts of the world and has been used commercially to pro-
duce juice and natural pigments. One of the leading red beet
producers is Poland, where fresh beetroot juice has nowadays
become increasingly popular because of its multiple health
benefits, such as anticancer activity and protection against
degenerative diseases [Clifford et al., 2015]. Beetroot con-
tains dietary fiber and carbohydrates of a moderate caloric
value. It is a rich source of minerals and important vitamins,
and therefore it can play an essential role in the composition
of a well-balanced diet [USDA Food Composition Database,
2018; Zielinska-Przyjemska et al., 2009]. Due to the fact that
edible parts of root vegetables have a direct contact with
soil, beetroot juice is one of the most contaminated among
the commercially available fresh juices and can be a source
of undesirable microbiota including pathogenic microorgan-
isms [Sapers, 2003; Sokotowska et al., 2011]. One of the most
virulent foodborne pathogens, widely distributed in the natu-
ral environment, is Listeria monocytogenes. It has been detect-
ed in fruit and vegetables that are contaminated by the soil
or by manure used as a fertilizer. Among the investigated
samples of unpasteurized commercial root vegetable and fruit
juices, 29% (n=17) have been reported to contain Listeria

* Corresponding Author: Tel.: +48 22 606 3605;
E-mail: nasilowska@ibprs.pl (J. Nasifowska)

monocytogenes [Sokotowska et al., 2011]. This pathogen can
survive short pasteurization or freezing, and can be resis-
tant to treatment with food preservatives. Moreover, it can
grow in acidic foods traditionally considered as of low risk
[Jordan et al., 2001]. The infective dose of L. monocytogenes
depends on the resistance of the individual host. Fresh fruit
and vegetables which are consumed without any further ther-
mal treatment, and are contaminated with L. monocytogens
at more than 100 CFU/g, are considered to pose a direct risk
to human health [Commission Regulation 2073/2005]. Ex-
ceeding this number is dangerous, especially for people with
compromised immunity, children, the elderly and pregnant
women, as it may induce listeriosis and even sepsis [Goulet
etal., 2008].

The High Hydrostatic Pressure (HHP) is a technology
used worldwide for the preservation of various commercial
products, including vegetable juices. However, this technology
has not yet been implemented on the industrial scale in Po-
land. HHP allowed reducing counts of microbes responsible
for spoilage and for shortening the shelf-life of beetroot juice
[Sokotowska et al., 2013, 2014, 2017], while not markedly
changing the sensory and nutritional attributes of the prod-
uct. Mild, non-thermal technologies used in food preserva-
tion, apart from the inactivation, trigger the sublethal injury
of bacterial cells. Injury caused by high hydrostatic pressure
has been observed in many bacterial cells [Patterson et al.,
1995; Yang et al., 2012; Sokotowska et al., 2014; Wang et al.,
2016]. The mechanism of microbial inactivation by HHP is re-
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lated to the morphological changes in the cell, modification
of the cytoplasmic membrane, damage to the genetic mecha-
nism, and adverse biochemical reaction [Hoover et al., 1989].
Changes in the bacterial cell can be reversible or irreversible de-
pending on the level of environmental stress and physiological
condition of the cell. Even though the membrane damage plays
a major role in HHP inactivation, the partial loss of its func-
tionality does not always lead to cell death. In a consequence,
some of the cells in the population will be sublethally injured
[Wesche er al., 2009]. However, the sublethally injured cells
may reveal increased sensitivity to inhibitors, which are ingre-
dients of selective agar media [Espina et al., 2016]. The injured
survivors are able to recover and resume growth if suitable envi-
ronmental conditions emerge, and therefore may become dan-
gerous to customers [Mackey et al., 2000]. This is the reason
why appropriate identification and quantification of the suble-
thally injured population play a key role in food safety. An in-
direct method for evaluating the number of sublethally injured
cells is the plating technique which utilizes a selective medium
with the addition of NaCl [Yuste ef al., 2004; Sokofowska et al.
2014], because immediately after HHP processing the dam-
aged cells have no, or a lower, ability to grow on this medium.

This work describes results of the investigation of the sur-
vival, sublethal injury, and diversity of the resistance of Liste-
ria innocua strains in pasteurized beetroot juice and in model
solutions: buffers pH 4.0 and 7.0, after high hydrostatic pres-
sure treatment.

MATERIALS AND METHODS

Microorganisms and growth conditions

Listeria innocua was used in this study. This bacteria
is physiologically very close to the previously mentioned
L. monocytogenes, and is frequently found in the same food
products, therefore it is often used for experiments [Escolar
etal, 2017].

Two strains of Listeria innocua were used in this study:
CIP80.11T obtained from the Culture Collection of the In-
stitut Pasteur (Paris, France) and 23/2013 (wild type strain)
isolated from unpasteurized Polish beetroot juice obtained
from the own collection of the Department of Fruit and Veg-
etable Product Technology at TAFB (Warsaw, Poland).
The strains were stored in Cryobank at a temperature below
-27°C=£3°C. Broth subcultures were prepared by inoculating
a tube containing 10 mL of sterile Brain Heart Infusion (BHI)
broth (BioMerieux, I'Etoile, France) with a pure culture im-
mobilized on sterile beads. After inoculation, the tubes were
incubated at 37°C for 24 h and then each overnight culture
was moved with a 0.1 mL loop on a Petri dish with Tryptic Soy
Yeast Extract (TSYE) agar (Biocar Diagnostics, Beauvais,
France). Next, the culture from the plate with a 0.1 mL loop
was added to 250 mL Erlenmeyer flasks containing 200 mL
of Tryptic Soy Broth with Yeast Extract (TSBYE) (Biocar Di-
agnostics, Beauvais, France) to prepare the second subculture,
which was incubated at 37°C for 18 h to obtain the stationary
phase culture. Then, 10 mL of the second subculture were
added to fresh sterile broth (TSB or TSYEB) and incubated
at 37°C for 18 h. The cultures were then harvested by cen-
trifugation (4000xg, 10 min, 4°C). The sedimented cells were

aseptically re-suspended in phosphate-buffered saline (PBS,
pH 7.2) and again centrifuged. The washing procedure was
repeated twice. After that, model suspensions of L. innocua
were prepared in PBS (1:9, v/v). Just before HHP treat-
ment, Mcllvain buffers (0.1 M citric acid, 0.2 M disodium
phosphate) in pH 4.0 and pH 7.0, and beetroot juice were
inoculated with L. innocua cells in a concentration of about
107 CFU/mL and transferred into sterile polyethylene tubes
(Sarstedt, Newton, USA) in 13 mL portions in duplicate.

Model suspensions and beetroot juice

Mcllvaine buffers pH 4.0 and pH 7.0, and pasteurized
beetroot juice, acidified with citric acid to pH from 3.98 to
4.17 (produced by Victoria Cymes, Poland) were used.

HHP treatment

High pressure treatment was performed using
a U 4000/65 device (Unipress, Warsaw, Poland). The appa-
ratus was capable of operating up to 600 MPa, at tempera-
tures ranging from —10°C to +80°C. The maximum volume
of the treatment chamber was 0.95 L. The pressure--trans-
mitting fluid was distilled water and polypropylene glycol
(1:1, v/v). Each two independent samples were treated in two
independent cycles. The treatment was performed at pres-
sures of 200 MPa, 300 MPa, and 400 MPa, at 20°C for 1, 5,
and 10 min. Pressure of up to 400 MPa was generated in 70—
80 s and the release time was 2-4 s. The total process time
did not include the come-up and come-down time of pres-
surization. After the treatment, the samples were removed
from the chamber and placed immediately on ice. The control
samples were unpressurized.

Plate count analytical methods

The HHP-treated samples were analyzed immediately
after processing. Ten-fold serial dilutions in Tryptone Salt
broth (Biokar Dignostics, Beauvais, France) of each sam-
ple were prepared. Appropriate dilutions of samples were
spread on agars. Counts of total viable cells were determined
by spread plate on TSYE agar, while TSYE agar supple-
mented with 5% NaCl (POCh, Gliwice, Poland) was used
to determine uninjured cells in the population [Yuste ef al.,
2004]. This concentration of NaCl was estimated in the labo-
ratory as the maximum concentration that did not change
the morphology and number of unstressed L. innocua cells.
The number of sublethally injured survivors was estimated
by the difference between the counts of total viable and unin-
jured cells in the population [Yuste et al., 2004; Espina et al.,
2016]. Plates with TSYE agar were incubated for 24 h/37°C,
and these with TSYE agar+5% NaCl for 48 h/37°C [Espina
et al., 2016]. The plates containing less than 300 CFU/mL
were selected for counting [Yuste ef al., 2004].

Cell morphology assessment by transmission electron
microscopy (TEM)

After exposure to 400 MPa for 5 min, the bacteria cells
in the PBS buffer (pH 7.2) were fixed with 2.5% glutaralde-
hyde cacodylic buffer and incubated for one hour, then washed
with 0.1 M cacodylic buffer. Next, they were postfixed in
1% Os0, in ddH,O for 1 h and washed three times in ddH,O. Af-
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ter postfixation, the samples were dehydrated through a graded
series of EtOH (30% — 10 min, 50% — 10 min, 70% — 24 h, 80% —
10 min, 90% — 10 min, 96% — 10 min, anhydrous EtOH — 10 min,
acetone — 10 min) and infiltrated with epon resin in acetone (1:3
—30 min, 1:1 — 30 min, 3:1 — 2h), infused twice for 24 h in pure
epon resin and polymerized at 60°C for 24 h. Next, 60 nm sec-
tions were prepared using RMC ultramicrotome MT-X (RMC
Boeckeler Instruments, Tucson, USA), contrasted with uranyl
acetate and lead citrate according to Reynolds [1983], and ex-
amined on LIBRA 120 electron microscope produced by Zeiss
(Oberkochen, Germany). Images were captured with the Slow-
-Scan CCD camera (Proscan) using EsiVision Pro 3.2 software
(Soft Imaging Systems GmbH). Measurements were performed
using the analySIS® 3.0 image-analytical software (Soft Imaging
Systems GmbH, Miinster, Germany).

Statistical analysis

The results of survival and sublethal injuries of bacteria
were analyzed by two-way ANOVA statistical model with
Scheffe’s test using Statistica version 13 (TIBCO Software
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Inc., Palo Alto, CA, USA). Statistical comparison was made
for results obtained at different times of the process. The dif-
ferences were considered significant at p<0.05.

RESULTS AND DISCUSSION

Effect of HHP on bacterial cells

The results of the experiment showed that the inactivation
and injury of L. innocua cells subjected to HHP depended on
the origin of the strain, as well as the medium and param-
eters of the process. Survival rates of the population under
the studied conditions and in all media tested are presented
in Figures 1-3.

For both strains suspended in beetroot juice, increasing
the pressurization time from 1 to 10 min under the pressure
of 200 MPa had no significant effect on their survival (p=>0.05)
(Figure 1). The maximum reduction was less than 1.1 log
(CFU/mL). A higher reduction was achieved when the pres-
sure was increased up to 300 MPa. After 5 min of treatment,
the population of the collection strain suspended in beetroot

0300 MPa

@400 MPa

log (CFU/mL)

1 5 10

Time (min)

FIGURE 1. Effect of high hydrostatic pressure on the survival of L. innocua CIP80.11T (a) and wild type strain 23/2013 (b) in beetroot juice. The bars

with different letters are significantly different at p<0.05; Nd — not detected.
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FIGURE 2. Effect of high hydrostatic pressure on the survival of L. innocua CIP80.11T (a) and wild type strain 23/2013 (b) in buffer pH 4. The bars

with different letters are significantly different at p<0.05.
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FIGURE 3. Effect of high hydrostatic pressure on the survival of L. innocua CIP80.11T (a) and wild type strain 23/2013 (b) in buffer pH 7. The bars

with different letters are significantly different at p<0.05.

juice decreased by 2.3 log (CFU/mL), while under the same
conditions the reduction for the wild type strain was 0.9 log
(CFU/mL). When the treatment time was extended up to
10 min, the inactivation of both strains increased by 2.9 log
(CFU/mL). In the beetroot juice samples, after the applica-
tion of 400 MPa for 1 min the collection strain of L. innocua
was not detected, while the inactivation of the wild type strain
was 3.3 log (CFU/mL). Increasing the time of exposure up to
10 min resulted in a significant decrease (p<0.05) in the pop-
ulation number of the wild type strain but did not provide
its complete inactivation. Our previous studies have shown
that the HPP treatment at 400 MPa and 20°C for 10 min
of the same beetroot juice (pH 4.18, °Bx 12.35), resulted
in 6.2 log (CFU/mL) reduction of E. coli ATCC 7839, where-
as HPP treatment at 300 MPa and 20°C for 10 min caused
about 3.5 log (CFU/mL) reduction of Saccharomyces cerevi-
siae NCFB 3191 [Sokotowska et al., 2013, 2014].

Changes within the population of L. innocua suspend-
ed in buffer pH 4.0 were more noticeable (Figure 2) than
in a natural beetroot juice environment, however there were
no significant differences between both strains (p=0.05).
This was most probably due to the presence of molecules,
such as lipids and carbohydrates, in product. This modi-
fied the effect of HHP on microorganisms, which was con-
firmed in our previous study [Sokofowska et al., 2013]. Af-
ter 10 min of the treatment under 200 MPa, the population
numbers of the collection and wild type strains decreased
by 1.4 and 1.6 log (CFU/mL), respectively. When the samples
of the collection strain in an acid model solution were treated
under 300 MPa for 1 min, their inactivation reached 3.3 log
(CFU/mL). Under the same conditions, the level of reduction
of the wild type strain was only 1.6 log (CFU/mL). A decline
in the population numbers of both strains at the level of about
1 log (CFU/mL) was observed after 5 min of the treatment.
Further enhancement of the process parameters had no sig-
nificant effect on the studied bacterial populations (p>0.05).
Jofré et al. [2010] studied the inactivation of five strains of
L. monocytogenes of different origins suspended in a com-
plex medium (pH: 5.1; 6.3, 7.4). The results have demon-

strated that treatment at 400 MPa for 10 min greatly affected
the viability of each strain. We have shown similar findings
in an acid model solution. However, the results of bacterial
inactivation, in a near-neutral pH environment, were totally
different. In our study, the survival rates of L. innocua sus-
pended in buffer 7.0 under pressure reaching up to 400 MPa
for 5 min have shown no significant differences (p>0.05) (Fig-
ure 3). Maximum inactivation of both strains was observed
after the treatment at 400 MPa for 10 min and was below
1.5 log (CFU/mL). On the contrary to our results. Patterson
et al. [1995] showed 5 log (CFU/mL) reduction of L. mono-
cytogenes in a phosphate buffer (pH 7) after the treatment at
375 MPa for 15 min. In another study, it has been reported
that the treatment at 207 MPa for 10 min at 25°C, caused
a 0.7 log (CFU/mL) reduction in population numbers of two
strains of L. monocytogenes suspended in a peptone solution
(pH 7.2) [Alpas et al., 2000]. Stewart et al. [1997] described
the effect of HHP on the injury and destruction of two strains
of L. monocytogenes (Scott A and CA) in buffer suspensions.
They observed complete sterility in buffer pH 4.0 in the case
of the samples pressurized at 404 MPa for 10 min. However,
under the same HHP conditions in buffer 6.0, both strains were
reduced by 4.0 log (CFU/mL) and 6.0 log (CFU/mL), respec-
tively. On the other hand, the number of cells of both strains
decreased by 5.0 log (CFU/mL) in pH 4.0 and by 3.0 log
(CFU/mL) in pH 6.0 upon pressurization at 300 MPa, 25°C
for 10 min [Stewart et al., 1997].

Sublethal injury to bacterial cells

Microorganisms are said to be sublethally injured if they
survive an inactivation treatment. Some of the damages might
be repaired, especially while microorganisms are stored under
favorable conditions [Jofré ef al., 2010]. Pressure treatment
at 300-600 MPa, at ambient temperature for a few minutes
destroys pathogenic bacteria, such as Listeria, Escherichia,
Salmonella, as well as causes sublethal injuries [Patterson
et al., 1995]. However, under these conditions some bacteria
are sublethally injured. This phenomenon has been confirmed
in our study (Table 1). As aforementioned, survivors may re-
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TABLE 1. The level of sublethal injuries of L. innocua strains after HHP treatment.

Strains/HHP 200 MPa 300 MPa 400 MPa
parameters 1 min | 5 min | 10 min 1 min | 5 min | 10 min 1 min | 5 min | 10 min
Sublethal injuries in beetroot juice (log CFU/mL)

Listeria innocua . . . . . . . . .
CIP SOLIT 0.1120.26* 0.08+£0.23* 0.37£0.26* -0.0320.27+ 0.7220.26* 0.580.69 Nd Nd Nd
Listeria innocua =wild 05 0 00 0,0120.05° -0.09+0.09° 0.1320.04 0.10+0.00° 2.34+026" 0.83+0.13*> -0.05+1.02 0.01=0.17
type strain 23/13

Sublethal injuries in Mcllvain buffer pH 4.0 (log CFU/mL)
é?{fggi’;’%“““ 0.06£027* 0.05£025 0.12+0.22¢ 0.54£029° 0.45+0.67¢ 0.54+0.00° 0.8120.000 0.24+0.00* 0.15=0.00°
Listeria innocua —wild 19 350 00940241 0.07+026* 0422039 028+092¢ 045+021* 030+0.16* 030=1.01* 0.42=034
type strain 23/13

Sublethal injuries in Mcllvain buffer pH 7.0 (log CFU/mL)
é’f}ﬂeg’gi’{”{’wa 0.102021° 0092028 0.17+0.25 0144024 0.17+026° 0312027 0.67=025 2.64+034 3834032
Listeria innocua —wild ) 04 1 380 00820200 -0.01£025 0032023 005+022¢ 024027 028+024* 1214023 239+0.25°
type strain 23/13

All data were the mean = SD, n=2. Values in rows (a-d) denoted with different letter are significantly different at p<0.05. Nd: not detected.

veal increased sensitivity to inhibitors, such as sodium chlo-
ride [Mackey, 2000]. In our study, it has been observed that
the maximum level of sublethal injury occurred when the cells
were suspended in buffer pH 7.0 (Table 1) and exposed to
the pressure of 400 MPa for 10 min. The level of sublethal
injury was 3.83 log (CFU/mL) and 2.39 log (CFU/mL) for
the collection strain and wild type strain, respectively. Pressure
treatment at 200 MPa and 300 MPa in buffer pH 7.0 caused
no significant changes (p>0.05) in the levels of sublethal in-
jury of bacterial cells. The same observation was made in buf-
fer pH 4.0 (p>0.05) (Table 1). In turn, beetroot juice samples
exposure to 300 MPa for 10 min significantly (p<0.05) af-
fected the level of sublethal injury of the wild type strain com-
pared with the collection strain (Table 1). Sokolowska ef al.
[2014] confirmed that the pressure of 400 MPa triggered
sublethal injury of E. coli cells in PBS. After 5 and 10 min
of HHP treatment, 2.4 log (CFU/mL) and 2.7 log (CFU/
mL) of sublethally injured cells were observed, while in beet-
root juice the counts of injured cells reached 1.5 log (CFU/
mL) and 0.8 log (CFU/mL), respectively. On the other hand,
the application of 400 MPa for 10 min on five strains of
L. monocytogenes suspended in a complex medium caused
that the number of sublethally injured cells in population was
less than 1 log (CFU/mL) [Jofré et al., 2010]. The number
of sublethally injured survivors in the population depends on
high pressure treatment parameters, as well as on the type
of microbiota and medium. In some cases, the level of suble-
thally injured cells might be almost 100%. The adequate iden-
tification and quantification of the sublethally injured popula-
tion plays an important role in food safety.

TEM observations

The character of sublethal injuries of L. innocua triggered
by high hydrostatic pressure, was illustrated by TEM mi-
croscopy. Changes in L. innocua cells morphology are shown
in Figure 4. TEM images of untreated samples demonstrated
intact, characteristic rod-shaped L. innocua cells, single or

dividing. Cell membrane and walls were clearly defined with
centrally located genome surrounded by the integrated cy-
toplasmic area and tickly packed ribosomes (Figure 4 a,b).
The mechanisms of microbial inactivation by HHP have
been mostly associated with the damage of cell membrane,
as the major target of pressure treatment. Loss of membrane
integrity and swelling leads to the leakage of cellular materials
and nucleoid condensation [Hauben ef al., 1996; Maias &
Mackey, 2004]. According to plate count results, the reduc-
tion of both strains suspended in buffer pH 7.0 after HHP
treatment at 400 MPa for 5 min was less than 1 log (CFU/
mL). The level of sublethal injury was 2.64 log (CFU/mL)
and 1.21 log (CFU/mL) for collection and wild type L. in-
nocua strain, respectively (Figure 3). It was coherent with
the results which we achieved using the transmission elec-
tron microscopy technique. Most of the cells in the popula-
tion observed by TEM had an intact cell membrane. Only
a few cells of L. innocua wild type strain have presented sur-
face damage (Figure 4 f). TEM observations confirmed ag-
gregation of cytoplasm. Disorganization of the genome area
containing fibrillar regions was observed in all populations
of both strains (Figure 4 c,d,e,f). Alterations in the appear-
ance of the interior of the Escherichia coli cells were reported
after HHP treatment at 300 and 600 MPa for 5 min [Prieto-
-Calvo et al., 2014] and of Listeria monocytogenes cells inte-
rior after the treatment at 450 MPa for 5 min [Huang et al.,
2015]. Monitoring of the cellular ultrastructure by TEM
showed the cellular enlargement, disruption of cellular mem-
branes, condensation of the cytoplasmic material and disor-
ganization of the genome area [Huang et al., 2015; Prieto-
Calvo et al., 2014]. Mackey et al. [1994] observed that cells
of L. monocytogenes treated under 250 MPa were character-
ized with unusual symmetrical areas in the cytoplasm. These
changes were related to the deprivation of ribosomes, resem-
bling gas bubbles, which could have been due to the osmotic
effects or phase changes in the membrane. Under the same
treatment conditions, amorphous compacted regions were



50

Listeria innocua Injury after High Hydrostatic Pressure Treatment

5
Cytoplasm
aggregation

¥ Surface damage

FIGURE 4. TEM images of untreated L. innocua strains (a) CIP80.11T and (b) wild type strain 23/2013 and after exposure to 400 MPa for 5 min (c-d)
and (e-f) respectively. Scale bar, 200 nm. Representative images of the samples are shown.

noticed in Salmonella Thompson. It was probably induced
by denaturation of cytoplasmic protein [Mackey et al., 1994].
Increased pressure up to 500 MPa resulted in extreme con-
densation of the cytoplasm, whilst the outline of the cells was
intact [Mackey et al., 1994].

Variation in resistance to HHP

Numerous studies have demonstrated that variations
in the resistance of microorganisms to high pressure occurred
not only among the different species of bacteria, but also among
the strains belonging to the same species [Alpas et al., 1999;
Jordan et al., 2001; Boeijen et al., 2010; Huang et al., 2015].
It has been reported that some bacterial strains with very high
pressure resistance were isolated from the natural environment.
Because of biodiversity of microorganisms, the results that
were obtained in different studies varied significantly [Alpas
et al., 2000]. The studies that we have conducted on Listeria,
which was suspended in beetroot juice, showed a certain phe-
nomenon. The collection strain was easier to inactivate than
the strain isolated from the natural environment (Figure 1).
Moreover, the wild type strain was not completely inactivated
in an acidic medium, even being treated in a very harsh way
(Figure 2). Alpas et al. [1999] studied the variation in pressure
resistance among nine strains of L. monocytogenes. They ob-
served that after pressure treatment at 345 MPa for 5 min at
25°C, some strains were more resistant to pressure than others.
The viability loss of cells ranged from 0.9 to 3.5 log (CFU/mL).
In another work, all the survivors of two strains of L. mono-

cytogenes suspended in a peptone solution were completely
injured after being exposed to the aforementioned factors.
The diversity between 24 piezotolerant variants of L. monocy-
fogenes, which were resistant to pressure treatment at 350 MPa
was examined by Boeijen et al. [2010]. Those 24 strains were
compared with the wild type strain. In most cases the wild type
strain revealed greater sensitivity than the used variants. Most
of them were also resistant to other stresses besides HHP, such
as high temperature and low pH. Differences among the vari-
ants were observed in e.g. acid resistance, growth rate or motil-
ity. The authors suggested that this population diversity may
be essential to the persistence of pathogens such as L. monocy-
fogenes in a range of environments [Boeijen et al., 2010].

CONCLUSIONS

It has been confirmed in our study that high pressure can
result in the loss of viability of L. innocua cells. It was found
that the level of reduction by HHP treatment at 20°C in beet-
root juice and buffer solutions was strictly dependent on
a couple of factors, including: the pressure applied, the dura-
tion of the process, as well as the origin of the strain. In spite
of the fact that the pH of both media was similar, the sur-
vivability of both strains was greater in beetroot juice than
in the buffer. It can be explained by the content of organic
compounds which are known to be able to produce a pro-
tective layer for bacterial cells which could inhibit the effect
of pressure treatment.
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On an industrial scale, juices are exposed to pressures
of 300-600 MPa for a few minutes at 20°C or below. This
environment is sufficient to reduce the number of spoilage mi-
croorganisms such as: yeast, moulds, and lactic acid bacteria.
However, the results of this study have proved that the men-
tioned above factors are not always sufficient enough to inac-
tivate pathogens and ensure consumer safety.

To attain safe standards of high pressure processed foods,
particular attention should be paid to the potential presence
of sublethal injured cells. Moreover, baroresistance among
microbial species and strains should also be taken into con-
sideration. The conditions of pressure processing should
be properly selected for the type of product as well as the ex-
pected conditions and duration of storage. It should be par-
ticularly taken into account that the possibility of recovery
of sublethally injured cells may occur. Therefore, it is worth
considering the coupling of HHP and other treatments to
ensure microbiological stability and health safety of juices
and beverages from beetroots or other root vegetables.
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Cooking oil deteriorates with repeated thermal exposure, resulting in appearance change and formation of oxygen radicals. Consumption
of the deteriorated oil causes oxidative stress related to lipid metabolism. This study evaluated the effects of palm (Elaeis guineensis Jacq.) oil on
hepatic histology, redox status, and cytochrome P450 (CYP) profiles. Adult female mice were orally given purified water (control), fresh, or reused
palm oil (4.5 g/kg/day) daily for 16, 24, and 36 weeks. The livers were then collected for histological examination and for the evaluation of the redox
system and CYP expression profiles. Treatment with fresh oil for 36 weeks resulted in some pyknosis and karyorrhexis in hepatic tissues, while reused
oil resulted in more injuries to the nuclei with hepatic fat accumulation from week 24 onwards. Depletion in reduced glutathione (GSH) stores, with
a significant decrease in the GSH/GSSG ratio, was observed with the reused oil but not with the fresh oil. The expression profiles of drug-metabolizing
CYPs were significantly modulated; Cyp2c29, Cyp3all, and Cyp3al3 were suppressed by both fresh and reused oil, while only the reused oil elevated
Cyp2el. The expression of Cyp4al0 and Cyp4al4, the key enzymes in lipid metabolism, were expectedly up-regulated by both. These findings suggest
reused oil has a deleterious effect on hepatic ultrastructure, induces an imbalance of redox state, and causes Cyp2el activation-associated oxidative
stress. It is therefore recommended that fresh rather than reused palm oil be used for cooking, and large-scale or long-term consumption be avoided to

reduce the risk of liver damage and drug-interactions.

INTRODUCTION

Palm (Elaeis guineensis Jacq.) oil is a frequently used
cooking oil for frying, and is normally reused for economic
reasons [Carter et al., 2007; Ku et al., 2014]. Exposure to high
temperatures during the frying process causes deterioration
of oil physical and chemical properties [Latha & Nasirullah,
2014]. Oxidative physical changes include an increase in vis-
cosity and the development of a brown color and rancid smell
[Bordin et al., 2013], while chemical changes result in the pro-
duction of hazardous by-products such as peroxides [Leong
et al., 20121, and trans-fat [Kemény et al., 2001]. Peroxides
are hazardous because they can overwhelm an organism’s
oxidant-antioxidant system by the excessive formation of pro-
oxidants [Coyle et al., 2006], while trans-fats have been shown
to damage cell membranes and impede the activity of major
lipid metabolizing enzymes, leading to oxidative stress [Totani
& Ojiri, 2007]. Oxidative stress has been identified as a risk
factor for metabolic diseases such as insulin resistance [Chao
et al., 20071, hypertension [Jaarin et al., 2011], and athero-
sclerosis [Ng et al., 2014]. Also, a previous study with male
ICR mice receiving a regular diet supplemented with 25%

* Corresponding Author: Tel/Fax: 043-202379; 043-202305;
E-mail: kanok_ja@kku.ac.th (Prof. K. Jarukamjorn)

reused oil for 12 weeks showed that the test animals devel-
oped swelling and necrosis of their hepatic cells [Hashem &
Salama, 2012].

Cytochrome P450 (CYP) is a superfamily of mono-ox-
ygenase enzymes abundant in the liver, and plays a pivotal
role in the metabolism of endogenous substances and de-
toxification of foreign compounds [Nebert et al., 2013].
Consumption of reused oil is associated with the induction
of these CYP enzymes and also antioxidant enzymes in rats.
Levels of CYP3A, CYP4A, and catalase proteins were all
increased in rats fed with oxidized soybean oil for 6 weeks
[Huang et al., 20091, while rats fed a regular diet plus 20% re-
used soybean oil showed up-regulated expression of Cyp4al,
Cyp4a2, and Cyp4a3 mRNAs [Chao et al., 2001]. Finally, an
increase in free radical levels was believed to be responsible
for reduced NO levels and increased blood pressure in rats
fed reused palm and soybean oils for 24 weeks [Jaarin ef al.,
2011]. Therefore, it is of interest to evaluate how reused palm
oil influences hepatic histology, redox status, and expression
of CYP enzymes, including xenobiotic metabolizing isoforms,
i.e. Cypla2, Cyp2c9, Cyp2el, Cyp3all, and Cyp3al3, and lipid
metabolizing isoforms, i.e. Cyp4al0 and Cyp4al4.

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
© 2019 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/).
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MATERIALS AND METHODS

Chemicals and reagents

The lipid profiles of fresh palm oil used in this study, Mor-
akot® (total fat content 94.96 g/100 g; Samut Prakan, Thai-
land), and reused palm oil (total fat content 94.89 g/100 g)
collected from a deep-frying food (fish, squid, chicken, pork,
meat, and seasoning sausages) stall in Khon Kaen (Thailand)
in September 2014, were certified by the Food and Nutrition
Laboratory, Institute of Nutrition, Mahidol University, Thai-
land (Table 1).

Bovine serum albumin (BSA), glutathione reductase,
reduced glutathione (GSH), oxidized glutathione (GSSG),
malondialdehyde (MDA), 4-vinyl pyridine (4-VP), and thio-
barbituric acid were supplied by Sigma-Aldrich Chemicals
(St. Louis, Missouri, USA). ReverTraAce® was a product
of Toyobo Co., Ltd (Osaka, Japan). 7ag DNA polymerase,
RNase inhibitors, and random primers were obtained from
Invitrogen Life Technologies (Carlsbad, CA, USA). SYBR®
Green [ was purchased from Cambrex Bio Science Rockland,
Inc. (Rockland, ME, USA). Forward and reverse primers
of Cypla2, Cyp2c29, CypZel, Cyp3all, Cyp3al3, Cyp4alo,
Cyp4al4, and Gapdh genes were synthesized by Bio Basic, Inc.
(Markham Ontario, Canada). The primers of each gene are
shown in Table 2. Eosin Y and Mayer’s hematoxylin (H&E)
was obtained from Bio Optica (Milano, Italy). All other lab-
oratory chemicals were of the highest available purity from
commercial suppliers.

Animal treatment

Seven-week-old female ICR mice were supplied by the Na-
tional Laboratory Animal Center, Mahidol University,
and housed in the Animal Unit of Faculty of Pharmaceuti-
cal Sciences, Khon Kaen University (Thailand) under the su-
pervision of a licensed laboratory veterinarian. The animal
handling and research protocols were approved by the Ani-
mal Ethics Committee for Use and Care of Animals, Khon
Kaen University (Approval No. ACUC-KKU 30/2557)
in accordance with the Declaration of Helsinki and/or with
the Guide for the Care and Use of Laboratory Animals as ad-
opted and promulgated by the United States National Insti-

TABLE 2. Forward and reward primer sequences.

TABLE 1. Fatty acid composition (g/100 g total fatty acid) of the fresh
and reused palm oil*.

Fatty acid™ | Fresh | Reused
Caprylic acid C8:0 ND 0.02
Capric acid C10:0 ND 0.02
Lauric acid C12:0 0.24 0.37
Myristic acid C 14:0 0.87 1.28
Palmitic acid C 16:0 36.83 35.30
Palmitoleic acid C16:1 ND 1.01
Stearic acid C 18:0 422 5.45
Elaidic C 18:1 trans-9 ND 0.08
Oleic acid C 18:1n9 cis 47.10 43.94
Linoleic acid C18:2¢9t12 ND 0.16
Linoleic acid C18:2t9cl2 ND 0.15
Linoleic acid CloSes 01a 1054
Linoleic acid C18:3n3 0.60 0.06
Eicosenoic acid C20:1 ND 0.55
Eicosapentaenoic acid C20:5n3 ND 0.26
Docosadienoic acid C22:2 ND 0.20
Docosahexaenoic acid C22:6,n-3 ND 0.63
Sum of trans fatty acids™* ND 0.38

*certified by the Food and Nutrition Laboratory, Institute of Nutrition,
Mabhidol University, Thailand; ND, not detected. **AOAC [2016a].
“*AOAC [2016b].

tutes of Health. All mice were housed on wood chip bedding
in polysulfone cages with water and commercial regular diet
(SmartHeart® from Perfect Companion Pet Care Company,
Bangkok, Thailand) supplied ad libitum with a 12-h dark/
light cycle under a controlled temperature (23+2 °C) and hu-
midity (45%=2%), and acclimated for a week before dosing,
and random division into 3 groups. Each group (n=15 each)

Annealing Product

Genes Accession No. Forward primers (5’ — 3') Reverse primers (5" — 3') temperature size

°0) (bp)
Cypla2 NM_009993.3  CGT CAG CAA GCT TCA GAA GG ACG ATG TTC AGC ATC TCC TCG 57.0 144
COyp2c29  NM_007815 ATC TGG TCG TGT TCC TAG CG AGT AGG CTT TGA GCC CAAATA C 50.0 218
Cyp2el NM_021282.2 TCC CTA AGT ATC CTC CGT GA GTA ATC GAA GCG TTT GTT GA 50.0 529
Cyp3all  NM_007818.3 TTT GGT AAA GTA CTT GAG GCA GA CTG GGT TGT TGA GGG AAT C 64.0 134
Cyp3al3  NM_007819.4  TGT GCT GGC TAT CAC AGA TCC AAA TAC CCA CTG GAC CAA AGC 55.0 101
Cyp4al0  NM_010011.3 GTG CTG AGG TGGACA CATTCAT TGT GGC CAG AGC ATA GAA GAT C 54.2 83
Cyp4al4  NM_007822.2  TGC AGA AGG CCA GGA AGA AG CAC ATG GTG GTG TAG GGC AT 60.5 286
Gapdh NM_008084.3  CCT CGT CCC GTA GAC AAA ATG TGA AGG GGT CGT TGA TGG C 574 152




W. Chatuphonprasert et al.

55

was orally given the fresh or reused palm oil (4.5 g/kg/day)
daily for 16, 24, and 36 weeks. The control group (n=5) was
given purified water (0.2 mL/mouse/day) for the same time
periods. Mice were sacrificed 24 h after the last treatment
and their livers were immediately excised; a portion was fixed
for histological examination and the remains were stored at
-80°C for further analysis.

Liver histological examination

Following excision, small pieces of liver tissue were
washed immediately in phosphate buffered saline, fixed over-
night in 10% neutral-buffered-formalin, dehydrated using
gradient ethanol concentration, and embedded in paraffin.
The paraffin embedded tissues were cut into 5 mm sections
using a Microm HM315 machine (Thermo Scientific, Wall-
dorf, Germany) and fixed on microslides. The microslides
were stained with hematoxylin and eosin (H&E) and exam-
ined at 400x magnification on an Axiostar plus microscope
(Carl Ziess, Oberkochen, Germany) coupled with EOS SDS
digital camera and EOS software (Canon®, Tokyo, Japan)
[Jearapong et al., 2015].

Determination of hepatic glutathione contents

Liver homogenate was deproteinized with 5% (w/v) 5-sul-
fosalicylic acid before centrifugation at 10,000 xg at 4°C
for 10 min. The supernatant was mixed with a freshly pre-
pared reaction mixture containing 95 mM potassium phos-
phate buffer (pH 7.0), 0.95 mM ethylenediamine tetraace-
tic acid, 0.04 mg/mL 5,5 -dithiobis(2-nitrobenzoic acid),
and 0.12 units/mL glutathione reductase. The reaction was
started by adding 0.04 mg/mL NADPH, and absorbance at
a wavelength of 405 nm was immediately measured every 60 s
for 5 min. Total glutathione content was determined by com-
paring the absorbance of sample with that of GSH standard.
The GSH (reduced form) content was calculated by subtract-
ing the GSSG (oxidized form) content from the total glutathi-
one content. To determine the GSSG content, 4-VP was added
to the supernatant, and the sample was incubated for 60 min
at room temperature. Other steps were done as described
for the assay of the total glutathione content. The contents
of total glutathione, GSH, and GSSG were expressed in units
of nmol per mg of protein [Akerboom & Sies, 1981]. Protein
content was quantified using the method of Bradford, with
the protein-dye complex measured at a wavelength of 595 nm
using BSA as a standard [Bradford, 1976].

Determination of thiobarbituric acid reactive substances
(TBARS)

Lipid peroxidation was determined by measuring the for-
mation of TBARS [Wasowicz ef al., 1993]. In brief, a 50 uL
aliquot of liver homogenate was incubated at 37°C for 1 h,
and then a mixture (0.5 mL) of an equal volume of 10% (w/v)
trichloroacetic acid (TCA) and 0.8% (w/v) 2-thiobarbitu-
ric acid (TBA, in 25% acetic acid) was added. The reaction
mixture was boiled at 100°C for 15 min before immediately
cooling in an ice bath. The reaction was stopped by the addi-
tion of 10% (w/v) TCA (0.5 mL) and the reaction mixture was
centrifuged (Sartorius Model 2-16K, Gottingen, Germany)
at 1,200 xg at room temperature for 5 min. The supernatant

was measured by a spectrofluorometer at an excitation wave-
length of 520 nm and an emission wavelength of 590 nm.
MDA was used as a standard in concentration ranging from
0.5 to 4 nmol. Results were expressed as nmol MDA per mg
of protein. The protein content of the liver homogenate was
determined using the method of Bradford [Bradford, 1976].

Assessment of RT-qPCR

Total RNA was reverse transcribed using ReverTraAce®
under the conditions recommended by the supplier (Toyobo
Co. Ltd., Osaka, Japan) at 25°C for 10 min, 42°C for 60 min,
and 95°C for 5 min on a GeneAmp PCR system 2720 Ther-
malCycler (Applied Biosystem, Singapore). The CYP mRNAs
were quantified by qPCR using SYBR® Green I with specific
forward and reverse primers which were designed by Primer-
BLAST  (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and synthesized by Bio Basic Inc. (Markham ON, Canada)
(Table 2). The reaction of qPCR was performed in a fi-
nal volume of 20 uL containing 20 ng of cDNA, Thunder-
bird® SYBR® qPCR Mix (Toyobo Co. Ltd., Osaka, Japan),
and 5 pmol of each primer. The following thermal program
was applied: a single cycle of DNA polymerase activation
for 10 min at 95°C followed by 40-50 amplification cycles
of 20 s at 95°C (denaturing step) and 20 s at annealing step,
and 30 s at 72°C for extension step. Subsequently, melting
temperature analysis of the amplification products was per-
formed by gradually increasing the temperature from 60 to
95°C (£ 0.5°C/20 s). The fluorescent reporter signal was
normalized against the internal reference dye (ROX) signal
and the threshold limit setting was performed in automatic
mode, according to the iCycler Thermal Cycler (Hercules,
CA, USA) and Biorad-iQ5 software (Hercules, CA, USA).
The CYP gene mRNA levels were normalized to a reference
gene, Gapdh [Jearapong et al., 2015].

Statistical analysis

A power analysis was performed with G*Power version
3.1 [Faul et al., 2007] to determine what sample size would
be needed to detect a significant difference in TBARS and glu-
tathione contents, and relative CYP expression. The sample
size was calculated using the power procedure for one-way
analysis of variance (ANOVA), considering o probability
of 0.05 with a power of 0.80. The power analysis determined
a sample size of 5 mice per group. Statistical analyses were
performed using one-way ANOVA followed by the Tukey post
hoc test (SPSS version 17.0, SPSS Inc., Chicago, IL, USA).
All data are expressed as mean=SD (n=5). A difference with
P<0.05 was considered significant.

RESULTS AND DISCUSSION

Reused oil drew hepatic injury in the mice

Palm oil provides nearly 30% of the world edible veg-
etable oil, and is regularly used for frying food in Southeast
Asia [Carter et al., 2007]. Palm oil becomes thermally oxi-
dized after several rounds of heating to 150°C, generating ox-
ygen-derived free radicals and hydroxylated products that are
harmful to tissues [Frankel, 2014]. Wistar rats fed with either
fresh or oxidized palm oil for 18 weeks had higher serum lev-
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els of alkaline phosphatase (ALP), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) [Owu et al.,
1998]. Serum total cholesterol levels of rats fed hydrogenated
oil containing palm oil for 4 weeks was significantly increased
compared to controls too [Amini et al., 2017].

In this study, consumption of fresh or reused palm oil
for 36 weeks did not alter mouse weight profiles between
groups (data not shown), but did affect hepatocellular struc-
tures. H&E stained micrographs of hepatic tissues are shown
in Figure 1. The hepatic tissues of mice that consumed fresh
palm oil exhibited normal histology at week 24, with limited
pyknosis and karyorrhexis of hepatocyte nuclei later observed
at 36 weeks. The hepatic tissues of mice that consumed reused
palm oil showed much more damage and extensive pyknosis,
this being detectable at week 24. At week 36, pyknosis had
developed into karyorrhexis and the hepatocytes had become
swollen with extensive vacuolation and fat droplet accumula-
tion. Hepatocyte degeneration, damage to sinusoid structure,
and loss of hepatic architectural integrity were also observed
at week 36 in the mice fed reused palm oil.

Ingestion of heated and oxygenated corn oil has been
shown to induce liver injury in rats by cell membrane damage
from active oxygen radicals contained in the heated and also
oxygenated oil [Shibayama, 1992]. Heated palm oil increased
blood pressure with necrosis of cardiac tissue while fresh palm
oil did not show these deleterious effects in Sprague Dawley
rats [Leonget al., 2008]. Hence, fresh palm oil, with a low oxi-
dation value, appeared to be less injurious to liver than ther-

mally oxidized palm oil. According to our results, fresh palm
oil treatment for 36 weeks led to some pyknosis and karyor-
rhexis in hepatic tissues while reused palm oil induced more
severity including fat accumulation in the hepatic tissues. Our
previous study reported fat accumulation in the livers of mice
after 8 weeks of a combination of high fat (containing frans-
fats) and high fructose diet [Jearapong et al., 2015]. In this
study, the administration of reused palm oil for 36 weeks in-
duced fat accumulation in the liver tissues itself but the fresh
palm oil did not produce a significant change in fat accumu-
lation. From Table 1, several unsaturated fatty acids, particu-
larly frans-fatty acid, that were not detectable in the fresh oil,
were found in the reused palm oil. These unsaturated fatty
acids may derive from the deep frying of food products. For
example, elaidic was from deep fried food, e.g. French fried
[Bansal et al., 2009], whereas linoleic acid, eicosapentaenoic
acid, and docosadienoic acid were from seafood, fish, pork,
and meat [Chin ef al., 1992; Hornstein ef al., 1961; Hu et al.,
2002]. Moreover, re-heating of palm oil with food or meats
might increase accumulation of frans-fatty acid and other
fatty acids in reused palm oil. In this study, mice received re-
used palm oil at the dose of 4.5 g/kg/day which is equivalent
to trans-fatty acid intake of 17 mg/kg/day. Dhibi ef al. [2011]
demonstrated that Wistar rats which received oxidized soy-
bean oil diet (contained frans-fatty acid 123-172 mg/kg/day)
and margarine diet (contained frans-fatty acid 240-336 mg/
kg/day) for 4 weeks showed hepatic oxidative stress with an
increase in AST, ALT, ALP, and LDH levels [Dhibi et al.,

16 weeks

24 weeks

36 weeks

FIGURE 1. Hepatic histological changes in mice treated with fresh and reused palm oil.

Mice were orally given distilled water (NT), fresh or reused palm oil (4.5 g/kg/day) daily for 16, 24, and 36 weeks. Micrographs are shown at 400 x
magnification. PV, portal vein. Red arrows indicate pyknosis; black triangles indicate karyorrhexis; blank triangles indicate fat accumulation.
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2011]. Therefore, trans-fat from the re-heating process might
be an important factor for hepatic fat accumulation.

Effect of reused oil on oxidant-antioxidant system
in the mouse livers

Total glutathione content and GSH sharply decreased
and GSSG relatively increased, resulting in a significant
decrease in the GSH/GSSG ratio in mice fed reused oil
for 36 weeks (Table 3). The depletion of GSH stores cor-
responded with the level of lipid peroxidation, presented as
excessively raised TBARS contents in the mouse livers dur-
ing the 36-week-treatment (Figure 2). By contrast, fresh oil
consumption did not significantly disrupt the GSH/GSSG
ratio, though the TBARS level was augmented at 16 weeks
of the treatment. These observations revealed that both
the fresh and reused palm oil induced hepatic tissue damage,
but that the fresh palm oil had a less deleterious effect than
the reused palm oil.

The lipid peroxidation that occurs in high-fat diets re-
sults in the production of several aldehyde species. MDA
is one of several low-molecular-weight end-products formed
via the decomposition of certain primary and secondary
lipid peroxidation products, and is used as a convenient
biomarker of lipid peroxidation because its reaction with
thiobarbituric acid generates an intensely colored and read-
ily detectable chromogen [Janero, 1990]. Wistar rats receiv-
ing hydrogenated oil containing palm oil or pure palm olein
oil for 4 weeks have been shown to have significantly higher
serum TBARS levels [Amini ef al., 2017], which agrees with
our results that both fresh and reused palm oil elevated he-
patic TBARS levels. These observations reveal that both
fresh and reused palm oil induce hepatic tissue damage, with
the fresh palm oil having a less deleterious effect than the re-
used palm oil.

Another active biochemical mediator from lipid per-
oxidation is frans-4-hydroxy-2-hexenal (HHE), a major a.p-
-unsaturated aldehyde product of n-3 poly-unsaturated fatty
acid oxidation. HHE and other products of lipid peroxida-
tion have been shown to deplete GSH content by binding to

30 g m16 wks
P P 024 wks
036 wks

g
o

Hepatic Formation of MDA
(nmole/mg protein)
5 &

e
2]

g
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FIGURE 2. Effects of fresh and reused palm oil on the level of thiobarbi-
turic acid reactive substances (TBARS) in mouse livers.

Mice were orally administered fresh or reused palm oil (4.5 g/kg/day) dai-
ly for 16 (black bar), 24 (blank bar), and 36 (grey bar) weeks. The control
(NT) was given distilled water (0.2 mL/mouse/day) daily for the same pe-
riod. The data are expressed as the mean=SD (n=5). " P<0.05 versus NT.

TABLE 3. Glutathione content profiles in mouse livers following different treatments.

Ratio of GSH/GSSG

24 wk 36 wk

16 wk

GSSG (nmol/mg protein)

24 wk 36 wk

16 wk

GSH (nmol/mg protein)

24 wk 36 wk

16 wk

Total glutathione (nmol/mg protein)

24 wk 36 wk

16 wk

Treatment

37.72+0.37  33.15=1.59  68.06x1.74  26.07+0.37  22.56=1.28  47.81=1.15 11.65=0.15 10.59+0.40  20.25=0.61 2.24+0.05 2.13=0.08 2.36=0.02

Non-treatment

48.73=1.73"  60.99+0.73"  55.60+2.55" 32.51+1.81" 40.24+1.07" 37.17x2.75" 16.98+0.31" 20.75+0.90" 18.43+0.59 1.91+0.12 1.94+0.13 2.02+0.18

Fresh palm oil

26.59+1.90" 52.79+2.17" 58.57+2.18" 15.13=1.39" 33.02+1.50"™ 36.50+0.85" 11.46=0.56  19.77+0.81" 22.07=1.51 1.32+0.07"  1.67+0.06™  1.66=0.09"

Reused palm oil

“, p<0.001 versus Non-treatment in the same period.

8-10) from 3 independent experiments. GSH, reduced glutathione; GSSG, oxidized glutathione; *, p<0.05; ~, p<0.01;

The data are expressed as mean=SD (n
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complexes with GSH via the glutathione-S-transferase reac-
tion [Long & Picklo, 2010]. According to our results, TBARS
levels were elevated in the reused palm oil-treated mice with
a decrease in the antioxidant glutathione capability detected
by a lowering of the GSH/GSSG ratio.

A recent study described diet-induced nonalcoholic ste-
atohepatitis (NASH) in C57BL/6J mice using a diet-rich
in trans-fat (40%) and fructose (22%) for 26 weeks [Kristian-
sen et al., 2016]. Pathogenesis of NASH begins with fat ac-
cumulation in hepatocytes, while oxidative stress, apoptosis,
or mitochondrial dysfunction cause consequent development
of inflammation and fibrosis [Day & James, 1998]. Although
our study did not investigate inflammation and fibrosis,
the fat accumulation and oxidative stress via an increase
in the TBARS level and a depletion of the GSH stores might
imply that the ingestion of reused palm oil over a long period
leads to harmful effects in the liver.

Effect of reused oil on hepatic cytochrome P450 profiles
in mice

The expression of Cyp/a2 mRNA was not modified by either
fresh or reused oil (Figure 3A), whereas both fresh and reused
oil significantly lessened the expression of Cyp2c29 (Figure 3B),
Cyp3all (Figure 3D), and Cyp3al3 (Figure 3E) mRNAs. Cy-
p2el mRNA expression (Figure 3C) was significantly induced
by the reused oil, but remained almost unchanged in the con-
trol mice and mice consuming fresh oil. In accordance with
expectations, both fresh and reused oil significantly elevated
the expression of Cyp4al0 (Figure 4A) and Cyp4al4 (Fig-
ure 4B), isoforms responsible for lipid metabolism.

An increasing number of reports documenting the ad-
verse effects associated with food-drug interactions have
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been noted. Measurement of CYP activities, including those
of the major drug metabolizing isoforms, CYP1A2, CYP2C,
and CYP3A4, has been employed to evaluate the possibility
of food-drug interactions [Sasaki et al., 2017]. In one study,
levels of phase I enzymes and total CYPs were not significant-
ly changed in rats fed a diet rich in red palm (E. guineensis)
oil [Manorama et al., 1993]. On the other hand, rabbits fed
ad libitum with a diet supplemented with 1% cholesterol for
8 weeks exhibited a decreased total P450 content with sup-
pressive effects on several CYP isoforms [Irizar & loannides,
1998]; activities of ethoxy- and methoxyresorufin O-dealkyl-
ation represented CYP1A [Namkung et al., 1988], benzphet-
amine N-demethylation of CYP2C [Ryan ef al., 1984], p-ni-
trophenol hydroxylation of CYP2E1 [Koop & Tierney, 19901,
erythromycin- and ethylmorphine-demethylation of CYP3A
[Wrighton ef al., 1985], and lauric acid hydroxylation of CY-
P4A1 [Chaurasia et al., 1995]. Our finding that fresh and re-
used palm oil significantly down-regulates the expression
of Cyp2c29, Cyp3all, and Cyp3al3 mRNA, each encoding
major drug metabolizing isoforms, correlates well with this
previous study [Irizar & Ioannides, 1998]. Food-drug interac-
tions may therefore arise during palm oil consumption due to
CYP modulation.

High-fat diet-fed ICR mice also show a significant in-
crease in levels of hepatic MDA, CYP2E1 protein and mRNA
according to one study [Jian et al., 2017], a finding which
our results are in agreement with. Induction of CypZel ex-
pression in the reused palm oil-treated mice might be ex-
plained by the oxidative stress pathway. CYP2E1 is a member
of the oxidoreductase cytochrome family, which is respon-
sible for oxidizing a variety of substances including fatty ac-
ids, xenobiotics, ethanol, and most organic solvents [Caro &
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FIGURE 3. Effects of fresh and reused palm oil on the relative mRNA expression of drug metabolizing enzymes Cypla2 (A), Cyp2c29 (B), Cyp2el (C),

Cyp3all (D), and Cyp3al3 (E) in mouse livers.

Mice were orally administered fresh or reused palm oil (4.5 g/kg/day) daily for 16 (black bar), 24 (blank bar), and 36 (grey bar) weeks. The control (NT)
was given distilled water (0.2 mL/mouse/day) daily for the same period. The data are expressed as the meanSD (n=5). 'P<0.05 versus NT.
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FIGURE 4. Effects of fresh and reused palm oil on the relative mRNA expression of lipid metabolizing enzymes Cyp4al0 (A) and Cyp4ai4 (B)

in mouse livers.

Mice were orally administered fresh or reused palm oil (4.5 g/kg/day) daily for 16 (black bar), 24 (blank bar), and 36 (grey bar) weeks. The control
(NT) was given distilled water (0.2 mL/mouse/day) daily for the same period. The data are expressed as the mean=SD (n=5). 'P<0.05 versus NT.

Cederbaum, 2004]. Moreover, CYP2E1 makes a significant
contribution to the oxidative stress in non-alcoholic fatty liver
disease (NAFLD) [Aubert ez al., 2011]. The reused palm oil
induced Cyp2el mRNA expression while the fresh one did not,
confirming that the reused palm oil stimulated more hepatic
oxidative stress than the fresh palm oil did via the pathway
of Cyp2el metabolism.

In an induced steatohepatitis in mice, Cyp4al0 and Cy-
p4al4 are up-regulated and have been shown to be highly
capable lipid peroxides [Leclercq er al., 2000]. Methio-
nine and choline-deficient dietary-induced steatohepatitis
in C57BL/6 mice increased Cyp4al0 and Cyp4al4 mRNA
expression 2.7-fold and produced hepatic lipoperoxides
[Ip et al., 2003]. However, an increase in Cyp4a expression
by fresh or reused palm oil might cause the latter effect to
remove excess fatty acid as a substrate for lipid peroxidation
[Ip et al., 2003]. In our study, Cyp4al0 and Cyp4al4 expres-
sion was induced by both fresh and reused palm oil, where-
as Cyp2el activation was only induced by the reused palm
oil. Hepatic tissue damage may therefore have occurred via
the oxidative stress pathway.

CONCLUSIONS

Though fresh and reused palm oil both caused liver in-
jury through mechanisms of oxidation and depletion of GHS
stores, with alteration of major CYP isoforms, the fresh palm
oil was less deleterious causing, for example, lesser dam-
age to hepatocytes, and milder modulation of TBARS level
and GSH stores, with no change in the level of Cyp2el ex-
pression. Fresh palm oil is therefore preferable to reused
oil, though care should be taken to limit its intake in terms
of quantity, frequency, and duration of consumption.
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In the baby kiwifruit food chain, the extent of losses caused by high perishability of the edible skin is a barrier for these fruit’s position in the fresh
market. Thus, maintaining the overall quality in the warehouse is fundamental for the market channel. The wrapping technique with a stretch film
represents a fine opportunity for maintaining fruit quality. Hortgem Rua® and Hortgem Tahi® cultivars of kiwifruits were evaluated during storage at
1=1°C for up to 60 days. The stretch wrap film used to protect the fruit has shown to limit the weight loss maintained by the pulp of both cultivars that
were firmer (2.39 N and 2.13 N) and had lower gumminess values (280.92 and 213.57 for Hortgem Rua® and Hortgem Tahi®, respectively). Consider-
ing sensorial attributes, the wrapped samples also maintained overall quality, especially in terms of fruit colour (luminosity), consistency and taste.

INTRODUCTION

It is well-recognized that storage practices can widely influ-
ence the quality of fruits in the post-harvest chain [Wang et al.,
2015]. The research plays an important role, especially for new
fruit cultivars, including Actinidia arguta (Siebold et Zucc.)
Planch. ex Miq. Among fresh and perishable fruits, the baby
kiwifruits are consumed without peeling, similarly to berries.
Due to the rapid transformation to softening, skin wrinkling,
water loss and fruit decay [Latochaet al., 2014], baby kiwifruits
require efficient storage tools in the supply chain management
[Giuggioli et al., 2017; White et al., 2005]. When compared to
other Actinidiaceae (A. deliciosa, and A. chinensis), the baby
kiwifruit can be stored for a shorter period of time, namely
for 1-2 months at 0°C [Baudino et al., 2017; Lim et al., 2016;
Strik & Hummer, 2006]. Previous studies have attempted to
identify the best method for increasing the shelf-life, by utiliz-
ing 1-methylcyclopropene (1-MCP) [Wanget al., 2015], edible
coating [Fisk er al., 2008; Kaya er al., 2016] or by identifying
the optimal harvest date for improving storability [Oh et al.,
2017]. According to the current social and economic scenar-
ios, the driver of the innovation and the key point to improve
the performance of all preserving techniques is the sustainabil-
ity requirement to satisfy the competitiveness asset of the sup-
ply chain. In addition, it is reported that some storage methods
involving the management of the atmosphere in the storage
room (controlled atmosphere) are more expensive when com-
pared to other tools [Wang et al., 2015]. The warehouse stor-
age represents a critical point in the fresh fruit supply chain

* Corresponding Author: Tel.: +39.011.670.8646; Fax +39.011.670.8658;
E-mail: nicole.giuggioli@unito.it

[Peano et al., 2017], but the use of packaging and pallet bags
strategies has been reported just as useful to maintain the safe-
ty and quality of different species, such as blueberry, straw-
berry, raspberry, and plums [Peano et al., 2015, 2017; DeEll,
2002].

With the pallet bag, it is possible to store large quantities
of products and facilitate their transfer from the warehouse
to a truck or a container for shipment [Bouchery ez al., 2017].
Additionally, using pallet bags to store different kinds of fruits
in the same cold-room helps to avoid possible cross-contam-
inations with other products. While the pallet bag approach
has its benefits to the storage of kiwifruit, the stretch wrap film
in the warehouse is easier to manage. The pallet bag system,
for example, requires the use of a plastic bag, a vacuum sys-
tem, and a CO, injection if the products need a modified at-
mosphere storage, hence the use of a stretch wrap film could
be promising and more economical in terms of cost and time.

Considering the importance of packaging storage tech-
niques and the limited studies about the effect of this prac-
tice in the post-harvest storage warehouse of Actinidia arguta,
the goal of the present research was to evaluate the effects
of the wrapping technique with a stretch film. This was based
on an easy and economic tool used to preserve the quality
traits, phenolics content, and textural parameters of two dif-
ferent baby kiwifruit cultivars (Hortgem Rua® and Hortgem
Tahi®) stored for up to 60 days.

MATERIALS AND METHODS
Fruit source, experimental design and sampling procedure

The baby kiwifruits orchard is located in Revello (Cu-
neo, Piedmont, Italy). The fruits of Actinidia arguta (Siebold

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
© 2019 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/).
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et Zucc.) were from two different cultivars: Hortgem Rua®
and Hortgem Tahi® marketed with the NERGI® brand
[Baudino et al., 2017]. They are newly patented cultivars orig-
inating from New Zealand [McNeilage ef al., 2003, 2004]. All
fruits from each cultivar were collected at the harvesting ma-
turity stage and stored inside a plastic fruit box (270 x 370 x
165 cm) (CPR System, Bologna, Italy). The fruits were trans-
ported to the Agrifrutta Cooperative warehouse (Peveragno,
Cunco, Piedmont, Italy) for storage at 1°C which rapidly
decreased the core temperature of the fruits. Selected fruits
of medium weights: 10.1-15.0 g for Hortgem Tahi® and 13.1-
-15.0 g for Hortgem Rua®, were packed inside a plastic pun-
net with lids made from R-PET material (INFIA s.r.l., Cesena,
Italy). Punnet dimensions were 17.2 x 13.2 x 4.0 cm and con-
tained 0.125 kg of fruit; lid dimensions were 17.8 x 13.6 cm.
The experimental storage unit was a mini pallet loaded with
20 stacked crates wrapped with a polyethylene stretch film
(Retarder s.r.1., Cuneo, Italy). The stretch wrap film was used
to create a barrier protection against the cool air forced into
the room. It was not hermetically sealed and, for this reason,
changes in the atmosphere were not expected. Control sam-
ples were maintained in a normal atmosphere in a controlled
cold room (1=1°C; 95% humidity). Three replicates were
considered for each control. All fruits were stored for up to
60 days. Quality control was performed at the day of pack-
age processing (day 0) and after 20, 40, and 60 days of stor-
age. At each time-point, 20 punnets (control and stretch) were
randomly selected and the following parameters were deter-
mined: weight loss, quality indicators (total soluble solids,
total acidity, and dry matter), total color difference, textural
indicators (firmness and gumminess), and total phenolics
content. A sensory analysis was also performed to better
judge the fruits.

Weight loss, quality parameters, and total colour
difference

Weight loss (%) was determined using an electronic balance
(model SE622, VWR Science Education, Radnor, Pennsylva-
nia, USA), with a 0.01 g accuracy. The weight was monitored
throughout the storage time and it was calculated as the dif-
ference between the initial and final punnet weights. Content
of total soluble solids (TSS) was determined with a digital
refractometer Atago® Pal-1 (Atago Co. Ltd., Tokyo, Japan)
and expressed as °Brix. For each quality control, the instrument
was calibrated with distilled water. The total acidity (TA) was
measured using an automatic titrator (Titritino 702, Methrom,
Herisav, Switzerland) and determined potentiometrically using
0.IN NaOH to the end point of 8.1 in 5 mL of juice diluted
in 25 mL of distilled water. The raw juice obtained by squeez-
ing fruits in a mixer (Moulinex-Ju2000) was centrifuged at
1000 rpm for 5 min using a Rotofix 32-A Centrifuge (VWR,
Milan, Italy). The supernatants were used for analyses. Results
were expressed as g of citric acid equivalents per 100 mL of juice
(g CA/100 mL) [Allegra et al., 2017; Briano et al., 2015].

Dry matter (DM) content of baby kiwifruits was mea-
sured in 10 whole fruits. The fruits were placed in an oven
at 70=2°C for 24 h. Their initial and final weights were mea-
sured using an electronic balance and the value was expressed
as g/100 g, according to McGlone et al. [2003].

Color parameters were quantified in the L*, a*, b* color
space. L* refers to the lightness and ranged from L* = 0
(black) to L* = 100 (white). Negative and positive values
of a* indicate green and red colour, respectively, while positive
and negative b* indicate yellow and blue color, respectively
[McGuire, 1992]. Color was assessed for 20 fruits in the mid-
dle part of the fruit using a tristimulus colour analyser (model
CR-400, Konica Minolta, Langenhagen, Germany).

Change in fruit colour during the storage period was re-
ported by the total colour difference (AE™) index (equation 1),
based on the evaluation of colour changes from the beginning
of day 0 (L0, a0, b0) [Alexandre et al., 2012]:

AE* = (Aa? +Ab2+AL?)"? (Equation 1)
Textural parameters

A texture profile analysis (TPA) performed with a Texture
Analyser TAXTPLUS (Stable Micro Systems, WINOPAL
Forschungsbedarf GmbH, Steinheim, Austria) (30 Kilo Load
Cell) was used to evaluate the firmness (N) and the gummi-
ness (g*s) parameters. A compression test was performed with
a 30-mm aluminium flat tipped probe (P/3) to a 10% strain,
with a pre-test speed of 1 mm/s, test speed | mm/s, post-test
speed 5 mm/s, and 5 g trigger force. In the case of gummi-
ness, a 75 mm aluminium compression plate (P/75) was used
and the following parameters were applied: strain (25%), pre-
test speed (1 mm/s), test-speed (5 mm/s), and trigger force
(5 9.

Total phenolics content

Total phenolics content (TPC) of extracts of kiwifruits was
determined. Fruits (10 g) were added to 25 mL of an extrac-
tion mixture which contained 500 mL of methanol, 23.8 mL
of de-ionized water, and 1.4 mL of 37% hydrochloric acid.
The mixture was kept in dark at room temperature for 1 h
and afterwards thoroughly homogenized for 2 min with an
ULTRA TURRAX (IKA, Staufen, Germany) and centrifuged
for 15 min at 3000 rpm. The supernatant was transferred into
glass test-tubes and stored at —20°C until analyzed. The total
phenolics content of samples was measured using the Folin
& Ciocalteu phenol reagent (Merck KGaA, Darmstadt, Ger-
many). The absorbance of the blue color developed was mea-
sured at 765 nm following the method of Slinkard & Single-
ton [1977]. The results were expressed as mg of gallic acid
equivalents per 100 g of fresh fruits (mgGAE/100 g).

Sensory analysis

The quality of baby kiwifruit was evaluated by means
of sensory analysis, involving 10 panellists previously trained
using commercial samples. Panellists received 10 whole fruits
for each sample and provided descriptions of their taste, ap-
pearance, overall acceptability, luminosity (one of the colour
parameters), and consistency.

Evaluations took place in individual testing booths at
room temperature. All the attributes were evaluated by using
a S-point scale (5 = excellent, 4 = good, 3 = fair, 2 = poor,
and | = unusable) which was adopted from Meilgaard et al.
[2006].
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Statistical analysis

All statistical analyses were performed using SPSS Statis-
tics 24 software package (2017, IBM, Milan, Italy) for Mac.
All data sets (cultivar Hortgem Rua® and Hortgem Tahi®) for
the quality analysis were subjected to the analysis of variance
(ANOVA) with Tukey’s post hoc test. A statistically signifi-
cant difference was indicated by P <0.05. A principal com-
ponent analysis (PCA) with Varimax rotation with Kaiser
normalization was entered to underline the relationships be-
tween the different qualitative parameters measured and re-
sults of the sensory analysis. The PCA was performed using
standardized data due to the reduction of the dimensionality
in the multivariate data. Two PCAs were obtained for each
cultivar, i.e. Hortgem Rua® and Hortgem Tahi®.

RESULTS AND DISCUSSION

Weight loss

The baby kiwifruit weight loss is reported in Fig-
ure 1. The loss in weight was progressively increasing
with the post-harvest time and statistically significant dif-
ferences were observed for each sample during the stor-
age time. Samples of both cultivars stored in the mini pal-
let wrapped with the stretch film had limited weight loss
of the product when compared to the control samples.
The control samples of both cultivars showed a similar
trend of losing the maximum weight at the end of the stor-
age time (9.03% and 9.64% for Hortgem Rua® and Hortgem
Tahi®, respectively). The best performance of the stretch
wrap film to control fruits management was observed
for the Hortgem Tahi®. In fact, at the end of the 60-
-day storage period, the weight loss was only 3.57%, while
at the same time point, the weight loss noted in fruits
of cv. Hortgem Rua® reached 6.40%. Considering the limit
of the commerciality at 6% weight loss [Briano et al., 2017,
Almenar et al., 20071, the use of wrapped mini pallet had
a positive effect upon fruit management and on reduc-
ing peel wrinkling already after 20 days and up to 60 days
of storage in the warehouse.
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Quality parameters

Changes in fruit quality parameters during storage were
evaluated by measuring total acidity (TA) and determining
contents of total soluble solids (TSS) and dry matter (DM)
(Table 1). For the collected samples wrapped with stretch film,
it was possible to observe an increase in the TSS concentra-
tion during the storage time due to the weight loss of fruits.
The highest TSS values were observed for all fruits at the end
of the 60-day storage period. Effects resulting from storage time
and different management in the warehouse on TA were simi-
lar for both tested cultivars. Statistically significant differences
(P<0.05) were observed during the storage time and a decrease
of values was observed for all samples. For both cultivars,
the lowest fruit acidity was reported at the end of the storage
time for the samples maintained in the stretch wrap film.

The storability of the kiwifruits is well-recognized to
be correlated with the DM content [Harker et al., 2009; Jor-
dan et al., 2000]. Statistically significant differences (P <0.05)
were observed during the storage time for fruits of both culti-
vars and for each sample. A general decrease in DM content
was observed for all samples and the lowest DM content was
achieved at the end of the storage time for all baby kiwifruits.
Similar values were observed among wrapped fruits and con-
trol ones at each control time, suggesting the limited influence
of the stretch film on maintaining high levels of DM content
during storage

Total color difference

The external aspect and colour are important attributes for
the edibility of these fruits that are eaten with the peel. The to-
tal colour difference (AE*) index, which is a combination of L,
a and b values, was used to evaluate the discoloration of fruits
(Figure 2). The AE* value increased statistically in the stor-
age time, meaning a progressive ripening of the fruits for all
the samples, but this trend was limited for all fruits wrapped
with the stretch wrap film. At the end of storage time, the mini-
mum AE* value was achieved for the wrapped samples
of the cv. Hortgem Rua® (11.80). Due to the best maintenance
of weight loss (water content), these fruits actually maintained
the highest luminosity (data not shown). Wrapped samples
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FIGURE 1. Weight loss of baby kiwifruits of Hortgem Rua® (A) and Hortgem Tahi® (B) cultivars during storage.
All data are expressed as average value and the standard error as bars. Different letters on the line indicate significant differences among every harvest-

ing time (P<0.05).
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TABLE 1. Total soluble solids (TSS), total acidity (TA), and dry matter (DM) of the kiwifruits of Hortgem Rua® and Hortgem Tahi® cultivars during storage.

: Storage time (days)
Qaurzlrlrg ters Cultivar Samples
p 0 20 40 60
Control 9.90+0.10¢ 13.68+0.12° 14.57+0.13 14.23+0.120
Rua®
TSS Wrapped 9.90+0.10¢ 13.90+0.21° 13.7320.13 14.96%0.12¢
(*Brix) Control 11.00%0.22¢ 14204023 14.57+0.100 15.07+0.14¢
Thai®
Wrapped 11.00+0.22¢ 14.87+0.140 1373031 14.80+0.112
Control 0.90+0.00° 0.72+0.12° 0.42+0.41¢ 0.61+031¢
Rua®
- Wrapped 0.90+0.00° 0.64+0.22° 0.58+0.01¢ 0.59+0.11¢
(g CA/100mL) Control 1.20+0.50¢ 0.890.06" 0.73=0.02 0.77=0.01¢
Thai®
Wrapped 1.20+0.50¢ 0.92+0.52° 0.92+0.55 0.59+0.12¢
Control 18.43+1.300 17.97+0,91¢ 15.86+0.21° 15.74+0.110
Rua®
DM Wrapped 18.43+1.30¢ 17.75+0.810 15.58+0.01° 15.67+0.01°
(g/100g) Control 19.39+1.10¢ 19.88+0.02¢ 18.25+0.11° 16.53+0.36°
Thai®
Wrapped 19.39+1.10¢ 18.1120.20° 17.15+0.62% 15.68+0.29¢

All data are expressed as average values and the standard deviation determined for different fruits. Different letters within the same line indicate signifi-

cant differences among every harvesting time (Tukey test; p<0.05).

of the cv. Hortgem Tahi® have shown a higher loss in luminos-
ity (AE* value of 15.10) probably due to the higher develop-
ment of anthocyanin during the ripening process, as suggested
by previous studies [Montefiori ef al., 2009].

Textural parameters

Although knowledge about the importance of the softening
models of baby kiwifruits has increased in recent years [Giuggi-
oliet al., 20171, the evolution of texture parameters under pack-
aging conditions, such as the wrapping of mini pallet, has not
been reported. Changes in firmness and gumminess values are
reported in Table 2. As expected, a decrease in texture param-
eters of kiwifruits was observed in all samples of Hortgem Rua®
and Hortgem Tahi® due to the dehydration associated with

AE*

Storage time (days)

the storage time [Wang et al., 2015]. The best control of mois-
ture loss was associated to the stretch wrap film that positively
influenced the maintenance of fruit firmness. At each control
time, the stretch film maintained a higher value of firmness for
fruits of Hortgem Rua® than control samples. At the end of stor-
age, 2.39 N of firmness was registered for the wrapped baby ki-
wifruits against 1.60 N of the unwrapped fruits. The same trend
was observed for the cv. Hortgem Tahi® after 60 days of stor-
age, where the average value of 2.13 N was observed against
1.79 N. The evolution of the dimensional gumminess (hardness
x cohesiveness) parameters was similar to the firmness behav-
iour of unwrapped samples of both cultivars (control) showing
the lowest gumminess values, suggesting a strong correlation
with the moisture content. After 60 days of storage, gumminess

18 q - a---- -
sl control

1071 ot wrapped 3

Storage time (days)

FIGURE 2. Evolution of the total colour difference (AE*) of baby kiwifruits of Hortgem Rua® (A) and Hortgem Tahi® (B) cultivars during storage.
All data are expressed as average value and the standard error as bars. Different letters on the line indicate significant differences among every harvest-

ing time (P<0.05).
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TABLE 2. Textural parameters and total phenolic content (TPC) of the kiwifruits of Hortgem Rua® and Hortgem Tahi® cultivars during storage.

: Storage time (days)
Quality .
parameters Cultivar Samples 0 " " o
Control 6.21+0.50* 3.56+0.21° 1.21+0.48¢ 1.60+0.19¢
Rua®
Firmness Wrapped 6.21+0.50* 3.84+0.13" 1.90+0.36¢ 2.39+0.19°
(N) Control 7.93+0.30¢ 2722025 2.44+0.26¢ 1.79£0.30¢
Thai®
Wrapped 7.93+0.302 2.91+0.06° 2.10£0.48° 2.13+0.48°
Control 1152.90+1.712 681.95+0.86" 502.10=0.46¢ 213.57+1.11¢
Rua®
Wrapped 1152.90+1.712 656.66+0.52° 531.77+0.96¢ 280.92+1.21¢
Gumminess
Control 936.32+1.432 800.27=1.01° 416.97+1.85¢ 211.08+0.91¢
Thai®
Wrapped 936.32+1.432 691.58+1.21° 432.83+1.24¢ 221.58+0.87¢
Control 189.90+1.322 190.90+0.91° 167.01£2.50¢ 154.88+0.924
Rua®
TPC Wrapped 189.90+1.32° 182.24+0.70° 191.52+0.50° 249.57+0.132
(mgGAE/100 g) Control 187.510.91¢ 225.13+0.11° 291.81+0.10° 298.79+0.57
Thai®
Wrapped 187.51+0.91° 220.72+0.81° 280.50+0.207 290.50+0.48*

All data are expressed as average values and the standard deviation determined for different fruits. Different letters within the same line indicate signifi-

cant differences among every harvesting time (Tukey test; p<0.05).

of fruits of cv. Hortgem Rua® and Hortgem Tahi® wrapped with
the stretch film was 280.92 and 213.57, respectively. The de-
crease in the gumminess for all the control samples depended
also on the shrivelling of these fruits.

Total phenolics content
Fruits of Actinidia arguta are a rich source of phenolic com-
pounds [Latocha et al., 2014]. Changes in total phenolics con-
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tent are reported in Table 2. It is possible to observe the differ-
ence among the two cultivars. According with previous studies
[Latocha et al., 2014; Krupa et al., 2011], the cv. Hortgem
Tahi® showed a higher total phenolics content when compared
to Hortgem Rua®. For both cultivars, the total phenolics con-
tent was increasing with the time of storage and it was not pos-
sible to observe the effect of the stretch wrap film on the regu-
lar evolution of these bioactive compounds in the samples.
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FIGURE 3. Sensory analysis of control and wrapped kiwifruits of Hortgem Rua® (respectively 1A and 2A) and Hortgem Tahi® (1B and 2B) cultivars

stored up to 60 days in the warehouse.
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FIGURE 4. PCA of all parameters analyzed for kiwifruits of ‘Hortgem Rua®’ cultivar.
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FIGURE 5. PCA of all parameters analyzed for ‘Hortgem Tahi® cultivar.

Sensory evaluation

To support the instrumental measurements of quality,
the sensory evaluation was conducted by the panellists in or-
der to judge the overall quality of baby kiwifruits in terms
of consumers’ point of view. The overall sensory qual-
ity scores of samples of Hortgem Rua® and Hortgem Tahi®
fruits (Figure 3) decreased successively when the storage time
elapsed, achieving the lowest score profile after 60 days. Fruits
of both of cultivars wrapped with the stretch film maintained

the best overall quality, especially in terms of fruit luminos-
ity, consistency, and taste. The sensory quality of the control
samples of both cultivars diminished (which reduced their
marketability) due to the reduction in freshness as a conse-
quence of severe water loss (Figure 1). According to Garcia-
-Ramos et al. [2003], the cultivar Hortgem Tahi® has a strong
flavor and is appreciated more for the taste when compared
to Hortgem Rua®.
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PCA

Principal component analysis (PCA) was carried out on
the correlation matrix produced from the quality param-
eters and the scores of the sensory analysis of baby kiwifruits
of both cultivars stored. The PCA plots for the cultivar Hort-
gem Rua® and Hortgem Tahi® are reported in Figures 4 and 5,
respectively. The cumulative variance contribution of all
the principal components was 85.73% for the cv. Hortgem
Rua® which contributed most to the first (PC1) and the sec-
ond (PC2) principal component (65.94% and 19.79% re-
spectively). In the case of the cv. Hortgem Tahi®, the cumu-
lative variance contribution of all the principal components
was 81.04% (60.83% for the PC1 and 20.21% for the PC2,
respectively). For Hortgem Rua®, the PC1 was described
by the gumminess, the weight loss, and all the parameters
considered in the sensory evaluation. For the Hortgem Tahi®,
the dry matter, gumminess, total phenolics content, and all
the sensory parameters explained the PC1. As can be seen,
it is possible to affirm that the textural parameter and the sen-
sory evaluation attributes of the two cultivars belonged to
the PC1. This shows how the external judgement is the driver
of the consumer acceptance of the baby kiwifruits according
to previous studies on Actinidia arguta [Latocha et al., 2011].

CONCLUSION

The short storage life of berry fruits (Actinidia arguta)
is a critical point for their marketability, but a simple storage
tool in the warehouse can be employed to support the eco-
nomic sustainability of the storage process. The post-harvest
management of these fruits can follow the berries supply-
-chain, thus using a stretch wrap film for the pallet stor-
age could be a promising solution to maintain the quality
of fruits for a long time. The baby kiwifruits represent a new
product in the commercial channel of distribution and are
particularly appreciated for the edibility of the whole fruit.
Because of the fruits external sensitivity, the storage manage-
ment in the warehouse is fundamental. Samples of Hortgem
Tahi® and Hortgem Rua® fruits stored for up to 60 days with
the stretch wrap film have maintained good quality charac-
teristics when compared to the control samples, especially
in terms of weight loss and textural properties. The firmness,
gumminess, and sensory attributes have the greatest impact
on consumer acceptance of the baby kiwifruits. Improving
the chain value of these fruits could be a promising choice for
the storage in the mini pallet material from the green chemis-
try as experimentally made for other species.

ACKNOWLEDGEMENTS

We would like to thank all of the producers, professionals,
operators, colleagues and collaborators who actively partici-
pated in the research project.

FUNDING SOURCE
Research developed into the program ALTA FORMAZI-

ONE IN APPRENDISTATO 2011-2013. Regione Piemonte
(Art. 50—D. Lgs. N. 276/2003 s.m.i.).

REFERENCES

1. Alexandre, E.M., Brandao, TR., Silva, C.L. (2012). Efficacy
of non-thermal technologies and sanitizer solutions on micro-
bial load reduction and quality retention of strawberries. Journal
of Food Engineering, 108(3), 417-426.

2. Allegra, A., Sortino, G., Inglese, P., Settanni, L., Todaro, A., Gal-
lotta, A. (2017). The effectiveness of Opuntia ficus-indica muci-
lage edible coating on post-harvest maintenance of ‘Dottato’ fig
(Ficus carica L.) fruit. Food Packaging and Shelf Life, 12, 135-141.

3. Almenar, E., Del-Valle, V., Herndndez-Munoz, P, Lagarén, J.M.,
Catald, R., Gavara, R. (2007). Equilibrium modified atmosphere
packaging of wild strawberries. Journal of the Science and Food
Agriculture, 87(10), 1931-1939.

4. Baudino, C., Giuggioli, N.R., Briano, R., Massaglia, S., Peano,
C. (2017). Integrated methodologies (SWOT, TOWS, LCA) for
improving production chains and environmental sustainability
of kiwifruit and baby kiwi in Italy. Sustainability 9, art.no. 1621.

S. Bouchery, Y., Corbett, CJ., Fransoo, J.C., Tan, T. (2017). In-
troduction. In Y. Bouchery, C.J. Corbett, J.C. Fransoo, T. Tan
(Eds.) Sustainable Supply Chains. vol. 4. Springer Nature Swit-
zerland AG, pp. 1-12.

6. Briano, R., Giuggioli, N.R., Girgenti, V., Peano, C. (2015). Bio-
degradable and compostable film and modified atmosphere
packaging in postharvest supply chain of raspberry fruit (cv.
Grandeur). Journal of Food Processing and Preservation, 39(6),
2061-2073.

7. Briano, R., Peano, C., Giuggioli, N.R. (2017). The effects
of the “green passive MAP” on the evolution on the gaseous
and quality parameters in strawberries. Emirate Journal of Food
and Agriculture, 29(3), 1-8.

8. DeEll, J.R. (2002). Modified atmospheres for berry crops. Ohio
State University Extension Newsletter, 6, 27.

9. Fisk, C.L., Silver, A.A., Strik, B.C., Zhao, Y.X. (2008). Posthar-
vest quality of hardy kiwifruit (Actinidia arguta Ananasnaya’)
associated with packaging and storage conditions. Postharvest
Biology and Technology, 47(3), 338-345.

10. Garcia-Ramos, EM, Ortiz-Caiavate, J., Ruiz-Altisent, M., Dez
JFlores, L. Homer, ., Ch'vez, J.M. (2003). Development and im-
plementation of an on-line impact sensor for firmness sensing
of fruits. Journal of Food Enginerring, 58(1), 53-57.

11. Giuggioli, N.R., Girgenti, V., Baudino, C., Giacalone, G., Chiab-
rando, V. (2017). Prediction models for the softening of new com-
mercial Actinidia cultivars. Journal of Food Processing and Preser-
vation, 41(6), art no. e 13245.

12. Harker, ER., Carr, B.T,, Lenjo, M., Macrae, E.A., Wismer, W.V,
Marsh, K.B., Williams, M., White, A., Lund, C.M., Walker, S.B.,
Gunson, FA., Pereira, R.B. (2009). Consumer liking for kiwifruit
flavour: A meta-analysis of five studies on fruit quality. Food
Quality Preferences, 20(1), 30-41.

13. Jordan, R.B., Walton, E.E, Klages, K.U., Seelye, R.J. (2000).
Postharvest fruit density as an indicator of dry matter and rip-
ened soluble solids of kiwifruit. Postharvest Biology and Technol-
ogy, 20, 163-173.

14. Kaya, M., Cesoniené, L., Daubaras, R., Leskauskaité, D.,
Zabulioné, D. (2016). Chitosan coating of red kiwifruit (Actinidia
melanandra) for extending of the shelf life. International Journal
of Biological Macromolecules, 85, 355-360.



70

Post-Harvest Warehouse Management of Actinidia arguta Fruits

15.

16.

17.

18.

19.

20.

21.

22.

23.

Krupa, T, Latocha, P, Liwifiska, A. (2011). Changes of physi-
cochemical quality, phenolics and vitamin C content in hardy
kiwifruit (Actinidia arguta and its hybrid) during storage. Scientia
Horticulturae, 130(2), 410-417.

Latocha, P, Jankowski, P., Radzanowska, J. (2011). Genotypic
difference in postharvest characteristics of hardy kiwifruit (Ac-
tinidia arguta and its hybrids), as a new commercial crop Part
I. Sensory profiling and physicochemical differences. Food Re-
search International, 44, 1936-1945.

Latocha, P, Krupa, T., Jankowski, P, Radzanowska, J. (2014).
Changes in postharvest physicochemical and sensory character-
istics of hardy kiwifruit (Actinidia arguta and its hybrid) after cold
storage under normal versus controlled atmosphere. Postharvest
Biology and Technology, 88, 21-33.

Latocha, P.,, Wolosiak, R., Worobiej, E., Krupa, T. (2013). Clonal
differences in antioxidant activity and bioactive constituents
of hardy kiwifruit (Actinidia arguta) and its year to year variabil-
ity. Journal of the Science and Food Agriculture, 93(6), 1412-1419.
Lim, S., Han, S.H., Kim, J., Lee, HJ., Lee, J.G., Lee, E.J.
(2016). Inhibition of hardy kiwifruit (Actinidia aruguta) ripen-
ing by 1-methylcyclopropene during cold storage and anticancer
properties of the fruit extract. Food Chemistry, 190, 150-157.
McGlone, VA., Jordan, R.B., Seelye, R. Clark, C.J. (2003). Dry
matter — a better predictor of the post-storage soluble solids
in apples? Postharvest Biology and Technology, 28, 431-435.
McNeilage, M.A., Beatson, R.A., Macrae, E.A. (2003). Kiwi
plant named “Hortgem Tahi”. Patent N° US PP13815P3 United
States Plant Patent.

McNeilage, M.A., Beatson, R.A., Macrae, E.A. (2004). Kiwi
plant named “Hortgem Rua”. Patent N° US PP14625 P3 United
States Plant Patent.

McGuire, R.G. (1992). Reporting of objective color measure-
ments. Horticultural Science, 27, 1254-1255.

24.

25.

26.

27.

28.

29.

30.

31

32.

Meilgaard, M.C., Carr, B.T., Civille, G.V. (2006). Sensory Evalu-
ation Techniques. CRC Press. Taylor & Francis Group, Parkway,
NY, USA.

Montefiori, M., Comeskey, D.J., Wohlers, M., McGhie, TK.
(2009). Characterization and quantification of anthocyanins
in red kiwifruit (Actinidia spp.). Journal of Agricultural and Food
Chemistry, 57(15), 6856—6861.

Oh, S.B., Muneer, S., Kwack, Y.B., Shin, M.H., Kim, J.G. (2017).
Characteristic of fruit development for optimal harvest date
and postharvest storability in ‘Skinny Green’ baby kiwifruit. Sci-
entia Horticulturae, 222, 57-61.

Peano, C., Briano, R., Giuggioli, N.R., Girgenti, V., Sottile, F.
(2015). Evolution of qualitative characteristics during blueberry
fruit storage in a modified atmosphere. Acta Horticulturae, 1071,
343-348.

Peano, C., Giuggioli, N.R., Girgenti, V., Palma, A., D’Aquino, S.,
Sottile, E (2017). Effect of palletized MAP storage on the quality
and nutritional compounds of the Japanese Plum cv. Angeleno
(Prunus salicina Lindl.). Journal of Food Processing and Preserva-
tion, 41(2), art.no. e12786.

Slinkard, K., Singleton, V.L. (1977). Total phenol analysis: auto-
mation and comparison with manual methods. American Journal
of Enology and Viticulture, 28, 49-55.

Strik, B., Hummer, K. (2006). ‘Ananasnaya’ hardy kiwifruit.
Journal of American Pomology Society, 60, 106-112.

Wang, Y., Xu, E, Feng, X., MacArthur, R.L. (2015). Modulation
of Actinidia arguta fruit ripening by three ethylene biosynthesis
inhibitors. Food Chemistry, 173, 405-413.

White, A., de Salva, H.N., Requejo-Tapia, C., Harker, ER. (2005).
Evaluation of softening characteristics of fruits from 14 species
of Actinidia. Postharvest Biology and Technology, 35, 143-151.

Submitted: 29 May 2018. Revised: 11 September and 25 October

2018. Accepted: 16 November 2018. Published on-line: 22 January 2019.



\ Pol. J. Food Nutr. Sci., 2019, Vol. 69, No. 1, pp. 71-81
e oo DOI: 10.31883/pjfns-2019-0001
usps http://journal.pan.olsztyn.pl

Original research article
Section: Food Chemistry

Nutritional Quality of Edible Marine Bivalves from the Southern Coast of Italy, Mediterranean Sea

Francesca Biandolino*, Antonella Di Leo, Isabella Parlapiano,
Loredana Papa, Santina Giandomenico, Lucia Spada, Ermelinda Prato

CNR- IRSA Water Research Institute, UOS di Taranto, Via Roma 3, 74125 Taranto, Italy
Key words: edible molluscs, meat yield, proximate, minerals, fatty acids

Nutritional quality parameters of eight commercially important bivalve species (Arca noae, Flexopecten glaber, Limaria tuberculata, Mimachlamys
varia, Modiolus barbatus, Mytilus galloprovincialis, Ostrea edulis and Solen marginatus) from the Ionian Sea (Southern Italy, Mediterranean Sea), were
determined. The meat yield and lipid nutritional quality indices (atherogenic index, thrombogenicity index and hypocholesterolaemic/hypercholester-
olaemic fatty acid ratio) have been also evaluated.

Meat yield values ranged from 31.4% in F glaber to 44.5% in M. varia. The results showed that all species might be considered as food items with
interesting dietetic properties due to high contents of proteins, minerals (Ca, K, Na, Fe, Zn, Cu), essential polyunsaturated fatty acids (PUFAs), and to
low cholesterol content. Among PUFASs, eicosapentaenoic (EPA) and docosahexaenoic acids (DHA) exhibited the highest levels in M. galloprovincialis
(11.74%) and in M. varia (14.41%), respectively. Elevated n-3/n-6 ratio characterized the fatty acids profile of all species ranging from 2.65 in F glaber
to 7.19 in M. galloprovincialis. The lipid nutritional quality indices showed that M. varia, M. galloprovincialis, O. edulis, S. marginatus, and L. tuberculata
might have beneficial effects on the consumer’s health. This paper will be of practical value from a health perspective for populations who consume

shellfish and a powerful marketing tool for farmers of the bivalves.

INTRODUCTION

The marine molluscs are important for marine ecology
and play an important role in human’s diet, since they are
a good source of nutrients. High quality of protein, minerals,
low lipid content, and especially high proportion of polyun-
saturated fatty acids (PUFAs) characterize the mollusc flesh,
contributing to their nutritional value and organoleptic char-
acteristics [Orban et al., 2007].

PUFAs are considered as essential fatty acids that humans
cannot synthesize and must be provided with food. Recent
studies have clearly shown the importance of PUFAs and their
nutritional value for human health. A particular emphasis
is placed on the n-3 PUFAs, eicosapentaenoic (EPA) acid
and docosahexaenoic (DHA) acid that can be associated with
several health benefits. DHA plays a role in the development
and function of the brain, the photoreception, and the repro-
ductive system [Kris-Etherton ef al., 2003; Sidhu, 2003]. EPA
is the precursor of a family of prostaglandins, which control
blood clotting and other arterial functions. This may be im-
portant in reducing the risk of cardiovascular disease, decrease
in mild hypertension, prevention of certain cardiac arrhythmias
and sudden death [Kris-Etherton er al., 2003]. EPA and DHA
also lower blood triglyceride concentrations and are substrates
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Tel: +39 099 4542210; fax +39 099 4542215
E-mail address: francesca.biandolino@iamc.cnr.it

for the synthesis of resolvins, which are believed to play a key
role in terminating inflammatory processes [Kohli & Levy,
2009]; moreover, they have beneficial effects on other dis-
eases, namely skin disease, asthma, arthritis, nephritis, lupus
erythematous, multiple sclerosis, and certain types of cancers
[Harris, 2010; Massaro et al., 2010]. PUFAs are influenced
by taxonomic relations and environmental conditions and de-
pend on species, nutrient habits, food availability and physio-
logical conditions, so they differ for molluscs species that come
from different geographical areas [Orban et al., 2007].

Minerals such as sodium, potassium, magnesium, calci-
um, iron, zinc and copper, are essential substances for organ-
isms and for their vital functions and growth. In fact, min-
erals are important components of hormones and enzymes
activated in human nutrition [Khan, 1992], and are involved
in physiological processes in the body, the most important
of which are pH maintenance, osmotic pressure, nerve con-
ductance, muscle contraction and energy production. Zinc,
for example, has different important biochemical functions,
in particular as cofactor to more than 300 enzymes involved
in DNA and RNA metabolism and stabilization of cell mem-
branes [Beyersmann, 2002; Rink & Gabriel, 2000].

Unsuited dietary intakes of the minerals Ca, Mg, Naand K,
either insufficient or excessive, can cause serious health issues
such as cardiovascular disease, osteoporosis, and hyperten-
sion. In general, the seafoods are excellent sources of Ca, K,
Na, Fe, Zn, Cu and in particular, oysters are good sources
of Fe, Zn, and Cu.

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
© 2019 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/).
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Bivalve molluscs represent a significant proportion
of the world’s fishery and aquaculture. In Italy, the harvest-
ing and commercialization of bivalves represents an impor-
tant productive sector in the national economy (~111.000 ¢
of marine molluscs), after Spain (~223.000 t) and France
(~155.000 t). About 70% of the Italian shellfish production
is consumed domestically, while the remaining 30% is exported
to European countries, first among them Spain [FAO, 2016].

Despite the presence of a rich diversity of edible and com-
mercial seafood species along the Mediterranean coast [Coll
et al., 20101, little information is available with regard to
the nutritional quality for most parts of the edible marine bi-
valves from this important coastal region.

In recent years, consumers have become more health
conscious and interested in maintaining or improving their
health through the diet [Hasler, 2002]. Thus, the knowledge
on biochemical composition of any edible organisms is ex-
tremely important because it reflects their nutritional value
[Periyasamy ez al., 2011].

The ability to identify healthy components enable con-
sumers to make healthy food choices. There is a strong con-
nection between foods and health, therefore making healthier
food choices can prevent diseases with simple changes that
can contribute to your overall health and well-being. In addi-
tion, this information can be useful to producers as a power-
ful marketing tool, in the promotion of food of high economic
and nutritional values.

For these reasons, the present work aimed to investigate
the nutritional quality of eight commercially important bivalve
species from lonian Sea (Southern Italy, Mediterranean Sea),
well appreciated in the Mediterranean diet. For some of them
it is the first time that such information is given. Therefore,
the proximate, essential minerals and fatty acids composi-
tions, as well as meat yield and lipids nutritional quality indi-
ces (LNQI) were determined.

MATERIALS AND METHODS

Collection,
of bivalves

The bivalves Arca noae, Flexopecten glaber, Limaria tu-
berculata, Mimachlamys varia, Modiolus barbatus, Mytilus
galloprovincialis, Ostrea edulis, and Solen marginatus from
the Gulf of Taranto (Southern Italy, Mediterranean sea), were
purchased from a local market in January-February 2014.
Samples (maximum 24-48 h after harvesting) were imme-
diately iced and transported to the laboratory within 1 h to
be brushed, washed, and processed. Upon arrival to the labo-
ratory, each sample of about 30 individuals was split up in two
sub-groups: one for biometric measurements and determina-
tion of meat yield (MY) and one for biochemical determina-
tions. Adult specimens of commercial size of each species with
homogenous shell length were selected to ensure that any bio-
chemical differences were not size dependent. Length (maxi-
mum measure along the anterior-posterior axis) and width
(maximum lateral axis), were measured using a 0.lmm pre-
cision calliper. The bivalves were weighed, opened by cut-
ting the adductor muscle with a scalpel, and the wet meat

samples preparation and meat yield

and shells were weighed. MY was calculated as follows: (wet
meat weight/whole mussel weight) x 100 [Okumus & Stirling,
1998]. The biometric measurements are shown in Table 1.

A minimum of ten individuals (ranging 40-200 g of wet
meat weight) from each species was minced for biochemical
analyses. The specimens were manually shucked by cutting
the adductor muscle with a knife. The bivalves juice was re-
moved and the edible portion was collected. The soft body
was not separated into organs or body parts to avoid leakage
of intracellular fluids. Three replicates of ten individuals each
were obtained. Each sample was stored at -20°C (for a maxi-
mum 7 days) in polyethylene bags.

Proximate analysis

Moisture content was determined by drying the sample
in an oven at 105°C overnight until a constant weight was ob-
tained. Ash content was determined by burning the samples
in the furnace at 550°C overnight. The crude protein content
was measured by the Kjeldahl procedure (nitrogen to protein
conversion factor = 6.25). The methods of the Association
of Official Analytical Chemists [AOAC, 1995] were used.
Carbohydrates were quantified according to the phenol-sul-
phuric acid method [Dubois ef al., 1956], using glucose as
the standard. Total lipid (TL) content was determined gravi-
metrically after chloroform--methanol extraction according
to Folch et al. [1957].

All analyses were conducted in triplicate and results were
expressed on wet weight basis.

Lipid classes

Triacylglycerols  (TAGs), total cholesterol (CHL),
and phospholipids (PLs) were measured by the colorimetric
enzymatic method using a commercial kit (SGM, Rome, Ita-
ly) as reported in Prato et al. [2010]. The values are expressed
as percentage (mean = SD) of total lipids. All analyses were
performed in triplicate.

Fatty acid analysis

Fatty acids of total lipids were transesterified to methyl
ester (FAMESs) according to the procedure described by Prato
etal. [2018].

Analysis of FAMEs was performed by gas chromatography
(GC) using an HP 6890 series GC (Hewlett Packard, Wilm-
ington, DE, USA), equipped with a flame ionization detec-
tor. FAMEs were separated with an Omegawax 250 capillary
column (Supelco, Bellafonte, PA, USA) (30 m long, 0.25-mm
internal diameter, and 0.25-mm film thickness). Helium was
used as the carrier gas at a flow rate of | mL/min. The column
temperature program was as follows: 150 to 250°C at 4°C/min
and then held at 250°C. Peaks were identified by their com-
parison to the relative retention times of standards (Supelco
37 component FAME Mix), and the results were expressed as
the percentages of peak areas.

Mineral composition

Mineral analysis was carried out on a lyophilized sam-
ple with 9 mL of concentrated HNO, (70 % v/v) and 1 mL
H,0, (30 % v/v) [US EPA, 1996] using a microwave diges-
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tion system (MARSX CEM Corporation, Matthews, NC).
After mineralization, the digested samples were diluted to
50 mL with Milli-Q® water. A blank digest was performed
in the same way.

Contents of K, Na, Mg, Ca, Zn, Cu, and Fe were deter-
mined by ICP-MS (Inductively Coupled Plasma-Mass Spec-
trometry), using a Perkin Elmer model Elan 6100 DRC Plus
(PerkinElmer, Norwalk, CT, USA). Each sample was ana-
lyzed in three replicates and the relative standard deviation
(RSD) was <5 %. Accuracy was verified using the Commu-
nity Bureau of Reference (BCR) Certified Reference Mate-
rial CRM 278R (Trace elements in mussel tissue) produced
by Joint Research Centre, Geel, Belgium.

The recovery of CRM 278R ranged between 95% (Zn®)
and 105% (Na*). Chemicals were of ultrapure grade (Mer-
ck Suprapur, Darmstadt, Germany), and all the glasswares
were treated prior to the analysis with 10% v/v HNO, for 24 h
and afterwards rinsed with Milli-Q® water. Standard solu-
tions were obtained daily using ultrapure deionized water
(<0.1 us at 25°C).

Lipid nutritional quality indices (LNQI)

The data from fatty acid composition analysis were
used to determine the nutritional quality of the lipid fraction
by means of three indices using the following calculations:

Atherogenicity index [Ulbricht & Southgate, 1991]:

Al = (C14:0 + 4 x C14:0 + C16:0)
EMUFAs + PUFAs

Thrombogenicity index [Ulbricht & Southgate, 1991]:

(C14:0 + C16:0 + C18:0)
[(0.5 x XMUFAs + 0.5 x £ n6 PUFAs + 3 x £ n3 PUFAs + (n3/n6)]

TI =

Fatty acid hypocholesterolemic/hypercholesterolemic ratios
[Santos-Silva et al., 2002]:

_ (C18:1cis9 + C18:2n6 + C20:4n6 + C18:3n3 + C20:5n3 + C22:5n3 + C22:6n3)

HH (C140 + C16:0)
Statistical analysis

Analyses were performed in three replicates and each one
was measured for three repetitions. Results were expressed as
mean values + standard deviation.

The normality of the data was evaluated by Kolmogorov-
-Smirnov test. The homogeneity of variances was assessed
by Levene test. When either assumptions were met, all data
(means of proximate composition, lipid class, minerals, fatty
acids and LIQN) were examined by analysis of variance (one-
-way ANOVA) to verify whether there were differences among
the analysed species. The multiple comparison (Tukey’s test)
was applied when the variance analysis indicated significant
differences. The level of significance was set as 0.05.

A principal component analysis (PCA) based on Pear-
son’s correlation matrix relationships between variables, was
performed. Multivariate statistical treatment of the whole set
of data was preformed after logarithmic transformation to re-
duce the variability of data.

All statistical analyses were performed with the software
package Past version 1.0 and STATISTICA® (StatSoft Inc.,
Tulsa, OK, USA).

RESULTS AND DISCUSSION

Biometric parameters and meat yield

Table 1 shows results of the biometric measurements, as
well as meat yield of eight commercial bivalves. In this study,
bivalves exhibited meat yield values ranging from 31.4%
in F glaber to 44.5% and 41.2% in M. varia and M. galloprovin-
cialis, respectively.

Previous studies demonstrated that the percent meat yield
or edibility of bivalves as a good commercial quality indica-
tor varies seasonally and geographically, depending on food
availability and the timing of the gametogenic cycle [Anibal
et al., 2011; Celik et al., 2012; Okumus & Stirling, 1998; Or-
banet al., 2007].

The results obtained were comparable to those observed
for E glaber, in Lapseki Bay in Canakkale (Turkey), by Berik
& Cankiriligil [2013] (MY: 34.68 %), in the same period.
Mussels and oysters showed high MY compared with find-
ings from other studies in the Mediterranean area; e.g. mus-
sel from Adriatic Sea, Dardanelles (Turkey) and Black Sea
showed values in the range of 18-25% [Bongiorno et al., 2015;
Yildiz et al., 2006]. In turn, Fuentes et al. [2009] reported
the MY values of 31% and 34% for M. galloprovincialis from
Galicia and Valencia (Spain), respectively, during the summer
period. Moreover, Ostrea edulis from Dardanelles displayed
values of about 8% in February [Yildiz et al., 2011]. As regard
the other species no literature data exist.

Proximate analysis

The proximate composition of bivalves meat is shown
in Table 1. As expected, the main component of all stud-
ied species is the moisture, whose content indicates flesh
freshness. The highest values were found in M. gallopro-
vincialis and F. glaber, and L. tuberculata (84.10, 83.67,
and 82.60 g/100 g, respectively). These values did not differ
statistically between each other (p>0.05), and the lowest was
found in M. barbatus (79.84 g/100 g).

The highest ash content, which indicates the amount
of inorganic compounds in the tissues of bivalves, was
found in L. tuberculate, A. noae and S. marginatus (5.33 —
4.26 g/100 g; differences between values were insignificant,
p=0.05). Significantly lower (p<0.05) ash content was noted
in M. galloprovincialis (2.62 g/100 g), although four other
species exhibited not statistically different values (p> 0.05).
Despite these values, A. noae showed, for the most minerals
investigated, values lower than those of M. galloprovincialis,
probably due to the presence of other minerals not investi-
gated herein.

High protein levels and low lipid contents character-
ized the overall proximate profile of bivalves studied herein.
A. noae showed the highest protein content with 12.25g/100 g.
A. noae and S. marginatus represent a good source of protein
considering the WHO Daily Value (DV) recommendation
of 0.80g/kg/day [WHO, 2007].

The total lipid amount, also, exhibited differences among
the species, with the highest values determined in M. barba-
tus, L. tuberculata, and O. edulis (2.98,2.76, and 2.70 g/100 g,
respectively) and the lowest ones in F glaber, A. noae,
and S. marginatus (1.04, 1.18, and 1.25 g/100 g, respectively).
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TABLE 1. Biometric measurements, meat yield, proximate composition, lipid classes and mineral content of eight commercial bivalves species on a wet

weight basis.
Specification A. noae E glaber | L. tuberculata | M. varia M. barbatus | M. galloprovincialis | O. edulis | S. marginatus
Shell lenght (mm) 53.0+3.2 44.0=1.5 43.5+1.6 42.2+3.1 48.3+4.60 59.6=6.0 82.5+2.0 100.5+10.5
Shell width (mm) 29.0+1.5 41.4+3.6 33.4x3.5 37.4%5.0 25.5%2.6 27.8+33 61.2+2.0 18.5+0.5
\thl;lh??;) 108+0.5  125+11  134=07 78407  9.7%09 11.6+0.8 572+15  213=13
Meat yield (%) 40.3+2.3 31.4+3.9 352+23 44.5+4.5 40.0+1.8 41.2+43 37.5+2.3 39.0+3.5
1(\;[;’115585 80.740.8%¢  83.67+0.6%° 82.60+1.0¢ 8133=x1.9%¢ 7984274  84.10=0.6*  81.47=1.2¢  80.56=1.7¢
Ash (g/ 100g) 481+1.2%  3.16+0.2%¢  533+0.8  3.39x0.7°¢  3.77+0.90ed 2.62+0.2¢ 3.72£1.404 426+0.5%0¢
Protein (g/100 g) 12.25+1.8 7.08x0.4¢¢  8.57x0.0>¢  8.68x0.1>¢  6.88+0.0% 6.58=0.5¢ 8.10x1.2¢¢  9.96=1.4°
Lipid (g/100 g) 1.18+0.0¢ 1.04+0.3¢ 276042 226+0.6°  2.98+0.2° 2.15%0.3¢ 2.70=0.330¢  1.25+0.1¢
PL (%) 83.47+2.5%  89.59%2. 7 66.29%3.5¢  69.14%3.4c  73.32x4.5  69.83+3.8 69.54+3.4°  64.35+4.5°
TAG (%) 10.79+3.6° 7.20+3.7¢ 2297x1.2°  21.29=1.0° 21.60=1.1° 2435+1.2° 21.56x1.3*  31.57x1.0°
CL (%) 5.74=1.4° 321+1.1¢ 10.74*3.5 9.57+1.9 5.08+1.7v¢ 5.82+1.2°0 8.90=1.8¢ 4.08+1.4¢
Na (mg/100 g) 91.92+3.1¢ 301.61=10.1* 226.47+7.5¢ 167.45+5.6¢ 237.33+7.9>¢  240.3+8.0° 244.52+8.2>  167.37+5.6¢
Mg (mg/100 g) 19.30+£0.6"  47.00x1.6°  37.33x1.2¢  24.80+0.8°  40.08=1.3" 35.72+1.2¢ 29.79+1.0¢  29.75+1.0¢
K (mg/100 g) 49.63x1.6°  3446=x1.2¢  2597+0.9¢  4518=1.5¢  74.89+2.5° 3432114 46.45x1.6c  77.17x2.6°
Ca (mg/100 g) 9.7+0.35¢  21.78=0.7¢  21.59+0.7¢  14.00=0.5¢  14.45=0.5¢ 8.12+0.3 3550120 27.15+0.9°
Fe (mg/100 g) 12.50+0.4° 7.64+0.2¢ 4.58=0.1¢ 5.18+0.2f 6.54=0.2¢ 6.30=0.2¢ 11.24+0.4° 9.57+0.3¢
Zn (mg/100 g) 3.5+0.14 4.31=+0.1¢ 0.790.0f 23.4x0.8  25.42x0.8° 2.49+0.1¢ 30.67x1.00 1.95+0.1¢
Cu (mg/100 g) 0.32=0.0¢ 0.52+0.0° 0.80=0.0° 5.00+0.12 0.55+0.0° 0.22+0.0¢ 4.83+0.2¢ 0.19=0.0¢

Note: Data are the mean values of three replicates + standard deviation. Moisture and ash are expressed as % of body mass; proteins and lipids as
g/100 g. Mineral as mg/100 g. Phospholipids (PL), Triacylglycerols (TAG) and Cholesterol (CHL) as % of total lipid. Means within the same row

without a common lowercase letter differ significantly (p<0.05).

To the best of our knowledge, no information is avail-
able on the nutritional quality for most of the studied species.
Thus, we compared our findings with some other bivalve’s
species of commercial size from different geographical areas.

Protein content in M. galloprovincialis was comparable
to that found in mussels from Bay of Biscay and Ebro Delta
(Spain) [Azpeitia et al., 2016; Fuentes et al., 2009]. Higher val-
ues were found, in the same study period, by Bongiorno et al.
[2015] for bivalvles from the North Adriatic Sea (8.9-10.9%),
by Dernekbasi et al. [2015] for species from the Black Sea (10-
—11%), by Fuentes ef al. [2009] for bivalves from two different
Spanish areas, Galicia and Valencia (10%), and by Yildirim &
Ercan [2016] for species from Gulluk Gulf, Turkey (10%).

Lipids exert important biological functions as energy
storage compounds, structural components of the cell mem-
branes and as signalling molecules [Zhukova, 2014]. Lipid
contents in species studied herein were higher than most
data reported in literature [Azpeitia et al., 2016; Bongiorno
et al., 2015; Fuentes et al., 2009; Yildirim & Ercan 2016], but
agreed well with those reported by Dernekbasi ef al. [2015]
and Fuentes e al. [2009] from Valencia (2.10%).

Ashaet al. [2014] reported a slightly higher protein and lip-
id content for Crassostrea madrasensis compared with those
found in O. edulis in this study (9.41 vs 8.10 g/100 g of pro-

tein and 3.25 vs 2.79 g/100 g of lipid, respectively). In addi-
tion, Berik et al. [2017] for E glaber and Orban et al. [2007]
for Chamelea gallina reported a higher protein and lipid con-
tent (10.75 g/100 g and 1.84 g/100 g, respectively for F glaber
and 10.8 g/100 g and 1.59 g/100 g, respectively, for C. gallina).

Lipid classes

Phospholipids (PL), the major lipid class found herein,
differed among species with £ glaber and A. noae showing
the highest proportion (89.59% and 83.47% of total lipids,
respectively) (p<0.05) (Table 1). Generally, PLs in bivalves
are stable with respect to lipid class proportions, irrespective
of growth rates or diets. Such stability is linked to the struc-
tural role of the PL in cell membranes where they give the de-
sired structure to the membrane and determine its permeabil-
ity [Caers et al., 2000].

The level of triacylglycerols (TAG) in bivalves species
ranged from 7.20% to 31.57% of total lipids. The highest
TAG content was noted in S. marginatus. In turn, E glaber
and A. noae showed the lowest TAG proportion. TAGs play
important roles as energy reserves that are mainly influenced
by reproduction and/or by nutrition. Low levels of TAGs have
been considered an indicator of low nutritional status [Oku-
mus & Stirling, 1998].
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The cholesterol (CL) maintains both membrane structur-
al integrity and fluidity; moreover, it plays a key role in lipid
metabolism [Los & Murata, 2004].

Among the bivalves examined, L. tuberculata and O. edu-
lis had the highest cholesterol content (8.90-10.74% of total
lipids), while F glaber and S. marginatus and M. barbatus had
the lowest (3.21 -5.08% of total lipids) (Table 1). It is notice-
able that people who are designing low cholesterol diets for
health purposes must pay attention to these differences, even
though the flesh of the examined bivalves exhibited a relative-
ly low cholesterol content.

Minerals

Contents of minerals (Na, K, Ca, Mg, Cu, Zn, and Fe)
in fresh soft tissue of the marine bivalves found in this study
are shown in Table 1.

Significant differences (p<0.05) were found in the distri-
bution of metals among the species analyzed, though the Na, K,
Mg, and Ca were predominant in the bivalves. The only excep-
tions are represented by A. noae where Fe > Ca and by M. bar-
batus and M. varia where Zn > Ca. Na, in particular, was
the most abundant element with contents up to 3 orders of mag-
nitude higher than the other minerals. Fe, Zn, and Cu, instead,
were found generally at lower levels and followed the order Fe
> 7Zn > Cuexceptin M. varia, M. barbatus, and O. edulis where
Zn was found at higher levels than Fe. As regards the mini-
mum and maximum contents, the highest contents of Na
and Mg were found in F glaber (301.61 and 47.00 mg/100 g,
respectively), while the lowest levels of Na and Mg were
found in A. noae (91.92 and 19.30 mg/100 g, respective-
ly). The highest Ca and Zn levels were found in O. edulis
(35.50 and 30.67 mg/100 g, respectively), while the lowest
values of Ca and Zn level were found in M. galloprovincialis
(8.12 mg/100 g) and L. tuberculata (0.79 mg/100 g), respec-
tively.

The highest levels of Cu were detected in M. varia
(5.00 mg/100 g) and O. edulis (4.83 mg/100 g), while S. mar-
ginatus, M. galloprovincialis, and A. noae had the lowest level
of Cu (Table 1).

Fe was found at higher contents in A. noae (12.50 mg/100 g)
and O. edulis (11.24 mg/100 g), while in the other species was
uniformly distributed.

Lastly, S. marginatus and M. barbatus had the highest con-
tents of K (77.17 and 74.89 mg/100 g, respectively) while its
level was the lowest in L. tuberculata (25.97 mg/100 g).

In comparison with the literature data, Na, Ca, Fe, Cu,
and Zn contents found in the M. galloprovincialis were higher
than those noted for bivalves from Trieste Gulf (162 mg/100 g
for Na; 487 mg/100 g for Ca; 119 mg/100 g for Fe; 5.1 mg/100 g
for Cu; and 59 mg/100 g for Zn) and from Galician waters
(218 mg/100 g for Na; 40 mg/100 g for Ca; 1.0 mg/100 g for
Fe; 0.15 mg/100 g for Cu; and 2.3 mg/100 g for Zn) [Bongior-
no et al., 2015; Fuentes et al., 2009, respectively]. As regards
K, its levels in the M. galloprovincialis were similar to those re-
ported by Fuentes ez al. [2009] (36 mg/100 g) and lower than
those obtained by Bongiorno ef al. [2015] (41 mg/100 g).
Concerning Mg contents, Fuentes et al. [2009] reported for
M. galloprovincialis a higher value (56 mg/100 g), while Bon-
giorno et al. [2015] a lower value (14 mg/100 g).

Na, Ca, K, Mg, and Zn contents measured in oysters
were much lower than levels found in oysters of the Cro-
atian coasts (715 mg/100 g for Na, 155 mg/100 g for Ca,
248 mg/100 g for K, 90 mg/100 g for Mg, and 68 mg/100 g
for Zn) [Bilandzi¢ et al., 2016]. On the other hand, Fe lev-
els were higher (4.6 mg/100 g) and Cu contents were similar
(5.4 mg/100 g) to those obtained by Bilandzi€ et al. [2016].
No data on the minerals and trace metals studied in fresh soft
tissue of L. tuberculata, S. marginatus, M. varia, and F glaber
were found in the literature. Although, Berik er al. [2017]
in a recent paper, reported data on the mineral content
of F glaber, they are referred to digestive gland and adductor
muscle, thus a direct comparison with data of this study is im-
possible. Only a few papers report data on the trace metals
in M. barbatus and in particular regarding the Cu and Zn lev-
els herein were much higher than levels found in bivalves from
Croatian coasts (7.1 mg/100 g for Zn and 0.31 mg/100 g for
Cu) by Cuculicet al. [2010]. Differences found in mineral lev-
els in bivalves could be due to the different physiological state,
abiotic factors (size, age, and sex of organisms), biotic fac-
tors (salinity, temperature, pH, and dissolved oxygen), genetic
characteristics, chemical forms of metals, and contamination
of the area [Fuentes et al., 2009]. Anyway, considering their
WHO Daily Value recommendation [WHO, 2004], these bi-
valves can be good sources of minerals especially for Fe that
in all products analyzed constituted more than 20% of the DV.

Fatty acids

Twenty-eight fatty acids, including C12:0 to C22:6 n-3,
that exceeded a minimum of 0.1% of total fatty acids in a min-
imum of one bivalve sample, were identified (Table 2).

Fatty acid composition differed significantly among some
species (p<0.05), although, saturated fatty acids (SAFAs)
were the most predominant fatty acids in all samples, followed
by polyunsaturated fatty acids (PUFAs) and monounsaturat-
ed fatty acids (MUFAs). The content of SAFAs ranged from
40.73% in M. varia to 50.51% in F glaber (p<0.05). The main
SAFAs were palmitic acid (C16:0, from 22.52% in S. margin-
atus t0 30.50% of total FAs in O. edulis), myristic acid (C14:0,
from 4.21% to 11.8% of total FAs in O. edulis and L. tuber-
culata, respectively), and stearic acid (C18:0, from 4.85% to
10.51% of total FAs in L. tuberculata and F. glaber, respec-
tively). These findings are in agreement with other studies on
M. galloprovincialis, A. noae, and M. barbatus [Azpeitia et al.,
2016; Ezgeta-Bali¢ et al., 2012].

Palmitic acid is an important component of FAs, since its
desaturation and elongation lead to biosynthesis of essential
FAs (C18:2 n-6 and C18:3 n-3 in a first instance and later
to C20:4 n-6, C20:5 n-3, and C22:6 n-3) [Angioni & Addis,
2014].

MUFAs are often referred to as “good” fats because they
help in reducing both total and low density lipoprotein-LDL
blood cholesterol levels and protect against heart disease
[Siri-Tarino ef al., 2015]. In the present study, MUFAs repre-
sented about a quarter of the total fatty acids, with S. margin-
atus and A. noae containing significantly(p<0.05) the high-
est level (24.35-26.63% of total FAs) and M. galloprovincialis
the lowest (18.00% of total FAs) (p<0.05). The latter result
was higher than that reported by Azpeitia ef al. [2016] for
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TABLE 2. Fatty acid composition (% of total fatty acids) of eight edible bivalves Mediterranean species.

Fatty acids A. noae F. glaber L. tuberculata M. varia M. barbatus M. galloprovincialis  O. edulis S. marginatus
C12:0 0.33£0.05 0.47 £0.02 0.37+0.14 0.36+0.15 0.69+0.25 0.41+0.11 0.22+0.01 1.05+ 0.04
Cl14:0 7.61+£0.71 8.94+325 11.79+ 1.41 7.56 £ 1.02 922+ 1.11 6.94+0.18 421097 9.65 £ 0.66
C15:0 nd 2.09+0.14 0.95+0.11 nd 1.80+0.32 116+ 0.07 1524035 nd
C16:0 27214222 24724 0.58 23.43+2.23 2391+ 1.42 24314022 27.77+ 0.68 30.50 + 6.04 22,52+ 1.58
C17:0 2744022 293+0.53 1.44+0.10 1.94+0.16 256+ .31 1.82+0.18 3.01+0.02 3.89+0.58
C18:0 737+0.22 10.51 4 0.87 485+0.13 6.98+0.73 5.14+045 5.21+0.00 8.08+0.31 526+0.58
C20:0 nd nd nd nd nd 0.32+0.00 nd nd
21:0 nd 0.85+0.25 0.78+0.15 nd nd 0.73+0.17 0.56 = 0.07 1.34 % 0.00
YSAFA 4526 +£3.30™  50.51+2.14°  43.62+3.19™"  40.75+2.78"  43.72+1.26" 4436 £1.07*° 48.11+£547"  43.71+1.61*°
Cl4:1 1.07+0.16 nd 021+0.16 nd nd 0.29 + 0.04 nd nd
Cl5:1 nd 0.31+0.09 nd nd nd nd nd nd
cle:1 10.06 £ 0.86 8.38+0.79 6.06+0.72 494+ 034 11.53£0.39 7.62+0.07 278+0.53 570+0.11
C17:1 0.97+0.11 1.05 + 0.08 2.1540.29 1.13+0.06 1.23+0.30
Cl8:1n7 3.60 + 0.60 3.99+0.14 3.01+045 3.15+0.29 4.11+0.09 2.08 +0.06 2.54+0.36 2.07+0.15
Cl18:1n9t nd nd nd nd 1.02+0.15 nd nd 2.94+0.22
Cl18:1n9¢ 7.86+0.29 10.54+3.43 1173+ 1.72 11.38 4 0.90 4.17+ 0.40 5.64+0.12 9.70 +0.58 12.1340.92
C20:1n9 1.51£0.15 0.74+0.21 0.92+0.14 0.63 +0.05 0.69 = 0.01 0.77+0.08 3.55+0.69 1.33+0.65
C22:1n9 0.38+0.03 nd nd nd nd 0.47 £ 0.00 0.56=0.11 1.23+0.18
S MUFA 2435+096%  2385+3.97%  22.90+0.62% 21.15+1.33%  23.67+0.05%¢ 18.00 £0.17° 19.13 027 26.63 £0.65°
Cl8:2n6¢ 3.19+0.08 249 +0.42 245+0.10 2.17+0.11 248 +0.08 1.50 + 0.01 2574028 2,04+ 0.69
C18:3n6 0.79+0.20 043 +£0.22 0.59+0.18 1.08 £0.01 0.45 +0.02 0.36 £ 0.06 0.93 +0.50
C18:3n3 536+ 1.14 2.94+021 4474028 3.97+1.02 3.72£0.97 517+ 1.09 624+ 148 3.66 £ 0.60
C18:4n3 427+0.15 2.85+0.11 5.88+0.10 6.57+0.52 3.99+0.05 476+ 0.04 3.09+0.07 478+ 0.42
C20:2 0.23+0.10 nd nd nd nd nd nd nd
€22:0+20:3n6 047+0.15 0.80+0.13 0.14+0.16 nd 0.82+0.01 0.39+0.05 0.41+0.24 1214024
C20:3n3 +22:1 0.35+0.09 nd 0.15+0.05 nd 0.23+0.03 0.28+0.01 0.37+0.13

C20:4n6 230+0.16 2.93+0.96 1.92+0.36 222+0.17 3.79+0.08 2.16+0.12 1.85+0.45 3.51+£025
20:5n3 8.45+0.97°¢ 6.53 + 2.00*° 7.1+ 0.83*¢ 8.16+ 1.02°<4 9.27+0.15¢ 11.74 + 1.05° 7.46 + 1.45%0<d 6.10+0.59
C22:5n3 0.74 +0.04 nd nd nd nd 0.61+0.12 1.2140.04 1.47 + 0.40
(22:6n3 596+ 1.72° 6.30+2.19* 10.88 + 2.67°° 14.41 +4.32° 7.21+0.03 10.58 + 2.05° 9.20 + 4.40°° 5.95+0.70°
Y PUFA 3038425  25.63+6.07"  33.46+3.81°°  37.86+6.15° 32.59+.1.29"¢ 37.64 £1.25° 3276 £5.75"  29.66 +2.26™°

Note: Data are the mean values of three replicates + standard deviation. Means within the same row without a common lowercase letter differ signifi-
cantly (p<0.05); nd= not detected. SAFA = saturated fatty acids, MUFA= monounsaturated fatty acids, PUFA= polyunsaturated fatty acids.

M. galloprovincialis from Bay of Biscay (Spain), but similar to
that found by Ferndndez et al. [2015] for M. edulis collected
at various locations in Ireland, in the same period of the year.

The major MUFAs were palmitoleic (C16:1) and oleic
(C18:1 n-9) acids, which is in agreement with literature data
[Bongiorno et al., 2015; Fuentes et al., 2009]. However, the rel-
ative contents of these fatty acids differed widely among all
species. The oleic acid (C18:1 1-9) showed the highest val-
ues, with 12.13% and 11.73% of total FAs, in S. marginatus
and L. tuberculata, respectively, and the lowest ones in M. bar-
batus (4.17% of total FAs) and M. galloprovincialis (5.64%
of total FAs) (Table 2). Ezgeta-Balic et al. [2012] reported
values of palmitoleic and oleic acids in A. noae, M. gallopro-
vincialis, M. barbatus, and O. edulis from Adriatic Sea lower
than those observed in this study period. The predominance
of these MUFAs in some examined species may have two ori-
gins: exogenous from the diets or endogenous by desaturation
of C16:0 and C18:0 acids, respectively [Ekin & Baghan, 2010].

Considerable variation in the relative proportion of to-
tal PUFAs was found in the Tonian bivalve species, showing
the highest level in M. varia, M. galloprovincialis, L. tubercula-
ta, O. edulis, and M. barbatus (32.59-37.86% of total FAs; dif-
ferences between values were insignificant, p>0.05) (Table 2).
Other species showed to have the PUFAs percentage greater
than 30% of total FAs, such as L. tuberculata (33.46%), O. edu-
lis (32.76%), M. barbatus (32.59%), and A. noae (30.38%).

The composition of the seafood lipid fraction has widely
been studied in terms of its PUFAs and highly unsaturated fatty
acids (HUFAs), in both the n-3 and n-6 family, for its implica-
tions in reducing cardiovascular diseases and inflammations
[Simopoulos, 2006; Wijendran & Hayes, 2004].

DHA (C22:6 n-3) and EPA (C20:5 n-3) were the main
n-3 FAs found in this study, accounting for over 65% of the to-
tal #n-3 PUFASs in most of the bivalves, followed by a-linolenic
(C18:3 n-3) and stearidonic acids (C18:4 n-3). However, EPA
and DHA proportions significantly (p<0.05) differed among
the bivalve species. M. galloprovincialis showed the highest
EPA level with 11.74% of total FAs, while the highest DHA
was found in M. varia and L. tuberculata (10.88-14.41% of to-
tal FAs), which is in line with literature data [Bongiorno et al.,
2015; Dernekbasi et al., 2015; Prato et al., 2010; Radic et al.,
2014; Telahigue ef al., 2010]. In turn, Azpeitia et al. [2016]
in their study with mussels (M. galloprovincialis) cultured
in the Bay of Biscay (northern Spain) found lower levels
of EPA (8.77%-8.82% of total FAs) and higher levels of DHA
(18.24%-22.49%) than those determined in our study.

Among n-6 PUFAs, the most abundant were linoleic acid
(C18:2 n-6) with content ranging from 1.50% (M. galloprovin-
cialis) to0 3.19% (A. noae), and arachidonic acid (C20:4 n-6)
with contents from 1.85% (O. edulis) to 3.79% (M. barbatus)
of total FAs (Table 2). These data are in accordance with
those reported in literature, in the same period of the year for
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M. galloprovincialis, A. noae, M. barbatus, F glaber and Ru-
ditapes philippinarum [Azpeita et al., 2016; Dernekbasi et al.,
2015; Ezgeta-Balic et al., 2012; Ferndndez-Reiriz et al., 2017,
Prato et al., 2010; RadiC et al., 2014; Telahigue et al., 2010].

Essential fatty acids, such as C18:2 n-6 and C18:3 n-3, are
of great physiological importance since they are the precur-
sors for the two families: n-3 and n-6.

They are converted into long-chain highly unsaturat-
ed fatty acids such as arachidonic acid (C20:4 n-6), EPA
and DHA via fatty acid desaturation and elongation steps.
However, the conversion efficiency is low in humans, so di-
rect uptake appears to be significantly more effective [Brenna,
2002; Burdge et al., 2003].

Lipids nutritional quality indices (LNQI)

Due to different effects of fatty acids on health, LNQI,
with consideration to the fatty acid profile and their biological
functions, were estimated.

The consumption of foods containing relatively high
levels of 1n-3 PUFAs and lower amounts of n-6 PUFAs pro-
vides a high n-3/n-6 ratio that is favourable for human health
and can been used as an index for comparing the nutrition-
al values of shellfish, such as for fish oil [Piggott & Tucker,
1990]. On the other hand, a very high intake of n-6 PUFAs
was recognized as undesirable [Kinsella e al., 1990; Simo-
poulos, 2006] due to their associated negative health impacts
such as an increased risk of cardiovascular disease and auto-
immune diseases [Simopoulos, 2006].

A high content of the nutritionally important 7-3 PUFAs
(from 18.62% to 33.12%) and low levels of total n-6 PUFAs
(from 4.60% to 8.17%) were obtained herein. Consequently,
high n-3/n-6 ratio values characterized the FAs profile of all
species from lonian Sea examined (Table 3). They ranged
from 2.65 in F glaber to 7.19 in M. galloprovincialis.

The recommended 712-3/n-6 ratio differs between authors but
it is always superior to 1 [Chow, 2008]. The U.K. Department
of Health recommends an ideal 72-3/n-6 ratio to be 4.0, at maxi-
mum [HMSO, 1994]. A ratio higher than 4.0 is of great impor-
tance in order to diminish coronary heart diseases, plasma lipid
levels and cancer risks [Kinsella ef al., 1990]. However, due to

the excessive use of vegetable oil, rich in linoleic acid (18:2 1-6),
in the human food chain and to reduced intake of seafood, this
ratio is now lower, in most Western diets [Simopoulos, 2008].

In our study, M. varia, L. tuberculata and O. edulis had
the n-3/n-6 ratio above 5, suggesting that these species
could be categorized as ideal to human health consumption.
Dernekbasi et al. [2015] reported for M. galloprovincialis an
n-3/n-6 ratio between 1.44 (Autumn) and 2.23 (Winter), which
is much lower compared to that obtained in this study (7.19).
On the other hand, Azpeitia et a/. [2016] found a similar value
of 6.85 in M. galloprovincialis, in the same study period.

Asha et al. [2014] reported an n-3/n-6 ratio of 4.66 for
C. madrasensis, which is slightly lower than that found
in O. edulis (5.31).

Another useful key factor for the evaluation of nutritional
quality of seafood is the PUFA/SAFA ratio. A minimum value
of PUFA/SAFA ratio recommended is 0.45 [HMSO, 1994],
which is lower than those obtained from all bivalve species
studied herein. The highest PUFA/SAFA ratio was obtained
for M. varia (0.94) followed by M. galloprovincialis (0.85),
L. tuberculata (0.77) and M. barbatus (0.75). These values did
not differ statistically between each other (p>0.05).

SAFAs have been cited as responsible for a minor increase
of HDL-cholesterol; however, such a positive effect does
not prevent the harmful increase of low-density lipoprotein
(LDL) cholesterol [DiNicolantonio et al., 2016].

Atherogenic index (Al), thrombogenicity index (TI)
and hypocholesterolaemic/hypercholesterolaemic fatty acid
ratio (HH) provide indications on the dietetic quality of lipids
and their potential effect on the development of coronary dis-
ease [Ulbricht & Southgate, 1991]. Low values of Al and TI
show the better nutritional quality of fatty acids, reducing
the potential risk of coronary heart disease (CHD). Litera-
ture data reported values of Al from 0.20 to 2.37 and TI from
0.01 to 1.18 for different seafoods, including bivalves [Ghribi
et al., 2017; Joy & Chakraborty, 2017; Turan et al., 2007].
In this study, Al and TI fell within the above-mentioned range
(Table 3). The values of Al<1 were observed in M. varia,
O. edulis (0.93) and M. galloprovincialis (1.0), while the high-
est one in L. tuberculata and F. glaber (1.24-1.26).

TABLE 3. Nutritional quality indexes of eight edibles bivalves species of commercial interest.

Specification A. noae F glaber | L. tuberculata | M. varia M. barbatus | M. galloprovincialis O. edulis S. marginatus
> n-3 25.13+4.02%¢  18.62+4.43¢ 28.50+3.13%° 33.12+6.28" 24.42x1.660<4 33.08+2.082 27.57+7.65%0¢ 21.96+1.51¢
2 n-6 5.96x0.28  7.01x1.64°  494+0.48> 4.98+0.12> 8.17%0.16* 4.60=0.10° 5.18+4.84b 7.70+1.69
n-3/n-6 421£0.65¢  2.65£0.06¢ 577021  6.65£1.44*  2.99+0.14¢ 7.19+0.282 5.31+0.98° 2.86+0.44¢
PUFA/SAFA  0.68+0.13>¢  0.51=0.14c 0.77+0.15**  0.94x0.13*  0.75=0.07* 0.85+0.07*% 0.68+0.28>¢  0.68=0.11°¢
UNS/SAFA 1.21£0.15%¢  0.98+0.08  1.30=0.17+>  1.45+0.17*  1.29+0.09*® 1.25+0.08® 1.10£0.34>¢  1.29+0.12¢0
Al 1.06+0.16*> 1.24+0.33*>  1.26=0.20*°  0.93+0.12®  1.10+0.08* 1.00+0.042> 0.93+0.23° 1.10£0.08®
TI 0.46+0.09°  0.61=0.15*  0.38+0.07°  0.33+£0.06>  0.42+0.02° 0.34+0.02° 0.44+0.12° 0.44+0.03"
HH 0.98+0.19*  0.95+0.16> 1.13+0.20**  1.34+0.20*  0.87=0.06 1.08+0.06*" 1.14+0.31**  1.08+0.08®

Note: Values are mean (= SD). Means within the same row without a common lowercase letter differ significantly (p<0.05). SAFA = saturated fatty
acids, MUFA= monounsaturated fatty acids, PUFA= polyunsaturated fatty acids, UNS= unsaturated fatty acids, Al= Atherogenic Index, TI=
Thrombogenicity Index and HH hypocholesterolaemic/hypercholesterolaemic fatty acid ratio.
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As regards the TI value, there were no significant differenc-
es among species (0.33-0.46) except for F glaber that showed
a significantly higher TI value (0.61) (p<0.05) (Table 3).
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FIGURE 2. Loading of the variables on the first two principal compo-
nents (a); scatter plot of different bivalve species (b).

As regards the hypocholesterolaemic/hypercholesterol-
aemic fatty acid ratio (HH), its higher values are desirable
[Joy & Chakraborty, 2017; Ramos Filho et al., 2008]. In this
study, M. varia with 1.34 significantly differed from A. noae,
F glaber and M. barbatus that showed the lowest HH values
(0.87-0.98) (p<0.05).

The similarities and differences among the nutritional
parameters of bivalves species investigated were statisti-
cally assessed utilizing PCA on a data set of 8 cases (8 bi-
valves) and 21 variables (Na, Mg, K, Ca, Fe, Zn, Cu, 2SAFA,
>MUFA, >PUFA, n-3, n-6, n-3/n-6, UNS/SAFA, PUFA/
SAFA, EPA, DHA, protein, lipid, moisture, ash).

Five principal components (PC) were extracted by cover-
ing 91% of the cumulative variance. The variance of the five
principal components is 64.9%, 20.1%, 5.9%, 3.5% and 1.6%,
respectively. Figure 1 reported the scree plot of the eingenval-
ues. In agreement to these results, the total variance explained
by the two first components was 85%. Loading of variables
on the first two principal components (Figure 2a) showed
that moisture, Zn, Cu, EPA, lipid, UNS/SAFA, PUFA/SAFA,
PUFA, n-3, n-3/n-6 and DHA had positive scores on the PC1,
while K, Ca, Fe, Mg, Na, ash, protein, MUFA, n-6 and SAFA
were characterized by negative scores on the same factorial
component. Besides protein, K, ashes, UNS/SAFA, MUFA,
Fe, PUFA/SAFA, n-6, PUFA, Zn and n-3 had positive scores
on the PC2 while Na, Mg, SAFA, moisture, EPA, DHA,
lipid, Ca, Cu and n-3/n-6 had negative scores on the PC2.
The scatter plot of scores on the first two principal compo-
nents PC1 and PC2 (Figure 2b) shows a separation among
the bivalves. In fact, M. varia, M. galloprovincialis, L. tuberculata
and O. edulis, had positive scores on the PC1, while F glaber,
S. marginatus, A. noae and M. barbatus were characterized
by negative scores on the same principal component. Further-
more A. noae, S. marginatus, M. varia and M. barbatus had
positive scores on the PC2 while £ glaber, M. galloprovincialis,
O. edulis and L. tuberculata had negative scores on the PC2.
PCA showed, therefore, that £ glaber was associated to higher
Na, Mg, SAFA and Ca than other organisms; M. galloprovincia-
lis, O. edulis and L. tuberculata were associated to higher mois-
ture, EPA, DHA, lipid, n-3/n-6 and Cu, while A. noae, S. mar-
ginatus and M. barbatus were associated to higher protein, ash,
K, MUFA, Fe and n-6. Lastly, Mimachlamys varia was associ-
ated to higher UNS/SAFA, PUFA/SAFA, PUFA, n-3.

CONCLUSION

The importance of the results of this study lies in the fact
that, up to now, nutritional quality data are not available
in the literature for half of the eight bivalves species. There-
fore, it can provide information to consumers, nutritionists,
food scientist and guide the farmers to promote the culture
of these species.

Edible bivalves, from the Ionian coast of Italy may be con-
sidered as food item with interesting dietetic properties due
to high contents of protein, Ca, K, Na, Fe, Zn, Cu, and low
cholesterol content and to the interesting fatty acid composi-
tion. Both the amount of lipid (rather low) and the propor-
tion of saturated, monounsaturated, and polyunsaturated
fatty acids in bivalves contribute to a healthful diet.
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One of the purposes of this study was just to obtain in-
formation on the profile of fatty acids in these bivalve species
of commercial interest, widely appreciate in the markets.

The main result of the present study is the finding that
many of them can satisfy the nutritional needs of consumers
for valuable -3 PUFAs, that represent the fraction of the sea-
food lipids that has the largest effect on human health.

All species showed elevated levels of n-3 PUFAs, especially
EPA and DHA, plus a high n-3/n-6 ratio. M. galloprovincialis
and M. varia showed the best values of these two FAs.

The n-3/n-6 ratio, PUFA/SAFA, HH, Al and TI, which are
indicators of lipids nutritional quality in food, indicated that
the consumption of these species could be beneficial to hu-
man health. Despite differences among bivalves investigated,
all samples had the n-3/n-6 ratio within the recommended
range and among them, M. galloprovincialis. M. varia, L. tu-
berculata, O. edulis had the best n-3/n-6 ratio. In terms of HH,
Al and T1, M. varia, O. edulis, M. galloprovincialis, and L. tu-
berculata showed to have good potential as a nutritional food
with beneficial effects for the consumer’s health. Moreover,
it must be emphasized that L. tuberculata is not very com-
mercialized; it is considered a niche product well appreci-
ated for its organoleptic qualities by estimators, in particular
in Southern Italy. At present, no literature data of this species
in the wild exist, but our results encourage further studies.

This study has shown that differences exist in fatty acid
composition among specific Tonian bivalve species and this
is particularly important when a nutritional evaluation of
seafood is made and when recommendations of human con-
sumption levels follow for specific health benefits. Considering
the importance of exogenous (season, temperature, salinity)
and endogenous factors related to the nutritional quality of bi-
valves, future research will extend the study period to one year.
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Importance of Cheese Whey Processing: Supplements for Sports Activities — a Review
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Whey protein (WP) is a highly nutritious, commercially available alternative food source that is used primarily as a food supplement by athletes
and physically active individuals to provide them with essential amino acids and bioactive peptides, and additional benefits have been attributed to
WP consumption. In this context, the objective of this review was to explore current evidence regarding the consumption of different WP supplements
in sports nutrition to elucidate their efficiency in affecting muscle hypertrophy, physical performance, response to muscle injury, weight loss, and body
composition changes. Furthermore, these effects were assessed by comparing whey protein hydrolysate (WPH), whey protein concentrate (WPC),
and whey protein isolate (WPI) supplementation. Supplementation with WPI or WPC was related to increased muscle protein synthesis (MPS),
and WPH caused muscle hypertrophy and improved physical performance. Compared to WPC and WPI, WPH improved peak torque associated with
strength training without reducing the creatine kinase (CK) and tumor necrosis factor alpha (TNF-a) levels in this type of physical activity, and the de-
creases in CK and lactate dehydrogenase (LDH) associated with aerobic exercise were significant. Supplementation with WPC resulted in weight loss,
satiety, and improved body composition, without compromising whole-body lean mass loss. WPH was more effective than WPC and WPI regarding
improved peak torque and muscle hypertrophy associated with strength training, and WPH reduced muscle damage associated with aerobic exercise

via decreased CK levels.

LIST OF ABBREVIATIONS

ALA: a-lactoalbumin; BCAAs: branched-chain amino
acids; BF: body fat; BLG: B-lactoglobulin; BMI: body mass
index; CBDdiet: carbohydrate breakfast diet; CHO: carbohy-
drates; CK: creatine kinase; CONC: concentric exercise; DRI:
dietary references intakes; EAA: essential amino acids; ECC:
eccentric exercise; EIMD: exercise-induced muscle damage;
FAO: Food and Agriculture Organization; IOM: Institute
of Medicine; IPT: isometric peak torque; LBM: lean body
mass; LDH: lactate dehydrogenase; LIP: lipids; MP: milk
protein; MPS: muscle protein synthesis; NWP: native whey
protein; PBdiet: protein breakfast diet; PTN: proteins; RDA:
recommended dietary allowance; REE: rest energy expendi-
ture; RNS: reactive nitrogen species; ROS: reactive oxygen
species; SPI: soy protein isolate; TNF-a: tumor necrosis fac-
tor alpha; WBdiet: whey protein breakfast diet; WC: waist
circumference; WP: whey protein; WPC: whey protein con-
centrate; WPC-L: high-lactoferrin WPC; WPH: whey protein
hydrolysate; WPI: whey protein isolate.

* Corresponding Author: Phone: +55 51 3714 7000; Fax: +55 51 3714 7001;
E-mail address: claucia@univates.br (C.E Volken de Souza)

INTRODUCTION

The search for nutrients in alternative food sources has
been widely explored [Oliveira et al., 2012]. Accordingly,
whey, a product of cheese manufacture, has a significant
commercial value due to its wide availability, low produc-
tion cost, and a high nutritional value [Kankanamge ef al.,
2015]. Its use in the production of fruit-flavored dairy
drinks, with fruit pulps such as acerola [Cappato et al.,
2018] and chocolate [Monteiro et al., 2018] has increased,
constituting an alternative to yogurt. It has also increased
in the processing of dairy foods such as whey-grape juice
[Amaral et al., 2018] and even in probiotic dairy drink
formulations, added with inulin [Guimaraes ef al., 2018].
Whey accounts for approximately 20 to 30% of the total
protein content of bovine milk [Devries & Phillips, 2015];
B-lactoglobulin (BLG) (45-57%) is the most abundant
protein, followed by a-lactoalbumin (ALA) (15-25%), im-
munoglobulins (10-15%), glycomacropeptide (10-15%),
bovine serum albumin (10%), lactoferrin (~ 1%), and lac-
toperoxidase (<1%) [Bendtsen et al., 2013].

BLG is composed of approximately 26% of branched-
-chain amino acids (BCAAs) (L-leucine, L-valine, and L-iso-
leucine) [Pal & Radavelli-Bagatini, 2013], which are among

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
© 2019 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/).
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the nine essential amino acids (isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, valine,
and histidine) [Waitzberg & Logullo, 2006], which are essen-
tial for muscle protein synthesis (MPS) [Burd et al., 2012]
and, therefore, for muscle hypertrophy [Aoi ef al., 2011].
Hypertrophy, increased lean body mass [Volek e al., 2013],
and reduced muscle fatigue [Babault ef al., 2014] are ob-
served when strength training is followed by BCAA supple-
ment ingestion because BCAAs minimize lean body mass loss
and promote muscle regeneration [Aoi et al., 2011] after in-
juries caused by exhaustive exercise [Burd ez al., 2012]. How-
ever, these processes occur as long as they are combined with
a positive nitrogen balance [McArdle et al., 2014]; although
all 20 different types of amino acids are essential to protein
synthesis, the organism needs a dietary intake of the nine es-
sential amino acids, including BCAAs. The absence or inad-
equate intake of any of these amino acids leads to a negative
nitrogen balance, and might cause weight loss and hinder
growth, which does not benefit the MPS process and muscle
hypertrophy [Mahan & Escott-Stump, 1998].

Using different technologies for production [Biocatalysts,
20141, whey proteins are sold as sports supplements termed
whey protein (WP) [Haraguchi er al., 2006]. These products
are available as whey protein concentrate (WPC), isolate
(WPI), and hydrolysate (WPH) varieties [Pal & Radavelli-
-Bagatini, 2013]. WPC contains approximately 25-89% pro-
tein, with or without lactose; WPI has approximately 90-95%
protein, usually without carbohydrates; and WPH has higher
peptide fractions [Marshall, 2004].

WP is a complete protein containing all the essen-
tial amino acids [Aoi et al., 2011] required for MPS [Stark
et al., 2012], enabling muscle hypertrophy [Devries & Phil-
lips, 2015] and improved strength performance [Chen ef al.,
2014]. Furthermore, essential amino acids improve body
composition [Devries & Phillips, 2015], reduce immunosup-
pression and inflammation caused by muscle injury during
physical training, and attenuate oxidative stress induced
by exercise because they have antioxidant effects, and com-
prise a nutritional supplement also referred to as immune-
-nutrient [Cruzat ef al., 2014]. In addition, other amino acids
such as L-glutamine and L-arginine might also play these
roles. Therefore, protein and amino acid supply is required
for optimal synthesis and concentrations of immune-related
proteins, including cytokines and antibodies. Amino acids will
help regulate the main metabolic pathways of immune cells,
from cell response to oxidative stress, and anti-inflammatory
response, all of which are essential for an optimal immune
function and for recovery from intense periods of physical
training [Cruzat et al., 2014]. For athletes, WPH provides
greater advantages over WPC and WPI [Biocatalysts, 2014]
(Figure 1) because WP hydrolysis releases biologically active
amino acids and peptides [Madureira et al., 2010].

However, for athletes and physically active people, the is-
sue of whether to supplement remains controversial due to
inconsistent data on WP varieties. Several factors, includ-
ing dosage, mode of administration, intake time(s), dura-
tion of use, and integration into a specific physical training
program, affect protein supplementation effects [Naclerio &
Larumbe-Zabala, 2016].

- myofibrillar protein synthesis

- muscle hypertrophy *

- increased peak torque *

- increased muscle strength

- improved physical performance *

‘Whey
protein
varieties

Physical

training pu—
program

- improved muscle response *
- change in body comp osition
- reduced body fat *

- weight loss

FIGURE 1. Effects of supplementation with WPC, WPI, and WPH com-
bined with a physical activity program. *Greater advantage of WPH over
WPC and WPL.

These factors highlight the need to review studies related
to WP to elucidate its effects on hypertrophy, physical per-
formance, response to muscle injury, weight loss, and change
in body composition and to compare the effects of WPH,
WPC, and WPI supplementation.

EFFECTS OF WHEY PROTEIN CONCENTRATE,
WHEY PROTEIN ISOLATE, AND WHEY PROTEIN
HYDROLYSATE CONSUMPTION ON MUSCLE
HYPERTROPHY AND PHYSICAL PERFORMANCE

Muscle hypertrophy is the main objective of individuals
seeking improved athletic performance. Muscle mass gain re-
quires adequate nutrient intake and primarily requires protein
[Rigon & Rossi, 2012]. The recommended dietary allowance
(RDA) of protein established by the Dietary References In-
takes (DRI) of the Food and Nutrition Board of the Institute
of Medicine (IOM) of the United States is 0.8 g/kg weight/
day [IOM, 2002/2005]. However, protein intake greater than
the RDA is required for individuals to optimize their adapta-
tion to strength training [Chen et al., 2014]. These individuals
should maintain moderate protein consumption ranging from
1.4 to 2.0 g protein/kg body weight/day [Jager et al., 2017,
Roberts et al., 2017].

Accordingly, the high-quality proteins and essential ami-
no acids found in WP make this supplement one of the most
widely used for MPS, ensuring good physical performance
[Monteyne et al., 2018; Morton et al., 2018]. Table 1 outlines
the results on muscle hypertrophy and physical performance
from studies of supplementation with WPC, WPI, and WPH.

Muscle hypertrophy associated with WP supplementation
can improve the performance of strength athletes and ath-
letes who perform aerobic sports, such as marathons, cycling,
and swimming [Chen e al., 2014]. Several studies on WPH
supplementation before and immediately after each workout
involving different physical exercises showed muscle hyper-
trophy [Farup ef al., 2014b; Rahbek et al., 2014; Stefanetti
etal., 2014].

Athletes who supplement with WPH before and after
each running session in a combined daily intake of 1.8 g pro-
tein/kg weight per day showed improved functional strength
and physical performance [Hansen ef al., 2015]. Conversely,
supplementation with WPH or WPC immediately before
and after the daily workout in a combined daily intake of 1.3 g
protein/kg weight per day failed to improve physical perfor-
mance, and only WPC consumption increased muscle mass
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workout period improved MPS and anabolic signaling when
the protein was administered more frequently and in smaller
quantities. On the other hand, Areta et al. [2013], who admin-
istered WPI gradually, 20 g every 3 h after strength training for
a 12-h period, suggest that more frequent and smaller quanti-
ty supplementation may be an optimal intervention. These re-
sults suggest that increased WP intake, e.g. 20 to 25 g, in one
single ingestion stimulates MPS more than repeated protein
supplementation in small portions [West ef al., 2011] and that
the effect of modulating the distribution of protein intake on
anabolic responses in the skeletal muscle has the potential to
maximize training results, reaching the peak of muscle mass
[Areta et al., 2013].

Furthermore, leucine consumption through WP varieties
helps MPS. In a recent study by Mitchell et al. [2017], im-
proved muscle synthesis was observed | h after consuming
WPC microparticles (mWPC) or WPC, both with similar leu-
cine concentrations, in physically active, healthy young men.
Similarly, supplementation with WPI and leucine shortens
MPS compared with supplementation exclusively with WPI
[Macnaughton ef al., 2016]. Atherton et al. [2010] observed
increased MPS after 45-90 min when WPI intake was com-
bined with the intravenous injection of 0.7 mg leucine/kg
weight/h for 8.5 h.

Furthermore, native WP, produced by raw, unprocessed
milk filtration, which is a production method that maintains
milk proteins intact, has a higher leucine content than WPC,
which is derived from whey [Hamarsland ef al., 2017]. These
authors also compared MPS in response to two 20-g doses
of WPC or native WP ingested immediately and two hours after
strength training and observed that native WP increased blood
leucine concentrations more than WPC, although the MPS
rates increased faster with WPC (within 1-3 hours post-work-
out), whereas native WP increased MPS rates within 1-5 hours
post-workout. These results suggest that WP supplementa-
tion with leucine maximizes its effect on MPS and that leucine
in connection with exercise plays a unique role in the regulation
of MPS [Moberg ef al., 2014]. Previous studies also suggest
that leucine, composition of the protein, and rapidly ingested
amino acids in the bloodstream are the major factors that de-
termine MPS response [West et al., 2011].

According to the Food and Agriculture Organization
[FAO, 2013], protein quality varies according to its amino
acid content, digestibility, and bioavailability. Plant protein
sources are frequently inferior in one or more essential ami-
no acids and thus fail to meet the requirements of complete
proteins, such as those contained in whey [Joy et al., 2013].
Therefore, WP quality is related to its high biological value
and the content of essential amino acids [Aoi et al., 2011;
Atherton et al., 2017]. Increased gains in lean body mass were
observed in individuals who consumed daily isocaloric WPC
supplements compared with those who consumed soy protein
isolate and carbohydrates, thus highlighting the importance
of protein quality in strength training [Volek et al., 2013]. This
discrepancy occurs because strength training combined with
WP supplementation is associated with increased lean body
mass compared with other isoenergetic supplements contain-
ing carbohydrates or other sources of protein [Naclerio &
Larumbe-Zabala, 2016].

However, in addition to type, the effects of protein supple-
mentation on the concentration of blood amino acids will de-
pend on quantity [Mitchell ez al., 2015] and state (whether solid
or liquid) required to increase the concentration of blood ami-
no acids, i.e., cause aminoacidemia [Baer ef al., 2011], as well
as absorption time and kinetics of plasma amino acids [Burd
et al., 2012]. That is why consuming protein supplementation
within 1 h after strength training is ideal for promoting hyper-
trophy and gains in muscle strength [Stark et al., 2012].

As mentioned above, protein intake regulates muscle
protein synthesis in response to repeated anabolic stimuli
to maintain and promote MPS, which should be consid-
ered in the development of nutritional strategies [Areta ef al.,
2013]. According to Devries & Phillips [2015], although pro-
tein intake is the strongest predictor of muscle hypertrophy
after strength training, diets with a 20 to 35% higher protein
content of total daily energy consumption maximize muscle
hypertrophy compared with protein intake only a few hours
before and/or after strength training. Furthermore, the quan-
tity of muscle mass may also affect MPS, given the increased
demand for amino acids, which may be met by exogenous
sources [Macnaughton et al., 2016]. However, a protein in-
take higher than 2.0 g/kg weight/day is unlikely to provide ad-
ditional gains in lean body mass [Pasiakos et al., 2013].

Protein supplements, essential amino acids, and leucine
increase MPS rates while decreasing muscle protein degra-
dation and possibly enhancing recovery after exercise [Jager
et al., 2017], although whether protein supplementation
promotes hypertrophy and increases muscle strength gain
remains unclear [Erskine et al., 2012] because studies have
limitations, including small sample size, inaccurate measures
of muscle size and strength, lack of control over previous
training programs or regular protein intake, and issues with
the study period or number of study variables [Nogiec & Ka-
sif, 2013]. Furthermore, the individual response to strength
training may vary between subjects [Erskine et al., 2010],
and this effect may be reduced by the increased experimental
control of physical activity and protein intake [Erskine er al.,
2012]. The lack of studies measuring MPS also prevents
the establishment of an RDA of protein during the muscle re-
covery period [Areta et al., 2013].

EFFECT OF SUPPLEMENTATION WITH WHEY
PROTEIN CONCENTRATE, WHEY PROTEIN
ISOLATE, OR WHEY PROTEIN HYDROLYSATE ON
MUSCLE INJURY

The inflammation that occurs in response to muscle dam-
age is induced and aggravated by the increased production
of reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) [Cruzat & Tirapegui, 2009]. Although physical
training stimulates ROS production, the intracellular ROS
concentration may not reach harmful levels due to the in-
crease in and adaptations of antioxidant system responses
[Cruzat et al., 2014]. However, inadequate physical training
and a single, high-intensity training session or excessive phys-
ical training may cause changes in the redox states, oxidative
stress [Petry et al., 2014], muscle fatigue, and muscle injury
[Cruzater al., 2010].
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A significant release of hemoglobin-derived Fe’* ions
occurs during specific types of exercise, particularly those
involving eccentric contractions [Welch et al., 2002]. There-
fore, damage to erythrocyte membranes [Koury & Donan-
gelo, 2003] may enhance oxidative stress, leading to fatigue
and muscle damage [Niess & Simon, 2007] and thereby im-
pairing athletic performance [Koury & Donangelo, 2003].
Moreover, ROS and RNS production may induce an increase
in intracellular Ca>* concentrations and inactivate several en-
zymes involved in anaerobic and aerobic metabolism, leading
to muscle fatigue [Duhamel et al., 2005].

Muscle injury, neutrophil infiltration, and ROS genera-
tion are directly related to the initiation of the inflammatory
response and depend on the intensity, type, and duration
of physical exercise [Niess & Simon, 2007; Petry et al., 2014].
Furthermore, during the recovery period, immunity may be-
come compromised, thereby contributing to chronic inflam-
mation [Cruzat et al., 2014] through considerable changes
in the immune function.

The effects of exercise on the immune system are medi-
ated by changes in the production of hormones, such as
adrenaline, cortisol, and growth hormone, and pro- and anti-
inflammatory cytokines [Cannon, 2000]. The increase in cir-
culating proinflammatory cytokines induces edema and pain
and worsens inflammation until this increase is reversed
and recovery from muscle injury is established [Cruzat & Ti-
rapegui, 2009].

Among the pro-inflammatory cytokines, tumor necrosis
factor alpha (TNF-a) stands out [Rohde et al., 1997]. TNF-a
induces inflammatory responses involving the release of cyto-
kines that persist for up to 5 days, resulting in the pronounced
accumulation of neutrophils and macrophages in the dam-
aged tissue, where these cytokines perform key functions for
damaged tissue repair [Tsivitse et al., 2003]. Circulating TNF-a
levels increase one- to two-fold after strenuous and prolonged
training [Ostrowski ez al., 1999], and their pro-inflammatory
effect decreases during moderate exercise due to the increase
in anti-inflammatory cytokines [Cruzat et al., 2014], as the ef-
fects of exercise-induced cytokines depend on the type of me-
diator involved and on the balance between pro-inflammatory
cytokines (IL-1, TNF-a, IFNa, IFNy, TNF-, IL-2, IL-12 ¢
MCP-1) and anti-inflammatory cytokines (IL-4, IL-10, IL-
13, IL-12p40, IL-Ira). While performing moderate exercises,
the production of pro-inflammatory cytokines is negatively
regulated and that of anti-inflammatory cytokines is positively
regulated [Rohde ef al., 1997]. During strenuous and pro-
longed exercises, there is an increase in the levels of circulating
pro-inflammatory cytokines, such as TNF-a, counterbalanced
by the production of the anti-inflammatory cytokine IL-10
[Ostrowski et al., 1999]. Therefore, plasma IL-1 and TNF-a
concentrations increase one- to two-fold, while IL-6 might
increase over 100 times in the skeletal muscle after the prac-
tice of prolonged physical exercises, causing IL-6 to stimu-
late the circulation of anti-inflammatory cytokines IL-1ra and
IL-10, thus inhibiting the production of the pro-inflammatory
cytokine TNF-a [Ostrowski et al., 1999].

Intense and prolonged physical training [Brancaccio et al.,
2008] also increases the serum levels of creatine kinase (CK)
[Brancaccio et al., 2007] due to cell membrane rupture [Wal-

lace, 2011], which damages the sarcomere of skeletal muscle
cells [Brancaccio et al., 2007]. The CK levels tend to peak
16-24 h after the workout and remain high for approximately
72 h [Uchida et al., 2009]. Increased lactate dehydrogenase
(LDH) activity, indicative of muscle cell injury, is also seen
when mechanical tension is applied to muscle fibers dur-
ing exercises due to the increased sarcolemma permeability,
which releases LDH into the bloodstream and increases its
concentration [Van De Vyver & Myburgh, 2012].

Nutritional supplements that contain proteins and amino
acids, such as WP, may contribute to reduced immunosup-
pression and excessive inflammation [Cruzat et al., 2014],
accelerating muscle function recovery after strength training,
although the evidence for this assumption remains unclear
[Kim et al., 2017]. A systematic review made by Davies ef al.
[2018] demonstrated a mild-to-moderate ergogenic effect
of WP use on the acceleration of muscle function recovery
after strength training. Table 2 outlines the effects of supple-
mentation with WPC, WPI, or WPH on the response to mus-
cle injury induced by strenuous physical training.

The repair of damaged muscle tissue can be shown by as-
sessing the activity levels of LDH [Brancaccio et al., 2008]
and CK because they are indicators of muscle injury [Soares
et al., 2012]. Significant decreases in CK and LDH were ob-
served by Lollo er al. [2014] when WPH was provided to
soccer players before and after aerobic training. The study
by Brown et al. [2018] found that in physically active wom-
en, WPH supplementation immediately and 2 h after muscle
damage induced by repeated sprint exercises also promoted
greater reductions in CK. Similarly, WPH intake before
and after each aerobic workout, as proposed by Hansen et al.
[2015], attenuated the increase in CK, thus indicating that
protein supplementation facilitated recovery from strenuous
training among elite runners, despite the increase in LDH
and the failure to alter TNF-a levels.

The reductions in muscle damage and acceleration of re-
covery from muscle injury caused by strenuous physical ex-
ercise may be related to the use of WPH supplementation
[Brown et al., 2018]. These findings are in line with the study
by Lollo ef al. [2014], in which supplementation with WPC
immediately before and after daily training sessions or soc-
cer league matches showed a trend toward increased CK
and LDH levels, and with the study by Hamarsland et al.
[2017], in which CK levels increased upon intake of two
20-g doses of WPC-80, native WP or milk protein (20%
whey and 80% casein), both immediately and two hours af-
ter strength training. Furthermore, other authors found no
improvement in muscle damage markers (CK and TNF-a)
or muscle pain in individuals supplemented with a 0.4 g/kg
mixture of WPC with WPI 30 min before and after exercise,
both with the short-term diet with high protein content (2.9 g
protein/kg/day) and with diet with moderate protein content
(1.8 g protein/kg/day), after repeated days of intensive train-
ing [Roberts et al., 2017].

Supplementation with WPH decreased the muscle dam-
age indicators CK and LDH but failed to improve physical
performance, increase muscle mass, or decrease body fat
compared with supplementation with WPC among soc-
cer players undergoing aerobic training [Lollo e al., 2014].
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When comparing WPH and WPI intake, Buckley et al. [2010]
noted that WPH intake accelerated the recovery of strength
capacity and muscle regeneration after a single session of ec-
centric exercise, although no significant differences in the se-
rum activity of CK or in the plasma levels of TNF-a were
found. This rapid recovery of strength capacity and muscle
regeneration during bodybuilding exercises results from
the increased rate of MPS and increased strength gains in-
duced by WP compared with other dietary proteins because
WP proteins in WPH are rapidly digested and absorbed due
to the hydrolysis process [Burd et al., 2012].

In contrast, Burnley et al. [2010] determined that WPI
supplementation immediately after moderate eccentric exer-
cise had no significant effect on muscle recovery in young men,
most likely because the muscle injury was light and the sup-
plement dose was low. The authors concluded that a small
quantity of protein supplementation might be insufficient to
affect muscle injury recovery. The TNF-o and CK levels also
remained unchanged in the study by Buckley et al. [2010],
which may be explained by the short study period because
serum CK activity can take up to 48 h to increase. Addition-
ally, the absence of any effect on the plasma levels of TNF-a
after maximal eccentric contractions may have resulted from
the short duration of the exercise protocol used.

Strength generation capacity and accelerated recovery
from muscle injury were observed 6 h after exercise when sup-
plementation with WPH was performed 2 min after exercise,
and the same improvements were also observed at 24 h after
2 additional administrations at 6 h and 22 h in experiments
involving the induction of fatigue and injury in sedentary
men [Buckley er al., 2010]. Isometric strength, as assessed
by treadmill walking with a 25-kg load on the back, was re-
covered within 48 h when a WPI + WPH combination was
administered. Protein supplementation favored the mainte-
nance of an anabolic environment, which may have improved
the repair of structural muscle proteins damaged during pro-
longed exercise with load, leading to the recovery of isometric
muscle function [Blacker et al., 2010].

Therefore, for athletes, WPH has greater advantages than
WPC or WPI [Biocatalysts, 2014] because WPH is digested
and absorbed more rapidly [Burd et al., 2012] and shortens
the recovery from muscle injury caused by strenuous physical
exercise from days to hours [Biocatalysts, 2014]. It is likely
that an increase in the supply of amino acids through WPH
supplementation is responsible for accelerating repair of dam-
aged skeletal muscle and its capacity to generate force [Brown
etal.,2018].

EFFECT OF SUPPLEMENTATION WITH WHEY
PROTEIN CONCENTRATE, WHEY PROTEIN
ISOLATE, OR WHEY PROTEIN HYDROLYSATE
ON WEIGHT LOSS AND CHANGE IN BODY
COMPOSITION

Protein intake has been related to satiety and reduced
energy intake compared with other macronutrients [Mon-
teyne et al., 2018]. However, this satiety effect is dependent
on the protein source [Chungchunlam et al., 2017]. WP sup-
plements may be a good choice for a weight loss diet due

to the presence of proteins BLG and ALA [Bendtsen ef al.,
2013]. ALA is considered to be easily and quickly ingested,
having the highest content of tryptophan (6%) among all
sources of food proteins [Markus ef al., 2002], thus being
considered a source of tryptophan, a precursor of serotonin,
which is known to suppress food intake and satiety [Halford
et al.,2011]. This makes the intake of ALA-enriched proteins,
such as WP, a precursor of increased levels of tryptophan
and serotonin in the brain [Markus et al., 2002].

Weight loss and increased satiety were observed upon
consumption of an energetic breakfast with a high-protein
content from WPC relative to other sources of protein (eggs,
tuna and soy) [Jakubowicz et al., 2017]. The results also
showed that the satiating effect of WPI was similar to that
of BLG or ALA due to rapid protein digestion and absorp-
tion, high concentrations of amino acids in the bloodstream
[Bendtsen et al., 2013] and the release of gastrointestinal
hormones related to satiety, including cholecystokinin, gluca-
gon-like peptide-1, and peptide tyrosine [Jakubowicz & Froy,
2013]. A rapid whey protein intake is more satiating than that
of intact proteins, such as casein, slowly digested in the short
term and quickly digested in the long term, which might
be partially explained by the difference in blood amino acid
rates and postprandial secretion of gastrointestinal hormones
[Bendtsen et al., 2013].

In addition to the satiating effect and weight loss, WPH
may help modulate weight and reduce body fat [Bendtsen
et al., 2013]. Supplementation with WPH immediately before
and after strength training and between meals on non-train-
ing days reduced body fat to a greater extent than supplemen-
tation with WPC (80%) or high-lactoferrin WPC (WPC-L)
[Lockwood et al., 2017]. However, according to the authors,
further research is required to elucidate in which form WPH
affects adipose tissue physiology.

In addition to regular physical training, high-protein di-
ets (Table 3) may have beneficial effects on anthropometry
and body composition. Supplementation with WPC 30 min-
utes before lunch has beneficial effects on the appetite, caloric
intake, anthropometry, and body composition of overweight
and obese male workers [Tahavorgar et al., 2014]. Conversely,
Chungchunlam ez al. [2017] found no significant decrease
in hunger, satiation, or energy intake in “ad libitum” meals.

The decrease in body fat mass is related to the intake
of different protein varieties. For example, a study assessing
the intake of a commercial WPI + WPC + WPH supplement
20 minutes before a high-intensity strength training session
in trained men and women showed an increase in resting en-
ergy expenditure, which is an effective strategy to reduce body
fat mass without decreasing muscle mass [Hackney er al.,
2010]. Weight loss without affecting muscle mass occurred
in young men with WPI intake 5 minutes after the strength
training session when followed by a full meal 60 minutes af-
ter supplementation [Monteyne ef al., 2018]. According to
Devries & Phillips [2015], the increase in protein intake in-
creases the gains in lean body mass during strength training
and enhances high-quality weight loss.

Supplementation with WPC decreased total body and ab-
dominal fat and increased muscle mass when administered
to untrained men after strength training [Hulmi et al., 2015]
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and promoted weight and body fat loss among women
[Gomeseral.,2017]. These results can be attributed to the WP
content, which correlates with decreased energy consumption
because it increases satiety, thereby decreasing energy con-
sumption [Bendtsen et al., 2013] and/or increasing resting
energy expenditure [Hackney et al., 2010]. Furthermore, these
proteins participate in beta-oxidation processes [Acheson
etal.,2011] and lipolysis [Hector ez al., 2015] and can be rec-
ommended for body fat loss after strength training [Hulmi
et al., 2015]. Conversely, Berryman ef al. [2017] found no
changes in weight, lean body mass, or body fat measurements
in young men supplemented with WPI 3 times per day imme-
diately after aerobic physical exercise in the morning, between
lunch and dinner, and before bed.

Nutritional monitoring and a training program in line
with an individual’s goals are important for realizing benefi-
cial effects from the consumption of different WP formula-
tions because protein supplementation alone will most likely
fail to cause the expected effects. As shown above, the RDA
established by the DRI for the population is a key tool for
nutritionists. Accordingly, the quantity of daily protein that
should be ingested by a sedentary adult is 0.8 g/kg weight/
day [IOM 2002/2005], whereas this need will vary with the in-
dividual’s physical training intensity and objectives. Accord-
ing to the Brazilian Society of Exercise and Sports Medicine
[Sociedade Brasileira de Medicina do Exercicio e do Esporte,
20091, an intake of 1.2 to 1.6 g/kg protein/day is recommend-
ed for endurance athletes, whereas strength athletes may ben-
efit from an intake of 1.6 to 1.7 g/kg protein/day, although
an intake higher than 3.0 g/kg protein/day may benefit body
composition [Jager et al., 2017]. To optimize protein supple-
mentation, nutritionists must evaluate the individual’s diet,
lifestyle, sports modality, goals, and training phase before
choosing the supplement.

This study examined available evidence regarding the ef-
fects of consuming different varieties of WP on muscle hy-
pertrophy, physical performance, response to muscle injury,
weight loss, and body composition changes. However, this
review had limitations due to difficulties in comparing stud-
ies that involve various methods and include small groups,
heterogeneous samples, and differences in age, trained or
untrained individuals, dosage, administration routes, supple-
ment varieties, the degree of diet control, the study period
length (ranging from hours to months), and the physical
training modalities. These difficulties stress the need for fur-
ther studies on WP supplementation with larger and more ho-
mogeneous samples and study periods longer than 12 weeks.
Furthermore, more specific training protocols, which should
focus on hypertrophy, physical performance, response to
muscle injury, weight loss, and changes in body composition,
are needed and should be adequately integrated with the sup-
plementation protocol to consider dosage, administration
route, and food intake to obtain more consistent results.

CONCLUSION
The papers analyzed in the present study showed that

supplementation with either WPI or WPC was related to
increased MPS and that WPH caused muscle hypertrophy

and improved physical performance. Few studies showed re-
sults concerning muscle damage regarding the efficacy of WP
varieties in reducing cell damage markers monitored by CK,
LDH, and TNF-a. A higher reduction in weight, satiety,
and improved body composition occurred with WPC supple-
mentation, without compromising bodily lean mass loss.

WPH intake provided more advantages compared to WPC
and WPI, and improved muscle torque and hypertrophy peak
associated to strength exercise and reduced muscle damage,
caused by reduced CK levels associated to aerobic exercises.
With these findings, the present study contributes to assign
the WP variety according to its use by athletes, sportspeople,
and general population.
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In the present study, the effects of intermittent microwave-vacuum drying on the “Deveci” pear in terms of the drying kinetics, mineral content,
protein content, rehydration ratio, color, energy, specific energy and microstructure were investigated. According to the drying treatments, increased
microwave power (100 and 200 W) and vacuum (200 and 400 mmHg) applications provided higher drying rates and protein content. Dried pear
samples had a higher mineral content than fresh samples because of the increasing dry matter content. At the higher vacuum level experiments, the en-
ergy consumption reduced and the rehydration ratio increased. Moreover, the higher microwave power caused a decrease of the L* (lightness) value.
However, a regular pore size and pore distribution in all drying experiments were observed in the microstructures of microwave-vacuum-dried samples.

INTRODUCTION

The pear (Pyrus communis L.) belongs to the Rosaceae
family [Antal e al., 2017]. It is a fruit native to temperate
zones and is cultivated in Europe [Guiné et al., 2007]. Ac-
cording to the Food and Agriculture Organization data [FAO,
2018], the worldwide pear production in 2014 was estimated
at approximately 25.8 million tons. Fully mature pears play
an important role in the human diet and nutrition as sources
of dietary fiber, vitamins C and B, and minerals such as mag-
nesium and potassium [Lutovska et al., 2016]. They are eaten
in both the natural and processed forms as purees, jams,
and dried pears [Santos, et al., 2014]. In fact, dried pears
are widely used in bakery products, gravies, and compotes
[Doymaz & Ismail, 2012].

Drying is a complex biological and chemical reaction
whose mechanism is not yet entirely understood [Ferreira
et al., 2008]. However, it is widespread industrial preservation
method used to decrease water content of agricultural prod-
ucts to minimize chemical, biochemical, and microbiological
deterioration [Doymaz & Ismail, 2012], as well as to prolong
the shelf life of the fruit, and avoid spoilage and contamina-
tion during storage. Using an appropriate drying procedure
also minimizes storage and transportation costs [Doymaz,
2013]. Therefore, drying methods have been garnering in-
creased attention, and detailed studies have been conducted
on the effects of different [Liile & Koyuncu, 2015] or hybrid

* Corresponding Author: Tel.: +90 224 294 16 04; Fax: +90 224 294 14 02;
E-mail nazmiizli@gmail.com (N. Izli)

drying [Huang ef al., 2015] methods on food quality. In re-
cent years, drying with a microwave vacuum has been used
as a hybrid method for top-quality dried products [Cui ef al.,
2003]. The advantage of the microwave-vacuum process
is drying acceleration under low temperature by an increased
pressure gradient between layers [Therdthai & Zhou, 2009].
If the microwave being used is not applied properly, poor-
-quality products may be manufactured due to irregular dry-
ing depending on product characteristics, shape, and size
[Han et al., 2010; Kus, 2016]. Thus far, intermittent micro-
wave application during drying has been an effective method-
ology to avoid improper heating and improve product quality
and energy efficiency within the product during microwave off
times [Zhang et al., 2017].

There are ample literature data on the drying of pears us-
ing various drying methods, such as osmotic pre-treated con-
vective air drying [Gonzalez-Martinez et al., 2006], solar dry-
ing [Guiné et al., 2007], sun drying [Ferreira et al., 2008], hot
air drying [Doymaz & Ismail, 2012], ultrasound-assisted in-
frared drying [Dujmic et al., 2013], solar stove of greenhouse
type drying [Guiné ez al., 2013], convective drying [Lutovska
et al., 2016; Santos et al., 2014], osmo-vacuum drying [Ami-
ripour et al., 2015], forced air convection drying [Dotto ef al.,
2017], microwave drying [Kus, 2016], intermittent convec-
tive drying [Silva et al., 2014], and infrared and freeze drying
[Antal ef al., 2017]. To the best of our knowledge, no study
has been reported on the intermittent microwave-vacuum
drying effect on pear slices. The pear cultivar “Deveci” is one
of the best winter-type pear cultivars in Turkey, originating
from Anatolia, that has recently gained popularity because
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of the high fruit quality, production and storage capacity
[Ozturk & Ozturk, 2014]. Therefore, this study was aimed to
investigate the drying kinetics of “Deveci” pear slices and dry-
ing effects on the mineral content, protein content, rehydra-
tion ratio, color, energy specific energy and microstructure
analyses when using intermittent microwave-vacuum drying
conditions.

MATERIALS AND METHODS

Drying experiments

Wholly matured and healthy fruits of “Deveci” pears
were selected for this study and were stored before drying
at 4=0.5°C for a day. The initial moisture content of fresh
samples was determined by oven drying (ED115; Binder, Tut-
tlingen, Germany) at 105°C [Celen & Kahveci, 2013] and was
found to be 5.67 (g water/g dry matter). The samples were
dried until the final moisture content of 0.1 (g water/g dry
matter). The samples were horizontal sliced into 5+0.04-mm
thickness using a food slicer (Nicer Dicer, China).

The drying experiments were carried out in a custom-
-modified intermittent microwave-vacuum dryer with a power
output of 900 W and a microwave frequency of 2450 MHz.
It consists of a microwave oven (NE1846; Panasonic, Ja-
pan), vacuum pump (VRT404; Bacca, Taiwan), voltage va-
riac (DVT2.5; Devotrans, Turkey), pulse controller (MCBY;
Entes, Turkey), and glass container (Figure 1). Before start-
ing the drying experiments, the glass container with the di-
mensions of 200 (diameter) x 92 (height) mm with the pear
to be dried was positioned inside the microwave cavity,
and the pressure inside the container was managed by a pres-
sure regulator valve connected to a 0.18-kW vacuum pump
and was monitored using a vacuum gauge. Once the vacuum
level was reached, the microwave oven was run, and vari-
ous output power levels and the pulse ratio were adjusted
using a voltage variac and pulse controller, respectively
[Kumar & Shrivastava, 2017; Zaki et al., 2007]. The weight
of the sample (80 g) was determined by the digital balance
(Radwag, Radom, Poland) and was recorded at 10-min in-
tervals after turning off the microwave-vacuum dryer [Zaki
et al., 2007]. The experimental conditions of drying includ-
ed: microwave power of 100 and 200 W, vacuum pressure
of 200 and 400 mmHg, and pulse ratio of 3 and 4. The pulse
ratio (PR) for each run was computed as PR = (t  +t )/t ,
where t_ is the magnetron power “on” time and t_, is the mag-
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FIGURE 1. Schematic diagram of the laboratory apparatus: (1) dryer,
(2) glass container, (3) teflon hose, (4) variac, (5) pulse controller,
(6) vacuum gauge, and (7) vacuum pump.

netron power “off” time [Gunasekaran & Yang, 2007]. Dur-
ing the study, 20 s of t and 40 s of t ; represented PR=3,
and 15sof t and 45 s of t_, represented PR=4.

Determining mineral contents

The total contents of some elements were determined
by using dry samples after microwave treatment of the 0.20-
0.50 g samples with 4 mL HNO, and 3 mL H,0, in a micro-
wave oven (MWS 2 DAP 60K, Berghof, Germany). Contents
of Na, K, and Ca were determined by the flame emission
method using a flame photometer (6361, Eppendorf Elex,
Germany), whereas these of P, Mg, Fe, Cu, Zn, and Mn was
determined in the extracts using inductively coupled plasma
optical emission spectroscopy (ICP OES) and expressed
in mg/kg (Optima 2100 DV, Perkin Elmer, United States).

Determining protein contents

The Kjeldahl method was used to determine the protein
content in pear samples. The conventional factor 6.25 was
used to obtain the protein content of fruits [AOAC, 1960].
Digestion/distillation unit (K-437/K-350, Buchi, Switzerland)
was used for nitrogen determination.

Rehydration ratio

Dried pear samples were rehydrated by immer-
sion in a distilled water bath at a controlled temperature
of 25°C. The weight of dehydrated pear samples used in each
experiment was 5+0.02 g. Rehydration of dried pears was
stopped after three hours. Next, the samples were drained
with a tissue paper to remove excess water from the surface.
The data were quantified in terms of the rehydration ratio
(RR) using the following formula [Zielinska ef al., 2016]:

Mass of the rehydrated sample 1)

RR =
Mass of the dried sample

Color measurements

The color of the pear sample was measured before and af-
ter drying using a colorimeter (Hunter Lab, MSEZ-4500L,
USA) at four different points on the pear’s sample for all
experiments. The color values were indicated as L* (white-
ness/darkness), a* (redness/greenness), and »* (yellowness/
blueness). Additionally, L *, a,* and b, * represented the color
parameters of the fresh samples. The following formulas were
used to calculate Chroma C (Eq. 2), hue angle o (Eq. 3),

and total color difference AE (Eq. 4), [izli, 2017]:

C=+(@>+b%) 2)

a=tan" (é) (3)
a

AE = \J(Ly = L) +(ay—a’)* +(by —b')? )

Energy and specific energy consumption

The energy consumption values of the intermittent micro-
wave-vacuum drying processes were measured using a power
meter (EU TS-836A; Floureon, China). The drying devices
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(i.e., the microwave oven and vacuum pump) were connect-
ed to the power meter that was on the electric grid. During
the drying conditions, the energy consumption values were
recorded by the power meter in kWh [Orikasa et al., 2018].
The energy required to evaporate a unit mass of water from
the sample (specific energy consumption, SEC) was cal-
culated for each drying experiment. It was defined in terms
of the MJ/kg of water removed and was used as process pa-
rameters of optimization [Kumar & Shrivastava, 2017].

1, M(1-m) x 10

SEC (MIkg) = —*=y 70 s
P VT

&)

where: ¢ is the total power on time (s), M is microwave input
power (W), M, is the initial mass of the sample (kg), m, is the ini-
tial moisture content (g water/g dry matter), and m, is the final
moisture content (g water/g dry matter).

Microstructure analysis

The effect of different drying conditions on the microstruc-
ture of pear samples was observed using a scanning electron
microscope (EVO 40, Carl Zeiss, Oberkochen, Germany).
Particles extracted from the dried samples were vertically cut
into 1-mm-thick slices and coated with gold-palladium. All
samples were examined under high vacuum (20 kV) (SCD-
005, Baltec, Wetzlar, Germany), and then their microphoto-
graphs were taken [Tian et al., 2015].

Statistical analysis

The study was performed using randomized plots facto-
rial design of experimental type. All experiments were done
in triplicate. The data were subjected to the analysis of vari-
ance (ANOVA) using JMP software (Version 7.0; SAS Insti-
tute Inc., Cary, NC, USA). The least significant difference
(LSD) test was used to compare the means at the 5% signifi-
cance level (P<0.05).

RESULTS AND DISCUSSION

Drying kinetics

The drying rates of the “Deveci” pear dried by the in-
termittent microwave-vacuum methodology are shown
in Figure 2. A higher microwave power and vacuum appli-
cation provided higher drying rates. The shortest drying
time of pears (150 min) was noted at process conditions
“200 W - 400 mmHg - PR=3", and the longest one (460 min)
at “100 W - 200 mmHg - PR=4". These results indicate
that it was possible to decrease the drying time by 310 min.
A higher microwave power with more microwave energy made
the pears have a higher temperature and increased the evapo-
ration rate. With a rapid increase in the mass transfer rate
of the pear, the drying time was reduced. The drying rates
of the pear dried by constant microwave power and a pulse
ratio under a vacuum of 400 mmHg were higher than those
dried under 200 mmHg because a higher vacuum resulted
in a lower boiling point of water and a higher evaporation
rate. Several authors reported the total times for the drying
of the pear to be 525, 480, 360 and 255 min in a convective

dryer at 50, 57, 64 and 71°C, respectively [Doymaz, 2013];
as well as 20, 19, 16, 14 and 1260 min in an infrared dryer at
40, 50, 60, 70°C and in a freeze dryer (—47°C condenser tem-
perature and 85-95 Pa absolute pressure), respectively [An-
tal et al., 2017]. On the other hand, the results were in good
agreement with those reported by Cheenkachorn ef al. [2012]
who used a microwave-vacuum method to dry papaya cubes.
Their drying times at a vacuum pressure of 400 mmHg, were
72.6, 115.5, 38.2, and 84 min at “400 W - PR=2", “400 W -
PR=3",%800 W - PR=2", and “800 W - PR=3", respectively.
Additionally, the drying time decreased with vacuum pressure
increase.

Mineral content

The mineral contents of intermittent microwave-vacuum
dried “Deveci” pears are shown in Table 1. The “Deveci”
pears were found a significant source of K, whereas their Mn
contents were low. The mineral contents of pears exposed to
different drying treatments were higher than those of fresh
fruits because of the increased dry matter ratio. The highest K
levels determined at “100 W - 200 mmHg - PR=4", “100 W -
400 mmHg - PR=3", and “200 W - 400 mmHg - PR=4" did
not differ significantly (P>0.05). On the other hand, the high-

6

B ;%& A 100W - 200mmHg — PR = 4

T = © 100W — 200mmHg — PR = 3
59 0

i D‘%‘AAA + 100W — 400mmHg — PR = 4

Z 3o, O 100W — 400mmHg - PR = 3

O ot

o4 oL TA

= o fa

5 (] O++ AA

o [m] ot A.&

E 3 + A

o V] o o + A

~ [e] + A

k= B ot N

g o o T+ “a

£ 21 o o t B

8 m] % '+ AAA

(0] DEI 00 ++

5 ] A

g1 DDD ooo ++++ o,

§ q:h:n +++ A%AAQA%AM
0 7 T

0 50 100 150 200 250 300 350 400 450 500

Time (min)
6
E ;e,& A 200W - 200mmHg — PR = 4
s 5 g4 O 200W — 200mmHg — PR =3
i o# + 200W — 400mmHg — PR = 4
S DOQA O 200W — 400mmHg — PR = 3
247 Ot
] o
2 +8
g oo + A
23 0o T4a,
E (o] +
[m] A
g 2 o] + A
8 u] + A
° °© + A
e o] + AA
2 17 B o + b6,
3 O o ++ A
o o + A
EO DDDDOOOO3++$AQAAA
0 50 100 150 200 250 300
Time (min)

FIGURE 2. The moisture content of the “Deveci” pear vs. time under
different drying conditions of pulses (PR=3 and 4), microwave powers
(100 and 200 W), and vacuum levels (200 and 400 mmHg).
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TABLE 1. Mineral contents of “Deveci” pears (mg/kg) fresh and dried under different conditions of pulses (PR=3

(100 and 200 W), and vacuum levels (200 and 400 mmHg).

and 4), microwave powers

100 W 100 W 100 W 100 W 200 W 200 W 200 W 200 W
Minerals Fresh 200 mmHg | 200 mmHg | 400 mmHg | 400 mmHg | 200 mmHg | 200 mmHg | 400 mmHg | 400 mmHg

PR=4 PR=3 PR=4 PR=3 PR=4 PR=3 PR=4 PR=3

464+64 1446+27¢ 1049+ 144 120633 130092 1206+291% 115976 979+26¢ 1238x6%¢

K 353+136¢  6470x114® 35216629  3424+167¢ 75331107 3445x588¢ 4383472«  6987=551*  5523+13%
Ca 64.8+0.8 29125 258+401% 364+25® 292+34« 279+ 14% 224+34¢ 42372 343250
Mg 47.1+1.5¢ 284=x11° 228+4¢ 290=x16° 378+200 22316 235+6° 376+48¢ 338+40
Na 246=2¢ 73356 536+52¢ 6295 64030 6217304 629+]7b 57949« 685=0.4®
Fe 3.97+1.00°  8.84x0.88® 6.71x1.30* 8.19+0.54® 10.96+2.37* 6.82£2.26% 6.58+034> 8.71x1.43® 8.41=x0.75®
Cu 2.89+0.03¢  7.29+0.24>  553x0.92¢  7.39x0.44° 8.87+0.52* 746136 6.98x0.37* 6.82+0.55* 7.69x0.41®
Zn 2.35+0.07¢  520+0.01* 3.93x0.51> 4.82£0.22® 5.58+0.08  538=1.21° 4.03x0.73> 5.14+0.75® 5.12+0.43*
Mn 0.56+0.02"  0.94+0.04" 1.34x0.01¢ 3.47x0.01* 2.06+0.12° 1.83=0.13¢  1.66x0.01« 2.74x0.55* 1.89+0.01°

*¢ means with different letters in the same row differ significantly (P<0.05).

est Mn level was found at “100 W - 400 mmHg - PR=4".
There were significant differences between drying experiments
in terms of contents of all minerals compared with the fresh
samples (P<0.05). Al Juhaimi ez al. [2016] reported the min-
eral contents of three pear varieties (“Santa Maria”, “Deve-
ci” and “Ankara”). The P, K, Ca, Mg, Fe, and Mn contents
of fresh “Deveci” pears were found to be 164.3, 1255.4, 42,
101.5, 19.7, and 1.5 mg/kg, respectively. On the other hand,
contents of Na, Cu, and Zn were closer to those of the pre-
sented study. The differences between the studies can be at-
tributed to the growth conditions of “Deveci” pears which
were picked in the province of Bursa and Konya. After drying
5-mm slices of “Deveci” pears for 15, 20, and 25 h at 70°C,
the K content increased to 5298, 7245.6, and 7649.1 mg/kg,

respectively, similar to that in our presented study. In another
previous study performed by Clary et al. [2007], grapes dried
at 71 °C using microwave-vacuum dehydration had higher
contents of Ca, Na, and K than sundried and fresh grapes.
However, lower values were reported for Fe in that study.

Protein analysis

Figure 3 demonstrates that the protein content of the dried
“Deveci” pears was higher than that of the fresh fruit because
of the decreased water content. Compared with the protein
content, an increase in common or individual microwave
power and vacuum level provided higher protein values.
Between drying treatments, the values obtained at “200 W -
400 mmHg - PR=3" and “100 W - 400 mmHg - PR=3" did
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FIGURE 3. Protein content of “Deveci” pears fresh and dried under different conditions of pulses (PR=3 and 4), microwave powers (100 and 200 W),
and vacuum levels (200 and 400 mmHg).
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FIGURE 4. Rehydration ratio of “Deveci” pears dried under different conditions of pulses (PR=3 and 4), microwave powers (100 and 200 W), and vac-

uum levels (200 and 400 mmHg).

not differ significantly (P>0.05) and these process condi-
tions resulted in the highest protein content of pears, whereas
treatments at “100 W - 200 mmHg - PR=4" and “100 W -
200 mmHg — PR=3" caused the lowest protein content with
comparable values (P>0.05). The possible reason for such
a result might be the longer drying time. In an earlier study,
protein content of fresh “Deveci” pear cultivar was found
to be 3.8 g/L as reported by Oztiirk er al. [2009], and an in-
termittent microwave-vacuum effect on the protein results
was reported by Dermelj et al. [1995] and although impulse
technique was gentler, a virtual increase was not observed
in the protein content.

Rehydration ratio

The change in the rehydration ratio with change in the mi-
crowave power, pulse ratio, and vacuum level is shown in Fig-
ure 4. The rehydration ratio was found to be different be-
tween the drying treatments, and a higher rehydration ratio
was observed at “100 W - 400 mmHg — PR=4". The higher
pulse ratio (PR=4) increased the rehydration ratio values, but
the microwave power modes did not show any meaningful
influence. However, the increased vacuum level experiments
presented a higher rehydration ratio. Similarly, Changrue
et al. [2008] found for strawberry drying with a microwave-
-vacuum method that the generated power modes were inad-
equate to affect the rehydration property. According to Jiang
et al. [2014], the pulse-spouted microwave vacuum-dried
banana cubes had a lower final rehydration ratio (3.6) than
freeze (3.9) and microwave freeze dried samples (3.7).

Color analysis

The color parameters of the fresh “Deveci” pears and these
dried by intermittent microwave-vacuum are presented in Ta-
ble 2. All drying experiments provided higher values of red-
ness (a*) and yellowness (b*) but lower lightness (L*). Dry-
ing conditions significantly (P<0.05) affected color values

of “Deveci” pear samples. Using higher microwave power
at a constant pulse ratio and vacuum level caused lower val-
ues of L*. Furthermore, the maximum «* value for the dried
samples was a* = 17.3 (P<0.05) in the drying experiment at
“200 W - 200 mmHg — PR=3". Meanwhile, the significantly
(P<0.05) higher b* and C values were achieved at “100 W -
200 mmHg - PR=3". Compared with the fresh sample, a sig-
nificant (P<0.05) decrease was determined in the o value in all
experiments. In the present study, the flesh color of the fresh
“Deveci” pears was found to be higher in L* and a* values
but lower in b*, C and a values than those previously reported
by Ulubag Serce ef al. [2010] using the same method. A simi-
lar effect of the microwave-vacuum drying method on the L*
value was found by Bai-Ngew et al. [2015].

Energy and specific energy analyses

Table 3 shows the effects of the microwave power,
pulse ratio, and vacuum level on the energy and specific
energy consumption values of the dried “Deveci” pear.
The lowest energy consumption value was at “200 W -
400 mmHg - PR=3", likely due to the shortest drying time,
despite the large power and pulse ratio input of the de-
vices used in these processes. The energy consumption
values of the “100 W - 400 mmHg - PR=3" and “200 W -
400 mmHg - PR=4" experiments were found to be approxi-
mately 1.4 and 1.5 times higher. The effect of the vacuum
level clearly demonstrated that a strong relationship exists
to reduce the energy consumption. For the same reason,
the energy consumption values in the constant microwave
power and pulse ratio experiments at a higher vacuum level
were lower. Considering the specific energy consumption
of “Deveci” pear drying, a higher vacuum level with a con-
stant microwave power and pulse ratio resulted in a de-
creased consumption. The specific energy consumption,
however, was increased by raising the microwave power
from 100 W to 200 W. Because of the shorter drying times,
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TABLE 3. Energy and specific energy consumption values of “Deveci”
pears dried under different conditions of pulses (PR=3 and 4), micro-
wave powers (100 and 200 W), and vacuum levels (200 and 400 mmHg).

hot air drying as reported by Orikasa et al. [2018] because
of the large power input of the devices used in that process.

Drying Drying Energy Specific energy Scanning electroq microsgopy (S~E‘M) analysi§
methods time consumption | consumption The effect of various drying conditions on the tissue struc-
(min) (kWh) (MI/kg) ture of the dried “Deveci” pear slices was observed using scan-
;88 XmHg 460 6 16 ning electron microscopy (Figure 5). The micrographs were
PR=4 examined by 1000x microscopy. The microwave-vacuum
100 W dried samples were demonstrated to be more regular in pore
200 mmHg 350 23 1.6 size and pore distribution in general. The cause may be rapid
PR=3 and extensive vaporization during microwave vacuum drying
100 W [Bai-Ngew et al., 2011]. Similarly, Jiang et al. [2014] provided
400 mmHg 390 2.2 1.4 b . . . . . .
PR=4 etter drying uniformity and production quality with pulsed
100 W microwave vacuum dried samples of banana. Again, the mi-
400 mmHg 210 13 1.0 crowave-assisted vacuum-dried Litchis’ structure was re-
PR=3 vealed to be clear and porous as shown by Song et al. [2015].
200 W
200 mmHg 280 1.6 1.9 CONCLUSIONS
PR=4
588 KmHg 200 13 19 Quality analyses of “Deveci” pears regarding intermit-
PR=3 tent microwave-vacuum drying were performed. Overall, ac-
200 W cording to the experimental results, the “200 W - 400 mmHg
400 mmHg 230 L3 1.6 — PR=3” drying condition showed the lowest drying time,
PR=4 the lowest energy consumption, and a higher protein con-
igg ‘nYmHg 150 0.9 L4 tent. When comparing the mineral content, the K, Mg, Fe,
PR=3 ' ' Cu and Zn levels were high at “100 W - 400 mmHg — PR=3".

similar energy consumption results were reported by Liu
et al. [2017] to dry asparagus cookies, and the lowest value
was defined in pulse-spouted microwave vacuum drying.
Additionally, microwave-vacuum drying time of the toma-
to was found to be approximately 4.8 times shorter than

Mag = 120 pA Date :6 Apr2018 20 bm

=2000kv  Signal A= SEL WD = 16.0 mm

EHT = 20.00 kv

Mag= 100KX IProbe= 120pA Date:6Apr2018 “ppum
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Moreover, higher microwave power usage did not have
a meaningful influence on the rehydration ratio. Total color
difference (AE) ranged between 35.7 (“200 W - 200 mmHg
- PR=3") and 21.2 (“100 W - 400 mmHg — PR=3"). How-
ever, the structure of the dried samples was revealed to
be clear and porous. Under these conditions, intermittent
microwave-vacuum drying was proven to be an alternative
for “Deveci” pear drying by some quality comparisons.
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FIGURE 5. SEM images of dried pears: (a) 100 W - 200 mmHg — PR=4, (b) 100 W - 200 mmHg - PR=3, (¢) 100 W - 400 mmHg - PR=4, (d)
100 W - 400 mmHg - PR=3, (e) 200 W - 200 mmHg - PR=4, () 200 W - 200 mmHg - PR=3, (g) 200 W- 400 mmHg - PR=4, and (h) 100 W -
400 mmHg - PR=3.
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