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Antioxidant, Anti-Tyrosinase, and Wound-Healing Capacities
of Soy Protein Hydrolysates Obtained by Hydrolysis with Papaya
and Cantaloupe Juices Showing Proteolytic Activity

Thi-Phuong Nguyen' ®, Quang Thai Le!, Mai Linh Thi Tran2 Kim Nhung Ta>®, Khoa Thi Nguyen'* @

INTT Hi-Tech Institute, Nguyen Tat Thanh University, Ho Chi Minh City 700000, Vietnam
’Department of Biotechnology, Ho Chi Minh City University of Science, Ho Chi Minh City 700000, Vietnam
3Faculty of Advanced Technologies and Engineering, VNU Vietnam Japan University, Hanoi 100000, Vietnam

Purified and crude proteases have been broadly applied to obtain hydrolysates from soy protein isolate (SPI) with the improved
functional and biological properties. However, the use of fruit juices containing native proteases to produce SPI hydrolysates
with better bioactivities receives less attention. The present study attempted to investigate the ability of papaya (Carica
papaya) and cantaloupe (Cucumis melo) juices in the hydrolysis of SPI and assess the antioxidant, anti-tyrosinase, and wo-
und-healing activities of obtained hydrolysates. Our analysis showed that SPI was hydrolysed by papaya juice, at the juice to
substrate ratio of 2.5:2 (v/w), with a degree of hydrolysis (DH) of approximately 11% after 4 h of treatment at 55°C. A higher
DH (about 26%) was obtained by the hydrolysis with cantaloupe juice at the same juice to substrate ratio and treatment
conditions. Papain used at the enzyme to substrate ratio of 0.625:2 (w/wv) broke down SPl'in a similar DH as papaya juice at
the juice to substrate ratio of 2.5:2 (v/w). The ABTS™"-scavenging, "OH-scavenging and tyrosinase inhibitory capacities of SPI
were lower than those of hydrolysates obtained by the treatment with papaya juice (ICso of 2.39, 7.17, and 32.07 pyg/mL,
respectively) and cantaloupe juice (ICsy of 2.46,6.93, and 30.49 ug/mL, respectively). An enhancement in ABTS *-scavenging,
*OH-scavenging and anti-tyrosinase activities was also observed in the hydrolysate obtained by papain (ICsq of 2.75, 17.85,
and 117.80 pug/mL, respectively) compared to SPI. However, the increased level of the *OH-scavenging capacity of the hy-
drolysate obtained by papain was lower than that of the fruit juice-treated samples. Remarkably, the hydrolysates prepared
from the hydrolysis with fruit juices accelerated the wound closure in human fibroblasts by estimately 1.5 times after 24 h
of treatment while this property was not observed in the hydrolysate by papain. Our study data suggest the potential of SPI
hydrolysates obtained by papaya and cantaloupe juices in the preparation of healthy food products.

Key words: antiradical activity, cantaloupe fruit, fibroblast model, degree of hydrolysis, papain, papaya fruit, soy protein
isolate, tyrosinase inhibition

INTRODUCTION

Soy protein isolate (SPI), together with soy protein concentrate
(SPC) and soy flour, is a renowned commercial product of pro-
cessed soybean (Glycine max) [Qin et al., 2022]. Containing a mini-
mum of 90 g of protein in 100 g with two major water-insoluble

globulins (glycinin or 11S and B-conglycinin or 75), SPIis com-
monly used in nutritional drinks, protein bars, and infant formula
products [Paulsen, 2009; Qin et al, 2022]. Health benefits of soy
protein consumption, including prevention of cancer, reduction
of cardiovascular disease-associated risks and complications,
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lowering low-density lipoprotein cholesterol, and improvement
of postmenopausal symptoms in women have been reported
in a number of studies [Lima et al, 2017; Messina, 2014; Qin
etal, 2022; Sirtori et al, 2009]. However, the digestibility of soy
protein is lower than that of other protein sources; its in vitro
digestibility value is often less than 80%. This is due to the pres-
ence of antinutritional factors, such as lipooxygenase, urease,
and trypsin inhibitors [Vagadia et al, 2017]. In order to increase
the protein digestibility, enzymatic hydrolysis has been widely
implemented as small peptides in the protein hydrolysates can
be rapidly absorbed by smallintestine [Weblb Jr, 1990]. Enzymatic
hydrolysis is also more desirable than chemical hydrolysis due
to its advantages in reducing side chemical reactions and un-
wanted products [Campbell et al, 1996]. SPI hydrolysates were
proven to have higher bioactivities compared to SPI, including
anti-adipogenic, anti-angiotensin, anti-inflammatory, anticancer,
antioxidant, and antibacterial effects [Hsieh et al, 2022; Joo et al,,
2004; Leeetal., 2008; Tsou et al,, 2010; Zhang et al,, 2020b]. In ad-
dition, enzymatic protein treatment also fosters great potential
in decreasing soy protein-related allergenicity while improving
emulsifying capacity, foaming property, solubility, water- and oil-
-binding capacity, and sensory profile of SPI hydrolysates relative
to the parent proteins [Meinlschmidt et al., 2016].

Commercial enzymes used in SPI hydrolysis are isolated from
fungal, bacterial, animal, and plant sources. Since the peptide di-
versity and consequent bioactivities of hydrolysed products can be
restricted with the application of a single type of enzyme, enzyme
combination has been considered as a means to obtain SPI hydro-
lysates with appealing properties, such as antioxidant capacity [Chen
etal,2020]. The use of more than two enzymes or a mixture of native
proteases from fruit juices in SPIhydrolysis has not been intensively
studied, although it was described for soy proteins and other protein
sources [Tovar-Jiménezet al, 2021; Utami et al, 2019]. In one study,
soy proteins digested by pineapple juice produced a hydrolysate
as a complex nitrogen source for the growth of lactic acid bacteria
[Utamietal, 2019]. In another study, a hydrolysate of whey protein
concentrate produced by a combination of purified Sporisorium
reilianumaspartyl protease (Eap1), chymotrypsin (C),and trypsin (T)
(Eap1-C-T) showed antihypertensive activity; however, its capacity
was weaker than of that produced by single enzymes (Eap1, C,
andT) and combinations of two enzymes (Eap1-C, Eap1-T,and C-T)
[Tovar-Jiménezetal, 2021].

Papaya (Carica papaya) and cantaloupe (Cucumis melo) are
promising sources of proteolytic enzymes [Kaneda et al,, 1997;
Pendzhiev, 2002]. The crude papaya extract contains numerous
proteases in which a well-known enzyme, papain (EC 3.4.22.2),
can be used to generate protein hydrolysates with less pro-
nounced bitterness [Humiski & Aluko, 2007; Meinlschmidtet al,
2016]. Recently, papaya juice has been employed to hydrolyse
edible bird’s nest and the achieved hydrolysate has been shown
to inhibit a-glucosidase, a hyperglycemia-associated enzyme,
whereas the hydrolysates obtained with two commercial en-
zymes, Alcalase and papain, did not exhibit this ability [Zulkifli
etal, 2019]. This suggests the improvement of antihyperglyce-
mic activity in edible bird’s nest hydrolysed by papaya juice as

compared to the tested enzymes. Similar to papaya fruit, high
amounts of proteases, including a renowned serine protease,
cucumisin (EC 3.4.21.25), are present in melon fruit [Yamagata
etal, 1989]. A crude melon extract was also reported to produce
kilka fish protein hydrolysate with higher antioxidant activity than
Alcalase [Alavietal, 2019].

Due to the proteolytic potentials of papaya and cantaloupe,
this study aimed to exploit the ability of two fruit juices in SPI hy-
drolysis. The bioactivities of the obtained hydrolysates, including
in vitro antioxidant, anti-tyrosinase, and wound-healing abilities
on fibroblast model, were also compared to those of unhydro-
lysed SPI and the hydrolysate obtained using the commercial
enzyme — papain. The antioxidant capacity was selected for
the assessment as this property has been investigated for SPI hy-
drolysates in various studies [Chen et al,, 2020; KneZevi¢-Jugovic et
al, 2023; Leeet al,, 2008; Pefita-Ramos & Xiong, 2002]. Moreover,
antioxidant peptides derived from the protein hydrolysates have
captured great attention for their effects against oxidative stress-
-related diseases [Zhu et al, 2022]. Recently, researchers have
shown interests on the anti-tyrosinase and wound-healing activi-
ties of the protein hydrolysates due to their potential application
in health and beauty products [Chotphruethipong et al., 2021;
Wongetal, 2018]. As a result, the present study evaluated these
bioactivities in SPI hydrolysates obtained by fruit juices although
they have not been previously recorded for SPI hydrolysates.

MATERIALS AND METHODS

=  Materials

SPI powder (90 g of protein/100 g of SPI) and papain enzyme
(50 USP/mg) were purchased from Shiv Health Foods LLP (Kota,
India) and Biogreen BPC., JSC (Hanoi, Vietnam), respectively.
Fresh ripe papaya and cantaloupe fruits used in this study were
harvested during the wet and dry seasons in Southern Vietnam.
Human fibroblast cells were a kind gift from Dr. Tran Le Bao
Ha, Laboratory of Tissue Engineering and Biomedical Materials,
University of Science, HCMC National University (Ho Chi Minh,
Vietnam).

H Preparation of papaya and cantaloupe fruit juices

and determination of their proteolytic activity
Papaya and cantaloupe were peeled and squeezed; the result-
ant juices were then centrifuged at 4,951xg for 10 min at 10°C.
The supernatants, designated here as papaya juice (PJ) and can-
taloupe juice (CJ), were used in the subsequent experiments.

The analysis of the proteolytic activity of PJ and CJ was con-
ducted according to the protocol for the Sigma's non-specific
protease activity assay [Cupp-Enyard, 2008]. Free tyrosinases
produced by the proteases of PJ and CJ on the casein substrate
were reacted with Folin-Ciocalteau phenol reagent to form blue
chromophores, which absorbance was measured by a spectro-
photometer (Genway Biotech, San Diego, CA, USA). A standard
curve plotted for tyrosine was used to express the protease activ-
ity of PJ and CJ in terms of unit, which was defined as the umol
of tyrosine equivalents released from casein per min.The results
were calculated by the Equation (1):
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Protease activity (U/mL) = (umol tyrosine eq x a)/(b x c xd)] (1)

where: a is total volume of assay (11 mL), b is time of assay
(10 min), ¢ is volume of PJ or CJ (1 mL), and d is volume used
in spectrophotometric measurement (2 mL).

= Preparation of soy protein hydrolysates by papaya
and cantaloupe fruit juices, and papain

The SPIslurry (~20 mg/mL) was prepared by mixing 2.0 g of SPI
with 100 mL of distilled water. To obtain SPI hydrolysates, a vol-
ume of 2.5 mL of PJ or CJ was added to the SPI slurry containing
2.0 g of SPI (juice to substrate ratio of 2.5:2, v/w). The tempera-
ture was set at 55°C and the pH was about 6.5 for PJ and 8.5
for CJ during the hydrolysis. The hydrolysed samples after 1, 2,
and 4 h of treatment were heated at 90°C for 20 min to termi-
nate the reaction and then centrifuged at 8,801xg for 10 min at
10°C. The obtained supernatants (hydrolysates) were collected
for sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis and further experiments. The hydrolysates
of SPI by PJ and CJ were hereafter designated as HPJ and HCJ,
respectively. Mixtures of SPI with papaya and cantaloupe juices
were considered as HPJ 0 h and HCJ O h, respectively.

The hydrolyses of SPI by papain were carried out at different
papain to substrate ratios (0.3125:2, 0.625:2, and 1.25:2, w/w)
and the conditions of 55°C, 4 h, and pH 6.5. Subsequent steps
were performed similarly to those mentioned above for the SPI
hydrolysis with PJ and CJ. The hydrolysate of SPI with papain was
hereafter designated as Hpapain. A mixture of SPI and papain
was considered as Hpapain 0 h.

= Sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis analysis

Samples including SPI, HPJ 0 h, HCJ 0 h, HPJ and HCJ after 1-4 h
of hydrolysis, and Hpapain obtained using different papain to sub-
strate ratios, were mixed with sodium dodecyl-sulfate (SDS) protein
loading buffer, boiled for 5 min and loaded on SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) separating gels (12.5% of acryla-
mide, w/v). Color pre-stained protein ladder (New England Biolabs,
Ipswich, MA, USA) was used as a molecular weight standard. After
running in an electrophoresis apparatus (Bio-Rad Laboratories,
Hercules, CA, USA), the gels were stained with Coomassie blue dye
to observe protein bands. The SDS-PAGE profile of SPI was ana-
lysed according to a previous report [Xia et al, 2020]. The amount
of degraded 3-conglycinin subunits (0, @) (in the molecular weight
range of 70-100 kDa) was calculated based on the intensity of pro-
tein bands using Image J software (version 145, National Institutes
of Health, Bestheda, MD, USA) in order to relatively compare the hy-
drolysis of SPI by PJ and papain.

= Determination of degree of hydrolysis

The degree of hydrolysis (DH) was determined using o-phtha-
laldehyde (OPA) reagent according to the previous description
[Nielsen et al, 2001]. In brief, aliquots of 25 uL of the samples
(SPI, HPJ 0 h, HCJ 0 h, HPJ and HCJ after 1-4 h of hydrolysis,
and Hpapain obtained using different papain to substrate ratios)

and serine as a standard (0.9516 meqv/L) were pipetted into
a 96-well Optiplate (PerkinElmer, Waltham, MA, USA). A volume
of 200 pL of freshly prepared OPA reagent was pipetted into each
well. The plate was incubated in the dark at room temperature
for 5 min and absorbance readings were taken at 340 nm. MilliQ
water was used as the blank.

The DH was calculated using Equation (2):

DH (%) = (H/Hor) X 100% )

where: His the number of cleaved peptide bonds during hydroly-
sisand Hy. is the total number of substrate peptide bonds (for soy
protein products, H.; = 7.8 meqv/g protein) [Nielsen et al., 2001].

The Hwas calculated based on absorbance of reaction mix-
ture with sample (Aampie), s€rine (Astandara), and blank (Agjani) using
Eqations (3) and (4) [Nielsen et al., 2001]:

ineNH, —
H (meqv/g protein) = M
(Asamp\e - Ablamk) x 0.9516

(Astamdard - Ab\ank) x C

SerineNH, (meqv/g protein) =

=

where: a and {3 are constant values (0.97 and 0.342 for soy pro-
teins, respectively), Cis protein concentration in sample solution
(18 g/L),and 0.9516 (meqv/L) corresponds to equivalent weight
of the serine standard.

= Determination of 2,2’-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) radical cation scavenging
capacity
The antiradical capacity of SPI, HPJ, HCJ, and Hpapain (enzyme to
substrate ratio of 0.625:2, w/w) from the hydrolysis at 0 and 4 h
was performed using 2,2"-azino-bis(3-ethylbenzothiazoline-
-6-sulfonic acid), ABTS (Sigma-Aldrich Pte. Ltd,, Singapore) as pre-
viously described [Re et al,, 1999]. A volume of 100 pL of diluted
SPI(0.625,1.25,2.5,5,10,and 20 ug/mL) was mixed with 900 ulL
of ABTS™* solution and incubated for 15 min. Similar steps were
also performed with 100 pL of diluted HPJ, HCJ, and Hpapain 0 h
and 4 h containing 0.625, 1.25, 2.5, 5, 10, and 20 pg/mL of initial
SPI. The absorbance was measured at 734 nm in a UV spectro-
photometer (Genway Biotech, USA). The ABTS™*-scavenging
capacity was calculated by the Equation (5):

100 X (Ay = A3)

1

ABTS**-scavenging capacity (%) = 100 — (5)
where: A; is absorbance of negative control (ABTS™ solution
only), A, is absorbance of the sample after reacting with ABTS™,
and As is absorbance of the blank (the sample without ABTS™).

The concentration of sample which inhibits 50% of the ABTS™*
(ICs0) was calculated by GraphPad Prism software (version 5.0,
Insightful Science LLC, San Diego, CA, USA).

5 Determination of hydroxyl radical-scavenging
capacity

The assay with hydroxyl radical ("OH) generated in Fenton re-

action was carried out following a previous study with slight
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modifications [Chong et al, 2022]. The initial solution was pre-
pared by mixing 0.5 mL of 9 mMiron (ll) sulphate (FeSO,) in 10 MM
of ethylenediaminetetraacetic acid, disodium salt (Na,EDTA)
and 1.0 mL of 8 mM hydrogen peroxide (H,O,). Then, a volume
of 1.0 mL of the diluted SPI, HPJ, HCJ, and Hpapain (enzyme to
substrate ratio of 0.625:2, w/w) from the hydrolysis at 0 and 4 h
containing 0.125,0.25,0.5,1.0,2.0,4.0,8.0and 16.0 pg/mL of ini-
tial SPI was added into the mixture. Milli-Q water was used as
a negative control. Subsequently, 0.2 mL of 9 mM of salicylic
acid was added. All test tubes were incubated at 37°C for 30 min
and absorbance was read at 510 nm using a microplate spectro-
photometer (VICTOR Nivo 3F, PerkinElmer, USA). “OH-scavenging
capacity was calculated using the Equation (6):

100 X (A; — As)

‘OH-scavenging capacity (%) = 100 — N
1

(6)
where: A; is absorbance of negative control, A, is absorbance
of the sample after reacting with salicylic acid and Az is absorb-
ance of the blank (the sample without salicylic acid).

The ICsq values were calculated by GraphPad Prism software
(version 5.0, Insightful Science LLC, USA).

u  Determination of in vitro wound-healing activity

The in vitro wound-healing assay on the fibroblast model was
conducted following the previous report [Nguyen et al., 2023].
In brief, fibroblast cells were cultured in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM) (HyClone, Cytiva, Marlborough,
MA, USA) supplemented with fetal bovine serum (FBS, 0.1 g/mL)
(HyClone, USA) for 24 h at 37°C with CO, (50 mL/L). After mak-
ing a wound by a 10 pL pipette tip, the old medium was re-
placed with high-glucose DMEM medium and test samples
(5 mL of sample in 100 mL of medium) including SPI, HPJ, HCJ,
and Hpapain (enzyme to substrate ratio of 0.625:2, w/w) from
the hydrolysis at 0 and 4 h. Distilled water was used as a nega-
tive control. Wound images at 0, 12, and 24 h of treatment were
taken in a light microscope (Euromex, Arnhem, Netherlands).
The wound areas were quantified using ImageJ software (ver-
sion 1.45, National Institutes of Health, USA). The wound-healing
activity of the samples was calculated by the Equation (7):

100x (G =Gy @)

Wound closure (%) = c
1

where: C; is the wound area of the sample at 0 h and G, is
the wound area of the sample after 12 and 24 h of treatment.

H Determination of mushroom tyrosinase inhibitory
capacity
The anti-tyrosinase assay using mushroom tyrosinase
and L-tyrosine (substrate) (Sigma-Aldrich Pte. Ltd., Singapore)
was performed as previously described with small modifica-
tions [Tomita et al, 1990]. A volume of 10 pL of tyrosinase
(250 U/mL) was added to 60 L of diluted SPI, HPJ, HCJ, and Hpa-
pain (enzyme to substrate ratio of 0.625:2, w/w) from the hy-
drolysisat 0 and 4 h containing 1.9,3.8,7.5, 15, 30,and 60 pg/mL
of initial SPIin a 96-well plate. The plate was incubated at room

temperature for 20 min. Then, 140 L of a reaction medium con-
sisting of L-tyrosine (0.3 mg/mL) in phosphate buffer (pH 6.8)
was added to the wells. The formation of L-dopachrome was
monitored by measuring the absorbance at 480 nm in a micro-
plate reader (VICTOR Nivo Filter, PerkinElmer, USA). The tyrosi-
nase inhibitory capacity of the samples was calculated using
the Equation (8):

100 X [(B; = B3) = (B, =Byl
B; - B3

Tyrosinase inhibitory capacity (%) = ®
where: B, is absorbance of negative control, B, is absorbance
of the sample after reacting with tyrosinase, B; and By are ab-
sorbances of the blank for the negative control and sample,
respectively (the reaction without L-tyrosine substrate).

GraphPad Prism software (version 5.0, Insightful Science LLC,
USA) was used to calculate the 1Cs values.

= Statistical analysis

Three independent hydrolysates of each type were obtained
and analysed for bioactivities. To compare statistical differences
among samples, one-way analysis of variance (ANOVA) with
Tukey's post-hoc test was employed. Differences were consid-
ered significant at p<0.05.

RESULTS AND DISCUSSION
= The hydrolysis of soy protein isolate by papaya
and cantaloupe juice proteases, and papain

Proteolytic enzymes are present in papaya and cantaloupe [Kane-
daetal, 1997; Pendzhiev, 2002]. In order to confirm our obtained
juices contained these enzymes, the non-specific protease activ-
ity of PJ and CJ was determined by using casein as a substrate.
The activity of total proteases in PJ and CJ was 0.87+0.04 U/mL
and 2.66+0.02 U/mL, respectively, indicating that proteases were
extracted into the juices and might be responsible for the pro-
teolytic activity of the juices.

The SDS-PAGE separations of SPI and hydrolysates are
shown in Figure 1. Proteins with molecular weights in the range
of 25 kDa to 100 kDa predominated in the SPI profile. Major
bands corresponded to subunits of 3-conglycinin (a, a; and B):
70-100 kDa for the q, a’ subunits and approximately 55 kDa
for the {3 subunit. The bands in the range of 25-55 kDa were
identified as acidic subunits of glycinin (A1-A4) while the basic
subunit had a molecular weight of 25 kDa [Xia et al., 2020]. This
SDS-PAGE profile of SPI was consistent with that reported by Xia
etal.[2020], although there was a small difference in the distribu-
tion of bands resulting in a slight difference in the estimation
of protein molecular weight.

The SDS-PAGE profiles of hydrolysates obtained by PJ showed
that after 1 h of SPI treatment with PJ at the juice to substrate
ratio of 2.5:2 (v/w), band distribution was comparable to that for
unhydrolysed soy proteins (Figure 1A). The proteins began to
be significantly degraded after 2 h; however, they were not fully
hydrolysed even after 4 h of treatment. This trend in the extent
of SPI hydrolysis by PJ was confirmed by determining the degree
of hydrolysis. The DH was 5% after 1 h of hydrolysis whereas



T-P.Nguyen et al.

A C HPJ Hpapain
HPJ (2.5:2)

kDa

-
9}
=< 1
©
=

Oh Th 2h 4h

100 —

B-Conglycinin g, 8’ ———> |

70 —

B-Conglycinin f ——— >
55 —

Glycinin A3 ———
Glycinin A1,2,4 ——>

Glycinin B ———

25 —
10 —
B D
g HCJ (25:2) |
kDa 2 oh 1h 2h  4h

80

B-Conglycinin o
-Conglycinin a

B-Conglycinin
Glycinin A3
Glycinin A1,2,4

Glycinin B

Hydrolysis of B-conglycinin a, o' (%)

N
1
I3
a
T

Hpapain 1.25:2
Hpapain 0.625:2
Hpapain 0.3125:2

Figure 1. SDS-PAGE separation of soy protein isolate (SPI) hydrolysed by papaya juice (PJ), cantaloupe juice (CJ), and papain. (A) and (B) SPI hydrolysed by PJ
and CJ at the juice to substrate ratio of 2.5:2 (v/w), temperature of 55°C, and reaction time of 0, 1, 2, and 4 h. (C) SPI hydrolysed by PJ (juice to substrate ratio
of 2.5:2, v/w) and papain (enzyme to substrate ratio of 0.3125:2, 0.625:2, and 1.25:2, w/w) at a temperature of 55°C and reaction time of 4 h. (D) Quantification
of B-conglycinin subunit (a, ') degradation (in the red-dashed box in C graph). Each data bar is presented as mean and standard deviation of three independent
experiments. Different letters above bars indicate significant differences among samples (p<0.05).

values reached nearly 10 and 11% after 2 and 4 h of hydrolysis, most of the bands corresponding to high molecular weights
respectively (Figure 2A). disappeared after 1-2 h of hydrolysis indicating that substantial

Meanwhile, as seen in the electrophoregrams of SPI hydro- amount of proteins was hydrolysed (Figure 1B). Protein deg-
lysates obtained by CJ, at the juice to substrate ratio of 2.5:2 (v/w), radation was even more extensive after 4 h of CJ treatment.
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Figure 2. The degree of hydrolysis of soy protein isolate (SPI) hydrolysed by papaya juice (PJ), cantaloupe juice (CJ), and papain. (A) SPI hydrolysed by PJ and CJ
at the juice to substrate ratio of 2.5:2 (v/w), temperature of 55°C, and reaction time of 0, 1,2, and 4 h. (B) SPI hydrolysed by PJ (juice to substrate ratio of 2.5:2, v/w)
and papain (enzyme to substrate ratio of 0.3125:2,0.625:2, and 1.25:2, w/w) at a temperature of 55°C and reaction time of 4 h. Each data bar is presented as mean
and standard deviation of three independent experiments. Different letters above bars indicate significant differences among samples (p<0.05).

Consistently, 1 and 2 h of SPI hydrolysis with CJ resulted in a DH
of about 23%, while a DH of 26% was obtained after 4 h of hy-
drolysis (Figure 2B). A crude melon extract produced at the juice
to substrate ratio of 2:100 (w/v) was also reported to provoke an
extensive hydrolysis on kilka fish protein [Alavi et al, 2019]. This
property of melon is attributed to cucumisin (@about 10gin 100 g
of crude proteins) and other proteases detected in the fruit juice
[Yamagata et al., 1994].

The SDS-PAGE separations (Figure 1) and DH values (Fig-
ure 2) showed that the SPI hydrolysis performed by CJ was more
extensive than that by PJ at the same juice to substrate ratio
of 2.5:2 (v/w). This might be due to the difference in proteolytic
activity of these two fruit juices, which was approximately 3-fold
higher for CJ than PJ.

In order to compare bioactivities of SPI hydrolysates pro-
duced using fruit juices and a commercial enzyme, papain was
selected as it is a well-characterised enzyme found naturally
in raw papaya fruit [Mamboya & Amri, 2012]. Papain was also
employed to produce SPI hydrolysate with better foaming prop-
erties and a less bitter taste than Alcalase, Corolase, Neutrase,
Protamex, and pepsin [Meinlschmidt et al,, 2016]. We hither
attempted to find the ratio of papain to substrate which allows
for obtaining a relatively similar degree of SPI hydrolysis as when
using PJ in the ratio of 2.5:2 (v/w). According to the pattern on
the SDS-PAGE gel (Figure 1C) and the DH values (Figure 2B), SPI
was the most extensively hydrolysed by papain at the enzyme
to substrate ratio of 1.25:2, w/w (DH of nearly 15%). The effective
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hydrolysis of soy proteins was also observed in a former study
using papain at the enzyme to substrate ratio of 1:100 (W/V)
[PeAta-Ramos & Xiong, 2002]. The hydrolysis of SPI by papain
at the enzyme to substrate ratio of 0.625:2 (w/w) approximately
corresponded to that by PJ at juice to substrate ratio of 2.5:2 (v/w),
as indicated by the decrease of intensity of the major protein
band with the molecular weight in the range of 70-100 kDa (a, o’
subunits of -conglycinin) and the DH value (approximately 11%)
(Figure 1C, 1D, and 2C). The band in the range of 70-100 kDa
was selected for quantification since its high molecular weight
prevented the overlap with bands of hydrolysis products.

As observed on the SDS-PAGE gel, the profile of hydroly-
sis products in the PJ-treated sample was dissimilar from that
in the papain-treated one (Figure 1C). This is possibly related to
the different substrate specificity of native proteases in PJ, result-
ing in the degradation of proteins at various positions and even-
tually generating products of hydrolysis with lower molecular
weights. The different profiles between two hydrolysates by PJ
and papain might contribute to differences in their bioactivities.

= Antioxidant capacity of soy protein hydrolysates

Soy protein hydrolysates obtained by protease treatment can
possess promising antioxidant property [Chen et al., 2020;
Knezevi¢-Jugovic et al, 2023; Lee et al, 2008; Pefita-Ramos &
Xiong, 2002]. Therefore, our study investigated if the SPI hydro-
lysates obtained by PJ, CJ, and papain also exhibited antioxidant
capacity.
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Figure 3. (A) ABTS"*-scavenging capacity and (B) "OH-scavenging capacity of soy protein isolate (SPI), hydrolysates obtained by papaya juice (HPJ 4 h), cantaloupe
juice (HCJ 4 h), and papain (Hpapain 4 h) and unhydrolysed mixture of SPI with papaya juice (HPJ O h), cantaloupe juice (HCJ O h), and papain (Hpapain 0 h). SPI
hydrolysates were prepared at the juice to substrate ratio of 2.5:2 (v/w) or the papain to substrate ratio of 0.625:2 (w/w), temperature of 55°C, and reaction time
of 4 h. Each data bar is shown as mean and standard deviation of three independent experiments.

The results of ABTS assay showed that at the initial SPI con-
centration of 10 pg/mL, SPI hydrolysates obtained by PJ and CJ
after 4 h hydrolysis (HPJ 4 h and HCJ 4 h) were able to scav-
enge about 95% of ABTS®* radicals whereas it was only 20% for
unhydrolysed SPI and 25% for mixtures of SPI and fruit juices
(HPJ 0 h and HCJ 0 h) (Figure 3A). At the same concentration,
the ABTS®*-scavenging capacity of hydrolysate obtained by
papain after 4 h of hydrolysis (Hpapain 4 h) was approximately
80% higher than that of unhydrolysed SPI (20%) and a mixture
of SPI'and papain (Hpapain 0 h) (35%). In the *OH-scavenging

capacity analysis, HPJ 4 h and HCJ 4 h inhibited about 75%
of the *OH, which are more effective than unhydrolysed SPI
(nearly 17%), HPJ 0 h, and HCJ 0 h (nearly 40%) at the initial SPI
concentration of 16 pg/mL (Figure 3B). At this initial concentra-
tion of SPI, the hydrolysate obtained by papain also had higher
*OH-scavenging capacity (45%) than Hpapain 0 h (35%).

In general, the ABTS*" and °*OH-scavenging capacities
of HPJ 4 h (ICso of 2.39 and 7.17 pg/mL, respectively), HCJ 4 h
(ICso of 246 and 6.93 pg/mL, respectively), and Hpapain 4 h
(ICso of 2.75 and 17.85 pg/mL, respectively) were significantly

Table 1. 1Cs; values (ug/mL) of soy protein isolate (SPI), hydrolysates obtained by papaya juice (HPJ 4 h), cantaloupe juice (HCJ 4 h), and papain (Hpapain 4 h),
and unhydrolysed mixture of SPI with papaya juice (HPJ 0 h), cantaloupe juice (HCJ 0 h), and papain (Hpapain 0 h) for the ABTS**-scavenging, *OH-scavenging,

and tyrosine inhibitory capacities.

_ ABTS**-scavenging capacity *OH-scavenging capacity Tyrosinase inhibitory capacity
SPI

24.93+0.93° 42.82+4.09° >300°
HPJOh 22.38+1.35° 19.59+1.28¢ 116.40+7.00°
HPJ4h 239+0.11° 7.17+1.29¢4 32.07+2.20¢
HCJOh 20.60+6.10° 24.40+0.01% 150.3141.40°
HCJ4h 246+0.11° 6.93+1.14¢ 30.49+1.43¢
Hpapain 0 h 21.15+3.02° 29.14+539° > 3007
Hpapain 4 h 275+0.02° 17.85+1.20° 117.80+5.60°

Each data value was presented as mean + standard deviation of three independent experiments. Different letters (in superscripts) indicated significant differences among samples in each

column (p<0.05).
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Figure 4. In vitro wound-healing activity of soy protein isolate (SPI), hydrolysates obtained by papaya juice (HPJ 4 h), cantaloupe juice (HCJ 4 h), and papain
(Hpapain 4 h), and unhydrolysed mixture of SPI with papaya juice (HPJ 0 h), cantaloupe juice (HCJ 0 h), and papain (Hpapain 0 h). (A) Images of wound closure
in human dermal fibroblasts treated with water (H,0O, negative control) and samples at 0, 12, and 24 h. SPI hydrolysates were prepared at the juice to substrate
ratio of 2.5:2 (v/w) or the papain to substrate ratio of 0.625:2 (w/w), temperature of 55°C, and reaction time of 4 h. (B) Quantification of wound closure (%) at
12 and 24 h. Each data bar is presented as mean and standard deviation of three independent experiments. Different letters above bars indicated significant

differences among samples (p<0.05).

higher in comparison to those of unhydrolysed SPI (ICs, of 24.93
and 42.82 pg/mL, respectively). Our data also revealed a slightly
stronger *OH-scavenging capacity of HPJ 4 h than Hpapain 4 h,
despite both hydrolysates showed relatively similar DH. This
might be rooted from the varying specificity of native proteases
in the PJ which released a higher amount of peptides with
*OH-scavenging activity or more active peptides. It should be
noted that ICsq values of HPJ 0 h, HCJ 0 h, and Hpapain 0 h for
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the *OH-scavenging activity were slightly lower than that of SPI
(Table 1).This higher radical scavenging capacity might be ex-
plained by the antioxidant activity of polyphenols of the papaya,
carotenoids and vitamin C in the cantaloupe, or papain itself
[Fundoetal, 2018; Insanu et al., 2022; Manosroi et al., 2014].
SPI'hydrolysates by PJ, CJ, and papain in our study displayed
more effective free radical-scavenging capacity than unpro-
cessed SPI, which was similar to a previous study using papain
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and bromelain [Xu et al, 2023]. The improved antioxidant po-
tential of hydrolysates can be attributed to the release of bioac-
tive peptides during hydrolysis. The structural characteristics
of these peptides, such as their molecular weight, amino acid
composition, sequence, hydrophobicity, and secondary struc-
ture, determine their antioxidant potential [Zou et al., 2016]. For
instance, C terminal Trp or Tyr-containing tripeptides from two
libraries generated based on the sequence of the antioxidant
peptides in the soy protein hydrolysates were found to exert
strong radical-scavenging activities [Saito et al., 2003]. In another
study, low molecular-weight fractions of soy protein hydro-
lysate had stronger radical scavenging effects than the higher
molecular-weight fractions [Abu-Salem et al, 2013].

= Wound-healing capacity of soy protein hydrolysates
The wound-healing property of peptides isolated from protein
hydrolysates in previous studies [Gomes et al, 2017; Song et
al, 2019], inspired us to examine this activity of the SPI hydro-
lysates obtained by PJ, CJ, and papain. Here, in vitro scratch as-
says on human fibroblasts were employed for the assessment
of wound-healing property. Wound recovery was about 30%
after 12 h and 50% after 24 h of treatment in the water-treated
control, indicating the occurrence of self-wound-healing activ-
ity (Figure 4). SPI and Hpapain did not accelerate the healing
process after 12 and 24 h, since similar percentages of wound
closure were observed in the samples treated with SPI, Hpa-
pain and water control. The same effects were also observed
with HPJ 0 h-and HCJ 0 h. On the contrary, HPJ 4 h and HCJ 4 h
significantly ameliorated wound recovery in comparison with
the other samples. Noticeably, at 24 h, wounds supplemented
with HPJ 4 h and HCJ 4 h were closed by more than 70 and 90%,
respectively. These results suggested that the wound-healing
efficiency of SPI'in the human fibroblast model was improved
by the treatment with PJ and CJ but not with papain.

The distinctive composition of bioactive peptides in the SPI
hydrolysates by fruit juices and papain might cause the differ-
ence in their wound-healing properties as peptides are capable
of recovering wounds by influencing the inflammation, epitheli-
alization, tissue granulation and remodeling steps [Gomes et al,,
2017;Wang et al., 2022]. A recent study has shown that peptides
prepared from the hydrolysis of soy protein with four commer-
cial proteases promoted skin repair in rats through suppressing
the excessive levels of factors in the inflammation step [Zhang
et al, 2020a]. It would be interesting to investigate if peptides
generated by the hydrolysis by PJand CJ act via the inflammatory
pathway or other mechanisms in a further study.

= Tyrosinase inhibitory activity of soy protein hydro-
lysates
Natural anti-tyrosinase agents are of great interests in recent
years as they can be excellent sources for skin whitening [Zhao
etal, 2023]. Protein hydrolysates containing bioactive peptides
have been shown to display outstanding anti-tyrosinase ac-
tivities, implying their potential in the whitening area [Hu et al,
2022; Upata et al., 2022; Zhao et al., 2023]. Therefore, our study
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Figure 5. Tyrosinase inhibitory capacity of soy protein isolate (SPI),
hydrolysates obtained by papaya juice (HPJ 4 h), cantaloupe juice (HCJ 4 h),
and papain (Hpapain 4 h), and unhydrolysed mixture of SPI with papaya juice
(HPJ O h), cantaloupe juice (HCJ 0 h), and papain (Hpapain 0 h). SPI hydrolysates
were prepared at the juice to substrate ratio of 2.5:2 (v/w) or the papain to
substrate ratio of 0.625:2 (w/w), temperature of 55°C, and reaction time
of 4 h. Each data bar is presented as mean and standard deviation of three
independent experiments.

—— 5Pl

assessed this property in SPI hydrolysates obtained by PJ, CJ,
and papain although it has not been described for soy protein
hydrolysates so far.

Our data showed that HPJ 4 h, HCJ 4 h, and Hpapain 4 h in-
hibited the activity of tyrosinase more strongly than unhydrolysed
SPland respective HPJ 0 h, HCJ 0 h,and Hpapain 0 h (Figure 5). At
the SPI concentration of 60 ug/mL, unhydrolysed SPland Hpapain
0 hdisplayed about 15% of inhibition of tyrosinase activity whereas
the percentages of inhibition were nearly 30 and 35% for HPJ O h
and HCJ 0 h, respectively. The inhibitory effect on enzyme activity
was remarkably increased in HPJ 4 h and HCJ 4 h (75% of inhibi-
tion) and moderately improved in Hpapain 4 h (35% of inhibition,
respectively). Consistently, the ICso values of HPJ 4 h (32.07 pug/mL),
HCJ 4 h (3049 pg/ml), and Hpapain 4 h (117.80 ug/mL) were
lower than those of unhydrolysed SPI (>300 ug/mL), respective
HPJ 0 h (11640 pg/mL), HCJ 0 h (150.31 pg/mL), and Hpapain
0 h (>300 ug/mL) (Table 1). It is also worth mentioning that HPJ
0 h and HCJ 0 h showed stronger tyrosinase inhibitory activity
than unhydrolysed SPI, suggesting that papaya and cantaloupe
juices possessed the ability to inhibit tyrosinase. These results are
consistent with the anti-tyrosinase property of the extracts from
papaya and cantaloupe fruits [Le et al, 2023; Shin et al, 2008].
Protein hydrolysates obtained by enzymes of plant origin have
been analysed for their inhibition of tyrosinase activity. For ex-
ample, the hydrolysates of calf fleshing by-products obtained by
papain and bromelain exhibited inhibitory effects on tyrosinase
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activity [Tedeschiet al, 2021]. The improvement of anti-tyrosisnase
activity in the protein hydrolysates is possibly contributed by
peptides as products of the hydrolysis process [Hu et al, 2022].
As SPI hydrolysates achieved by PJ and CJ in our study revealed
strong tyrosinase inhibitory abilities, it is of importance to isolate
bioactive peptides or peptide fractions from these hydrolysates
and examine their skin-whitening activity in in vivo models.

CONCLUSIONS

The present study results demonstrated the possibility of ob-
taining soy protein hydrolysates using papaya and cantaloupe
juices with significantly higher ABTS** and *OH-scavenging,
wound-healing, and anti-tyrosinase capacities compared to SPI.
The commercial enzyme, papain, hydrolysing SPI at a relatively
similar DH (about 11%) as PJ produced the hydrolysate with
enhanced tyrosinase inhibitory and ABTS®**-scavenging capaci-
ties but insignificant wound-healing effect. The *OH-scavenging
capacity of the hydrolysate obtained by papain was also im-
proved to a lesser extent as compared to that of the hydrolysates
produced with papaya and cantaloupe juices. Based on these
results, papaya and cantaloupe juices offer great opportuni-
ties to produce SPI hydrolysates with perspective applications
in healthcare foods, such as supplementary drinks.
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Variation in the Lipid Profile of Pacific Oyster (Crassostrea gigas)
Cultured in Khanh Hoa Coast, Vietnam, Based on Location
and Harvest Period

Minh Van Nguyen'* ® Derrick Kakooza! ®, Anh Phuong ThiTran' ©, iy Thao Thi Tran' ®

'Faculty of Food Technology, Nha Trang University, 02 Nguyen Dinh Chieu, Nha Trang, Vietnam

The lipid profiles of the oyster Crassostrea gigas cultured in Khanh Hoa coast at three locations and harvested in different
months throughout the year were compared. Seasonal and locational changes in total lipid (TL) content, phospholipid
content, free fatty acid content, fatty acid (FA) composition, and thrombogenicity index were found. The total lipid content
and n-3/n-6 ratio in oysters from Ninh Hoa were higher compared to those from Cam Lam and Van Ninh. For oyster from all
three farming areas, the total lipid content was the lowest during the two spawning seasons (May and September). Lipids
from C. gigas were separated into neutral and polar lipid fractions using silica gel column chromatography. The amount
of neutral lipids recovered from the oyster muscle was significantly higher than that of the polar lipids. The FA composition
showed that C. gigas was abundant in saturated fatty acids (30.89-39.16 g/100 g TL), followed by polyunsaturated fatty acids
(28.13-35.88 g/100 g TL), and monounsaturated fatty acids (19.32-23.75 g/100 g TL). The dominant polyunsaturated fatty
acids of oysters from the three farming areas were eicosapentaenoic acid (9.09-13.77 g/100 g TL) and docosahexaenoic acid
(6.71-16.47 g/100 g TL). Based on the present findings, it can be concluded that the Pacific oyster C. gigas cultured in Khanh

Hoa, Vietnam is a promising source of highly nutritious exploitable lipids.

Key words: fatty acids, farming location, harvest season, lipid profile, phospholipids, thrombogenicity index

INTRODUCTION

Global aquaculture has increased in recent years and currently
provides 50% of the world's food fish supply [Botta et al., 2020].
In 2020, global mollusc production was over 17.7 million tons
of which 6.06 million tons were oysters [FAO, 2022]. In 2018,
commercial oyster production in Vietnam was at 15,000 tons
from the coastal areas with Crassostrea angulata as the main
farmed species [Ugalde et al, 2023]. Oyster production relies
on spat collection from the wild but the increasing demand
for juveniles has led to the use of hatcheries [Rato et al,, 2019].
The contents of lipids, carbohydrates and protein of bivalves are
influenced by the dietary nutritional profile [Anjos et al., 2017].

The oyster's chemical composition varies between species due
to factors like season, habitat, sexual maturity, age, and sexual
cycle, with season being the most important factor among
them [Hurtado et al,, 2012]. Lipid reserves in bivalves are an im-
portant energy source used in gonad maturation being utilized
for energy during gametogenesis and a constituent in larvae
and eggs [Rato et al, 2019]. Neutral lipids are the major energy
reserve in most marine animals, and their composition depends
on the diet source [De La Parra et al, 2005]. Diet (microalgae)
has been shown to influence the polyunsaturated fatty acid
(PUFA) profile of oysters as most bivalves have limited ability to
produce long-chain fatty acids from short-chain precursors [Chu
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& Greaves, 1991]. Lipids found in the oyster muscle contain high
levels of phospholipids with important PUFAs such as eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA). The lipid
content and composition of the fish and mollusc muscle vary
depending on the fish species, season, sex, sexual maturation,
and geographical variations [Kandemir & Polat, 2007]. In oysters,
reproductive cycles affect the lipid profile more than the diet.
Liu et al. [2020] showed seasonal variations in the lipid profile
of the oyster, Crassostrea talienwhanensis, from the Yellow Sea
area, with samples harvested in February having higher levels
of PUFAs (48.77% of total lipids) and phospholipids (52.12% of to-
tal lipids). In turn, the oysters Crassostrea rhizophorae cultivated
in the winter had a higher level of PUFAs, particularly the eicos-
apentaenoic-docosahexaenoic acid combination, and lower
levels of saturated fatty acids [ Lira et al, 2013].

Pacific oyster Crassostrea gigas is widely cultured in Khanh
Hoa province, Vietnam, at three different coastal areas: (1) Thuy
Trieu lagoon — Cam Lam district, (2) Nha Phu lagoon — Ninh
Hoa district, and (3) Mon lagoon — Van Ninh district. The cli-
matic and environmental characteristics, as well as food sys-
tem of these coastal areas, are different from each other. This
is believed to have an effect on the lipid composition and,
consequently, the nutritional value of Pacific oyster muscle.
A previous study by Tung & Son [2019] reported that sea surface
temperature of central Vietnam exhibited an average value
of 23°C from January to February and 32°C in July to August,
accompanied by a relatively stable salinity ranging from 31%o
to 34%o. In the mangrove ecosystem of Khanh Hoa province,
a study by Lan et al. [2021] revealed a high diversity of phy-
toplankton, particularly silica algae, with water temperatures
ranging from 29.4°C to 30.1°C. Truong et al. [2014] identified
185 zooplankton species in the Nha Phu estuary, with seasonal
temperature variations ranging from 25.5°C in the wet season
to 32.7°C in the dry season. The objective of this study was to
understand the seasonal and locational variations in the lipid
profile, including lipid classes, and fatty acid (FA) composition,
of C. gigas harvested from Khanh Hoa coast. Results of this study
will provide information on when to harvest C. gigas oyster for
the highest lipid and the health indices of the lipids, which can
be used in dietary recommendations.

MATERIALS AND METHODS

= Materials and reagents

Oysters (Crassostrea gigas) were harvested from three Vietnamese
farming regions; Thuy Trieu lagoon — Cam Lam, Nha Phu lagoon -
Ninh Hoa, and Dam Mon lagoon —Van Ninh at the same location,
on the 23" and 24™" of each month for 12 months from January
2021 to December 2021. The samples were commercial qual-
ity oysters (after 7-8 months of stocking) with an average size
of 65-75 mmin length, and a weight of 70-80 g/oyster. After har-
vesting, the oysters were washed in seawater, placed in styrofoam
boxes with ice, and transported to the laboratories of the Nha
Trang University, Vietnam. Oyster muscle was manually separated
from the shells, vacuum packed in polyamide bags and frozen at
—-35+2°Cin an air-blast freezer (Seatecco Corporation, Da Nang,
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Vietnam). Frozen samples were stored at —80°C and analyzed
within 2 weeks. Before analysis, the samples were completely
thawed in a refrigerator at a temperature of 2°C.

The analytical materials and analytical grade reagents in-
cluded n-hexane, chloroform, methanol, t-ascorbic acid, thin
layer chromatography (TLC) plates (TLC silica gel 60 Fs4), silica gel
60 (0.040-0.063 mm), diethyl ether, potassium chloride, sodium
sulphate, and ninhydrin, and were purchased from Sigma-Aldrich
(Burlington, MA, USA). All other reagents were also of analytical
grade and were obtained from Merck (Darmstadt, Germany).

= Determination of total lipid content

Oysters were extracted to obtain total lipid content according
to the method of Bligh & Dyer [1959]. Briefly, 25 g of thawed
oyster muscle was mixed with 25 mL of chloroform and 50 mL
of methanol and homogenized in an Ultra-Turrax homogenizer
(T25 basic, lka Labortechnik, Staufen, Germany) for 2 min. To
this end, 25 mL of chloroform was added, and the mixture was
homogenized for 1 min. Then, 25 mL of 0.88% KC| was added
to induce phase separation, and the mixture was homogenized
for 1 min. After another 1 min of homogenization, the mixture
was centrifuged at 1,942xg (Hermle Z326K universal refrigerated
centrifuge, Wehingen, Germany) for 20 min at 4°C. The chloro-
form phase was collected and filtered through Whatman GF/C
filters (Cytiva, Buckinghamshire, UK) filled with anhydrous sodium
sulphate (Na,SO,4) to remove traces of methanol and water.
The total lipid content was determined by weighing after evapo-
ration of chloroform to dryness at 40°C in a water bath, using
a liquid nitrogen stream. The results were expressed as g per
100 g of the wet weight of oyster muscle.

=  Phospholipid content determination

Phospholipid (PL) content of the oyster muscle was determined
according to the method of Stewart [1980], based on the com-
plex formation of phospholipids with ammonium ferrothiocy-
anate. Briefly, a 100 pL of an aliquot of the chloroform phase
containing lipids, extracted using the Bligh & Dyer method
[1959], was added to 2 mL of chloroform. Subsequently, 1 mL
of a thiocyanate reagent was added, and the mixture was vor-
texed for 1 min and centrifuged at 2,000xg (Hermle Z326K
centrifuge) for 5 min at 4°C. The absorbance of the lower layer
was measured at 488 nm using a Libra S50 UV/VIS spectropho-
tometer (Biochrom, Cambridge, UK). The results were expressed
as g per 100 g of the total lipid and calculated using a standard
curve prepared from phosphatidylcholine.

H  Free fatty acid content determination

Free fatty acid (FFA) content was determined according to
the method of Bernérdez et al. [2005], based on complex for-
mation of fatty acids with cupric acetate-pyridine. Briefly, 3 mL
of an aliquot of the chloroform phase containing lipids, extracted
using the Bligh & Dyer method [1959], was evaporated to dryness
at 40°C in a water bath, using a liquid nitrogen stream. Subse-
quently, 3 mL of cyclohexane and 1 mL of cupric acetate-pyridine
reagent were added, and the mixture was vortexed for 1 min



Pol. J. Food Nutr. Sci., 2024, 74(1), 16-25

and then centrifuged at 2,000xg (Hermle Z326K centrifuge) for
10 min at4°C.The absorbance of the upper layer was measured at
715 nm using a Libra S50 UV/VIS spectrophotometer (Biochrom).
The results were expressed as g FFA per 100 g of the total lipid
using a standard curve prepared from oleic acid.

= Neutral and polar lipid separation

Total lipids recovered from C. gigas for the months of January, May,
September, and November of each location were separated into
neutral lipid and polar lipid fractions using column chromatog-
raphy on silica gel according to the method described by Pernet
et al. [2006] with some modifications. A glass column with an
inner diameter of 180 mm, a length of 330 mm, and silica gel 60
(0.040-0.060 mm) were used. A lipid to sorbent ratio of 1:50 (W/V)
was used, and the column was pre-conditioned with methanol
and chloroform. A solution of 0.8 g of the lipid sample in T mL
of chloroform was loaded onto the column and eluted at a rate
of 1 mL/min with chloroform (100%) for 10 min followed by chlo-
roform-methanol (95:5, v/) for 20 min and then with chloroform-
-methanol (90:10, v/v) for 30 min to obtain the neutral lipid fraction.
The elution was stopped when all the neutral lipids had been col-
lected as confirmed using thin layer chromatography (TLC). Polar
lipids were recovered by elution with methanol and complete
recovery of the polar lipids was confirmed by performing TLC.

TLC was performed following the method described by
Deranieh et al. [2013] with some modifications. TLC silica gel
60 F,s4 plates were used as the stationary phase. The mobile
phase for developing and separating neutral lipids consisted
of a mixture of n-hexane/diethyl ether/acetic acid in a ratio
of 70:30:2 (v/v/v). Another mobile phase composed of chloro-
form/methanol/water at a ratio of 65:25:4 (v/v/v) was used for
developing and separating polar lipids. After TLC separation,
the localization of the neutral lipids was visualized using iodine
vapors, while the visualization of polar lipids was achieved using
ninhydrin and 10% H,SO, in MeOH.

The eluents of each fraction were evaporated using a rotary
evaporator under vacuum at 40°C (Yamato RE-801-AW?2 rotary
evaporator, Yamato, Japan) and further under a gentle stream
of nitrogen at 35°C. The weight of neutral and polar lipids was
recorded, and the fractions were stored at —20°C in the dark until
further analysis. The results were expressed as g neutral lipids or
g polar lipids per 100 g of the total lipids.

= Fatty acid profile analysis

Fatty acids of total lipids extracted were transesterified to methyl
esters using base-catalysed esterification according to the Amer-
ican Oil Chemists' Society (AOCS) official method (Ce 1b-89,
2017) [AOCS, 2017]. The fatty acid methyl esters (FAMEs) were
dissolved in iso-octane and injected into a model GC 17A gas
chromatograph (Shimadzu Corp., Kyoto, Japan) equipped with
a Zebron ZB-wax fused silica wall-coated open tubular column
(0.25mmid.x30m,0.25 umin film thickness; Torrance, CA, USA)
and a flame-ionization detector. The column oven and injection
port temperature were held initially at 170°C for 2 min, then pro-
grammed to 240°C at a rate of 5°C/min, from 240°C to 250°C at
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arate of 1.6°C/min, and finally held at 250°C for 10 min. Nitrogen
was used as a carrier gas with an inlet pressure of 2.0 kg/cm?.
Results were expressed as g per 100 g of the total lipids, and C23:0
(tricosanoic acid) was used as an internal standard.

=  Thrombogenicity index calculation

Thrombogenicity index (Tl) was calculated according to Equa-
tion (1) by Ulbricht & Southgate [1991]. Tl is the relationship
between the pro-thrombogenic saturated fatty acids and the an-
ti-thrombogenic monounsaturated fatty acids (MUFAs) and poly-
unsaturated fatty acids (PUFAs) that indicates the tendency to
form clots in the blood vessels.

(C14:0 + C16:0 + C18:0)

(0.5 X PUFAc) + (3% PUFA, ) + (0.5 X MUFAM+ fe=

TI=

M

m  Statistical analysis

All experiments were conducted in triplicate. The results were
presented as means and standard deviations (SD). All the statisti-
cal analyses were carried out using the SPSS (version 26) software
(SPSS Inc,, Chicago, lllinois). The results were analyzed using one-
-way analysis of variance (ANOVA). Differences between samples
were tested for significance by Student-Newman-Keuls post-hoc
test at the 5% level of significance.

RESULTS AND DISCUSSION

= Total lipid content

The total lipid content of the muscle of C. gigas from the three
locations ranged between 2.64 and 3.15 g/100 g wet weight
(Figure 1).The total lipid content of oysters significantly (p<0.05)
varied across harvest seasons and farming locations. Within
the year, it was the lowest in the months of May and September.
The content of total lipids recovered from Ninh Hoa oysters was
slightly higher than that for Cam Lam and Van Ninh, which can be
related to better food availability and quality and environmental
conditions in Ninh Hoa compared to the other two areas. Lipid
accumulation and depletion in molluscs depend on the stage
of gonad maturation, food quality and supply, and the influence
of environmental conditions on metabolic activity [Su et al,,
2006]. Lipids in oysters play an important role in gametogenesis
and actasan energy source [De La Parra et al., 2005]. They are ac-
cumulated whenfood is available, and during gonad maturation
when there is conversion of glycogen into lipids. The low lipid
contentin oysters harvested in May and September in our study
corresponded to the spawning period, an energy-intensive pro-
cess. Post spawning, oysters accumulate storage lipids, especially
triacylglycerols, in the resting phase [Napolitano & Ackman, 1992;
De La Parra et al, 2005]. Sterols are accumulated during gonad
development in preparation for the reproductive processes
[Pazos et al, 1996]. Phytoplankton blooms during the rainy sea-
son in November and December probably were responsible for
theincreased lipid content of oysters (Figure 1). Previous studies
have indicated seasonal and locational variations in the lipid
content of C. gigas [Dridi et al, 2007; Linehan et al,, 1999; Pazos
etal, 1996]. Linehan et al. [1999] observed that the highest total
lipid content of C. gigas was in December (8.7% dry weight)
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Figure 1. Total lipid content of Crassostrea gigas oysters cultured in Khanh Hoa coast at three locations and harvested in different months. Different letters above
bars separately for each farming location indicate significant differences (p<0.05).
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Figure 2. Phospholipid content of Crassostrea gigas oysters cultured in Khanh Hoa coast at three locations and harvested in different months. Different letters
above bars separately for each farming location indicate significant differences (p<0.05). TL, total lipids.

and the lowest in September (7.8% dry weight). Dagorn et al.
[2016] reported the maximum total lipid content of the invasive
C. gigas in April (8.6% dry weight) and the minimum in January
(7.1% dry weight). In a study by Asha et al. [2014] on Crassostrea
madrasensis, the average total lipid content on a wet weight
basis was 3.25%. In the present study, the range of total lipid
content for the C. gigas from the three locations was higher
than that reported by Martino & Cruz [2004] for mangrove oyster
Crassostrea rhizophorae (1.5-2.0 g per 100 g of the wet weight)
collected at the mangrove of “Barra de Guaratiba” district, Brazil.
These differences may be due to the location, environmental
conditions, species, and food availability.

= Phospholipid content
Phospholipids accounted for 29.84-36.82 g/100 g TL recovered
from C. gigas and their content significantly (p<0.05) varied with

19

oyster harvest season and farming location (Figure 2). The slightly
higher phospholipid content was determined in the oysters
from Ninh Hoa when compared to the other two locations (i.e,
Cam Lam and Van Ninh). In general, the phospholipid content
increased from January to March, started to decrease in April
and May, then increased from June and peaked in August. High
phospholipid contents in January to March and in August can
indicate increased formation of germinal cells (in males) during
spermatogenesis. Phospholipid content increases during go-
nadal maturation as they form part of the structural membrane
lipids and as lipovitellins that accumulate oocytes as a reserve for
the cellular dividing process following fertilization [De La Parra
et al, 2005]. Phospholipid accumulation also increases during
the period of maturity preceding spawning. Previous studies
have indicated seasonal and locational variation in the phos-
pholipid content of oysters [Dagorn et al., 2016; Liu et al., 2020;
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De La Parra et al, 2005; Saito & Marty, 2010]. A study by Dagorn
et al. [2016] showed seasonal variation in the phospholipid
content of Crassostrea gigas on the French Atlantic coast with
50.4% and 28.1% phospholipids (% of the total lipid) deter-
mined in winter and spring, respectively. Pogoda et al. [2013]
found that the phospholipid content of the off-shore cultivated
C. gigas ranged between 39.6-61.8% of the total lipid while
that for the species Ostrea edulis was in the range of 42.6-55.5%
of the total lipids. In a study by Liu et al. [2020], the phospholipid
content of the oyster C. talienwhanensis from the Yellow Sea area
was in the range of 11.46-52.12% of the total lipids. The highest
phospholipid content in this study from the three areas was
lower than the maximum reported in other studies [Dagorn
etal,2016; Liuetal, 2020; Pogoda et al., 2013]. Phospholipids are
synthesized and accumulated as a response to low water salinity
and freezing temperatures [Fokina et al, 2018]. This might explain
the low phospholipid values in this study in comparison to
other areas. However, the seasonal variation in the phospholipid
content was minimal when compared to that reported in other
studies [Dagorn et al., 2016; Liu et al., 2020; Pogoda et al., 2013].

= Free fatty acid content

The free fatty acid (FFA) content of the lipids recovered
from C. gigas for the three locations ranged between 5.07
and 6.70 g/100 g TL (Figure 3). At the p=0.05, there were no
significant differences in the FFA content of the lipids of oysters
from the three farming areas across the harvest season. However,
the FFA content of oysters from each farming location varied sig-
nificantly (p<0.05) across the 12 months. The highest FFA content
was observed in oysters harvested in April and October which
corresponded to the two spawning seasons. Free fatty acids are
generated after the degradation of the lipids by enzymes in dead
cells [Saito & Marty, 2010]. They also represent an immediate
energy source with their content being proportional to the meta-
bolic demand [Viladrich etal, 2016]. Stress conditions like thermal

Cam Lam

FFA content (9/100 g TL)

Jan Feb Mar Apr May

M Ninh Hoa

Jun

stress and starvation can increase the FFA content. Increased
FFA content has been reported in gorgonians after spawning
as a mechanism to overcome reproductive stress [Viladrich
et al, 2016]. The increase in FFA content of C. gigas recorded
in our study in April was probably a way for the oysters to meet
the metabolic demands for the spawning period as FFAs were
obtained from lipid reserves. It could also be a mechanism to
overcome thermal stress as temperatures increase. Several stud-
ies have also reported low FFA levels in oysters harvested from
different areas. Pogoda et al. [2013] reported low levels of free
fatty acids in Ostrea edulis and C. gigas of 0.5-2.8% and 0.4-3.5%
of the total lipids, respectively. Similar to this study, the highest
values of FFA were recorded in April. FFA content determined
for C. talienwhanensis from the Yellow Sea area was in the range
of 0.65-7.88% of the total lipids [Liu et al, 2020]. Saito & Marty
[2010] reported high levels of FFA for the oyster C. gigas (2.7-8.1%
of the total lipid).

= Neutral and polar lipid contents

Total lipids recovered from C. gigas were fractionated into
neutral lipids (38.75-69.68 g/100 g TL) and polar lipids (32.86—
-61.25 g/100 g TL) using column chromatography (Figure 4).
A clear correlation was found - the higher the neutral lipid
content, the lower the polar lipid content and vice-versa. Neutral
lipids constituted a major portion of the lipids in the oysters
from the three locations. Their content was higher in the oysters
harvested in September (56.19-69.68 g/100 g TL) from the three
locations and lower in January (38.75-56.99 g/100 g TL). For
oysters farmed in Cam Lam, the content of polar lipids recovered
in January and November was higher than that of the neutral
lipids. Also, in January, the content of polar lipids recovered
from oysters in Van Ninh was higher compared to the neutral
lipid content. There was an equal distribution between neutral
and polar lipids recovered in May for the oysters farmed in Ninh
Hoa and Van Ninh at 50 g/100 g TL. Neutral lipids recovered from
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be bc€ ¢
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Figure 3. Free fatty acid (FFA) content of Crassostrea gigas oysters cultured in Khanh Hoa coast at three locations and harvested in different months. Different
letters above bars separately for each farming location indicate significant differences (p<0.05). TL, total lipids.

20



M.V. Nguyen et al.

100
= Cam Lam

Neutral lipid content (g/100 g TL)

Jan May

= Cam Lam

80

60

40

Polar lipid content (g/100 g TL)

20

0 -

Jan

May

M Ninh Hoa

M Van Ninh

Sept Nov

M Ninh Hoa M Van Ninh

Sept Nov

Figure 4. Neutral lipid (A) and polar lipid (B) contents of Crassostrea gigas oysters cultured in Khanh Hoa coast at three locations and harvested in different
months. Different letters above bars separately for each farming location indicate significant differences (p<0.05). TL, total lipids.

Cam Lam oysters increased from January (38.75 g/100 g TL) to
September (69.68 /100 g TL) and then decreased in November
(41.62 9/100gTL). Polar lipid levels on the other hand decreased
from January (61.25g/100 g TL) to September (30.32 g/100g TL)
and then started to increase again in November (58.38 g/100 g
TL). In Ninh Hoa oysters, the percentage of neutral and polar
lipids was relatively stable across the four months. Polar lipids
are structural components of the membranes, and their content
varies little irrespective of the external parameters and nutritional
changes [Soudant et al,, 1999]. In turn, the neutral lipid content
and composition reflect the diet of the oysters and are used as
a biomarker in bivalves [Pernet et al, 2006]. The ratio of polar
lipids to neutral lipids is an indicator of the nutritional condition
of the organism with values <1 showing good nutritional status
[Pogoda et al., 2013]. Triacylglycerols were the main constitu-
ent of neutral lipids in Mytilus spp. [Fokina et al, 2018], oyster
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Crassostrea rhizophorae [Liu et al., 2020], and oyster Crassostrea
gigas [Saito & Marty, 2010], and it was found that they are part
of the principal energy reserves in marine invertebrates. They
are accumulated in periods of high food availability and de-
pleted during food scarcity. The relative stability of neutral lipids
in oysters harvested in Ninh Hoa, in our study, can be indicative
of better food quality and availability at all times. Also, high levels
of neutral lipids recovered in November in Van Ninh were prob-
ably due to phytoplanktonic blooms during the rainy season.
Low levels of neutral lipids in January may suggest low food
availability. Increased levels of neutral lipids recorded in May
in oysters from the farming areas of Cam Lam and Van Ninh dur-
ing the spawning season are probably due to the accumulation
of lipids and conversion of glycogen into lipids during game-
togenesis. In a study on C. gigas by Dagorn et al. [2016], neutral
lipids accounted for 40% in winter (January) and 64.5% in spring
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(April). Similar to this study, low levels of neutral lipids were re-
corded in January. High levels of neutral lipids in this study were
consistent with findings from previous studies [Dagorn et al,
2016; Pazos et al., 1996; Pogoda et al., 2013; Saito & Marty, 2010].

= Fatty acid composition

The contents of fatty acids, total saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), and polyunsaturated fatty
acids (PUFAs) of muscle lipids of C. gigas cultured in the three
farming locations are shown in Table 1. Lipids recovered
from C. gigas were abundant in SFAs (30.89-39.16 g/100 g
TL), followed by PUFAs (28.13-35.88 g/100 g TL), and MUFAs
(19.32-23.75 g/100 g TL). The main PUFAs were the n-3 PUFA
with eicosapentaenoic acid (EPA, 20:5n3,9.09-13.77 g/100 g TL)
and docosahexaenoic acid (DHA, 22:6n3,6.71-16.47 g/100gTL)
being the dominant fatty acids from the three locations across
the harvest season. The major MUFA in oyster muscle was oleic
acid (18:1n9, 6.96-10.00 g/100 g TL) while the most abundant
SFA was palmiticacid (16:0, 21.14-27.27 g/100 g TL). Palmitic acid,
EPA, and DHA are major components of phospholipids and are
typical of marine animal lipids [Pogoda et al,, 2013]. Since EPA
and DHA are membrane components, their contents vary slightly
throughout the year. Previous studies have also indicated that
oyster was abundant in EPA and DHA [Liu et al., 2020; Martino &
Cruz, 2004; Saito & Marty, 2010]. EPA levels were slightly higher
in this study than these of DHA in general, similar to a study by
Pazos et al. [1996] in which the contents of EPA in triacylglycerols
and phospholipids of C. gigas were higher than these of DHA.
High EPA levels are a reflection of EPA-rich phytoplankton. EPA
has also been shown to have an energetic role [Qin et al., 2021].
The arachidonic acid (C20:4n6) is a precursor of prostaglandins
which influences reproduction in molluscs [Soudant et al., 1999].
The proportion of n-6 fatty acids, especially C20:4n6, indirectly
shows depletion and accumulation of lipid reserves through an
increase or decrease, respectively [Pogoda et al, 2013]. In this
study, there was a locational variation in the content of C20:4n6
in the profile of oyster fatty acids (Table 1). Lipids recovered from
the oysters cultivated in Ninh Hoa had a lower content of this
fatty acid compared to the oysters from the other two locations.
Low lipid levels in Ninh Hoa oysters can indicate better food avail-
ability and quality compared to the other two locations as lipids
are accumulated as reserves. The mean PUFAs, SFAs, and MUFAs
content of C. gigas was not significantly different (p>0.05) across
the harvest seasons and locations. The order of PUFAs content
from the three locations within the year decreased in the follow-
ing order: January (32.87-35.88 g/100 g TL), November (31.37—
-33.539/100gTL), September (29.88-32.39g/100g TL), and May
(28.13-32.91 g/100 g TL). Studies have shown an inverse correla-
tion between temperature and the amount of PUFA in oysters
during the different months [Pazos et al., 1996]. The insignificant
(p=0.05) seasonal variation in the PUFA content of C. gigas in our
study can be explained by the fact that the water temperature
does not vary much throughout the season at three farming
locations. Marine bivalves have been indicated to have a special
requirement for n-3 PUFAs accumulating these rather than n-6
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[Abad et al, 1995]. This explains the higher levels of n-3 PUFAs
compared to n-6 PUFAs in this study.

In a study by Futagawa et al. [2011] on C. gigas from two
farming areas in Japan, SFAs accounted for 41.0-44.2% of the to-
tal lipids while MUFAs and PUFAs accounted for 14.8-22.4%
and 35.2-42.2%, respectively. Asha et al. [2014] reported that
PUFAs constituted the majority of the fatty acid pool in C. madra-
sensis followed by SFAs and lastly MUFAs. Similarly, EPA and DHA
were found to be the predominant PUFAs. In a study by Liu et al.
[2020], PUFAs (39.04-48.77% of total lipids) were the dominant
FAs followed by SFAs (26.96-3 7.09% of total lipids) and MUFAs
(19.43-28.85% of total lipids) in C. talienwhanensis from the Yel-
low Sea area. PUFA content in the cited study was higher than
thatin our study; however, similar to our study, palmitic acid was
the most abundant SFA and oleic acid was the dominant MUFA.
EPA and DHA were also the most prevalent PUFAs. Pogoda et al.
[2013] also reported that the FAs of Ostrea edulis and C. gigas
were dominated by palmitic acid (C16:0), EPA, and DHA similar
to our study. The fatty acid composition of oysters is influenced
by intrinsic (e.g., sex, age, size) and extrinsic factors (e.g., tem-
perature, salinity, and diet) [Martino & Cruz, 2004]. A decrease
in temperature leads to increased unsaturation of fatty acids to
ensure membrane fluidity. At higher temperatures, an increase
in phospholipid content is necessary to counteract excess flu-
idity, which explains the increased SFAs content in the oyster
[Martino & Cruz, 2004].

The C. gigas lipid quality, expressed as a thrombogenicity
index (Tl) and an n-3/n-6 ratio, varied within the harvest season
and farming location (Table 1). The Tl order was as follows: Sep-
tember (0.44-0.46), May (0.40-0.44), November (0.38-0.430),
and January (0.30-0.42). Tl is related to the risk of thrombosis
and its high values (>1.0) are considered dangerous to human
health [Chakraborty et al, 2016]. The values of Tl in this study
were less than 1.The second lipid quality parameter, n-3/n-6 ratio,
ranged from 1.45 to 4.55, and lipids recovered from the oysters
harvested in Ninh Hoa exhibited its higher values compared
to the oysters from the other two farming locations (Table 1).
The n-3/n-6 ratios in our study were slightly higher than those
reported by Liu et al. [2020] for C. talienwhanensis; however, were
similar to those published by Martino & Cruz [2004] for mangrove
oyster Crassostrea rhizophorae. Generally, oysters from tropical
areas have been reported to have lower n-3/n-6 ratios com-
pared to those from temperate areas [Lira et al, 2013]. Linehan
etal. [1999] found the n-3/n-6 ratio for C. gigas as 5.88 in winter
and 4.35 in summer. n-3 Fatty acids are important in diets as
they play a vital role in body function regulation [Swanson et al.,
2012]. However, a high intake of n-6 isimplicated in the increased
incidence of inflammatory diseases as n-6 and n-3 fatty acids
compete for metabolic enzymes [Bhardwaj et al,, 2016]. Therefore,
the consumption of marine organisms, like oysters, is important
as they are rich in n-3 fatty acids.

High levels of EPA and DHA, the low Tl values, and the high
n-3/n-6 ratios recoded throughout the farming season show
the excellent nutritional characteristics of the oysters from Khanh
Hoa which could be recommended for human consumption.
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CONCLUSIONS

The results of this study indicate that both the harvesting season
and farming location significantly influenced the lipid profile
of muscle of Crassostrea gigas cultured in Khanh Hoa province,
Vietnam. Oysters harvested from the three farming areas ex-
hibited variations in lipid content, with a higher lipid content
determined in the oysters from Ninh Hoa. A decreased lipid
content and increased free fatty acid content were found dur-
ing the two spawning seasons (April and September). Neutral
lipids constituted a larger proportion of the total lipids of oysters
harvested from the three farming areas. Oysters from Ninh Hoa
exhibited lower thrombogenicity index (TI) values and higher
n-3/n-6 ratios compared to those from Cam Lam and Van Ninh,
which indicates their higher nutritional value. Further studies
that consider seasonal and locational variations in nutritional
components, such as protein, glycogen, mineral content, etc,
could be conducted to determine the optimal harvesting time.
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Effects of Stewing Modes on Physicochemical Quality
and Formation of Flavour Compounds
of Chinese Dagu Chicken Soup

Haining Guan'?* ®, Xiaojun Xu'®, Chunmei Feng' @ Yanli Tian' @, Dengyong Liu' ®, Xiaogin Diao' ®

'College of Food Science and Technology, Bohai University, Jinzhou, 121013, China
“Cuisine Science Key Laboratory of Sichuan Province, Sichuan Tourism University, Chengdu, 610100, China

This study aimed to evaluate the influences of stewing modes, including high fire short time (HFST, 100°C/1 h), medium-
-high fire mid-length time (MFMT, 98°C/2 h), medium fire long time (MFLT, 90°C/3 h), and low fire ultra-length time (LFUT,
83°C/4 h) processing, on physicochemical parameters and flavour compound profile of Chinese Dagu chicken soup.

The chicken soup prepared under the stewing mode of MFMT had smaller particle size (d5, of 2.56 um and dy3 of 1.73 um),

higher zeta potential (8.66 mV), and viscosity than the soups stewed under the other conditions. The umami-taste com-

pounds, such as inosine 5-monophosphate, and umami free amino acid were the most abundant in the soup stewed by

MFMT (53.47 and 59.91 mg/100 mL, respectively). GC-MS results showed that the volatile compounds were mainly hexanal,

octanal, heptanal, (££)-2,4-decadienal, nonanal, and 1-octen-3-ol. Additionally, the results of measurements made with

the electronic nose and electronic tongue indicated that the overall flavour of the four chicken soups varied significantly.

In general, considering the stability and umami taste of chicken soup, as well as the time-saving need, it is recommended

to use the MFMT mode to prepare the chicken soup.

Key words: chicken soup, stewing modes, physicochemical quality, taste components, volatile compounds

INTRODUCTION

Chicken meat is loved food by people all over the world due to
its delicate taste and a high nutritional value. It contains essential
nutrients, especially proteins with a well-balanced amino acid
composition, free amino acids, peptides, and essential trace
elements [Ali et al,, 2019]. Chicken can be cooked in many ways,
but chicken soup is usually an important part of an everyday
diet of the Chinese people. While the chicken is cooked, some
water-soluble components such as proteins, carbohydrates,
vitamins, minerals, oligopeptides, and amino acids will be dis-
solved into chicken soup and their content in soup will increase
with the prolongation of heating time [Meng et al., 2022; Zhang

etal, 2021]. These compounds are dietary nutrients, but some
of them also have biological activity. Small molecules of chicken
soup, such as carnosine, anserine and taurine, can cause cen-
tral nervous system excitement, improve antioxidant and im-
mune capacity, increase appetite, and promote digestion [Xiao
etal, 2021]. After cooking chicken soup for a long time, native
structures of nutrients, such as proteins and carbohydrates, are
destroyed and become more easily digestible and absorbable
by the human body.

The flavour and texture are important factors affecting con-
sumers'acceptance and preference for soups. The flavourin chick-
en soup is developed by the thermal reaction of carbohydrates,
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proteins and lipids in the cooking process, mainly including
the Maillard reaction, lipid oxidation, and the interaction be-
tween the reaction products [Qi et al,, 2023; Zhang et al., 2018].
During this process, flavour precursors, such as water-soluble
components and lipids, are dissolved, released, and interact to
form volatile and non-volatile compounds [Dashdorjetal, 2015].
Research has shown that stewing conditions, such as time, heat-
ing temperature, and heating rate, affect a soup’s flavour profile
during cooking. Therefore, in recent years, several researches
published have focused on the influences of cooking conditions
on the flavour components and nutrients in soups [Pérez-Palacios
etal, 2017; Zou et al,, 2021]. Qi et al. [2018] studied the effect
of stewing time on taste activity and volatile compound levels
in chicken soup. The results have shown that increasing cooking
time reduces the content of taste components but increases
the aroma level. Our previous study also found that after cooking
for 4 h, the changes of flavour components in chicken soups
tended to stabilise [Guan et al., 2023]. Zhang et al. [2013] investi-
gated the influence of stewing temperature on protein hydroly-
sates and sensory properties of crucian carp soup and found that
the soup made at 85°C had excellent sensory qualities in colour,
flavour, and nutritional value. Rotola-Pukkila et al. [2015] reported
that the heating temperature had a more significant influence on
the extraction and release of umami compounds in pork soup
than the cooking time. In addition to flavour, texture of the soup
is also an essential factor of its quality assessment.

However, the literature available has limited information on
the rheological properties and flavour compound formation
in soups obtained by different "Huohou” modes. "Huohou" is
the most critical technical term in traditional Chinese cook-
ing, originally meaning temperature and duration of heating
required for dishes from raw to cooked, and is a key factor af-
fecting cooking results. Chotechuang et al. [2018] reported that
different combinations of boiling temperature and time can
affect chicken bone stock quality. This work aimed to evaluate
the influences of different “Huohou” modes on the rheological
properties and formation of flavour compounds of Dagu chick-
en soup. Analyses of the zeta potential, particle size, viscosity,
5"-nucleotide content, and the profiles of amino acids, fatty
acids, and volatile compounds in four samples, enabled deter-
mining the effect of stewing modes on the physicochemical
quality and flavour compound formation of the chicken soup.
In this study, based on the traditional experience of making
soup in China and our pre-experimental findings, we used four
different "Huohou” modes commonly used to stew Chinese
Dagu chicken soup, namely, the high fire short time (HFST, 100°C,
1 h), the medium-high fire mid-length time (MFMT, 98°C, 2 h),
the medium fire long time (MFLT, 90°C, 3 h), and the low fire
ultra-length time (LFUT, 83°C, 4 h).

MATERIALS AND METHODS

= Materials and chemicals

The freshly slaughtered Chinese Dagu chickens were pro-
vided by Dagu Chicken Breeding Farm Co., Ltd. (Zhuanghe,
China). The chicken carcasses were placed in polyethene bags
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and transported to the laboratory on ice. Reference standards
of amino acids, inosine 5'-monophosphate (5-IMP), adenosine
5'-monophosphate (5-AMP), guanosine 5-monophosphate
(5'-GMP), n-alkanes (C7 to C30), and cyclohexanone were ob-
tained from Sigma-Aldrich Co,, Ltd. (Shanghai, China). Addition-
ally, sulphuric acid, 4-dimethylaminobenzaldehyde, chloramineT,
chloroform, methanol, and sodium chloride were purchased
from China National Medicines Co,, Ltd. (Beijing, China). All other
chemicals used were of analytical grade.

= Sample preparation

Each half of the chicken carcass (approximately 800 g) was cut
into evenly sized pieces that were put into a high-temperature
cooking bag (nylon/polypropylene, moisture-proof, resistant
to high temperature, and shock-resistant). Next, clearwater
twice the weight of the chicken was added, and the bags were
sealed undervacuum [Qietal,, 2017]. The sealed samples were
divided into four groups based on different "Huohou” modes,
each was placed in an electrical stewpot with different powers,
and the same volume of water was added to the pot. The first
group was prepared using the stewing model of high fire short
time (HFST): heated from room temperature (approximately
23°C) to boiling temperature (100+0.15°C) by an electrical
stewpot with a constant power of 1,300 W, then kept at the con-
stant temperature for 1 h. The second group was prepared
using the stewing model of medium-high fire mid-length
time (MFMT): heated from room temperature to 98+0.15°C
by an electrical stewpot with a constant power of 800 W, then
kept at the constant temperature for 2 h. The third group was
prepared using the stewing model of medium fire long time
(MFLT): heated from room temperature to 90+0.16°C by an
electrical stewpot with a constant power of 500 W, then kept
at the constant temperature for 3 h. The fourth group was
prepared using the model of low fire ultra-length time (LFUT):
heated from room temperature to microboiling temperature
(83+0.16°C) by an electrical stewpot with a constant power
of 300 W, then kept at the constant temperature for 4 h. Af-
ter stewing, the liquid was filtered to remove chicken solids,
and the chicken soup was ready.

= Total solid and collagen content determination

The content of total solids was determined according to Guan
etal.[2023]. The solid content was expressed as g/100 mL of soup.
The collagen content of the samples was measured as report-
ed by Barido & Lee [2021]. The sample (4 g) was hydrolysed
with 30 mL of 3 M sulphuric acid and diluted to a final volume
of 250 mL with distilled water. The 4 mL of hydrolysate solution
was mixed with 2 mL of 4-dimethylaminobenzaldehyde solution
(10%, w/v,) and 2 mL of chloramine T solution (7%, w/v,) in a test
tube. The mixtures were heated at 60°C for 20 min, and then
cooled at room temperature for 20 min. The absorbance was
measured at 558 nm using a spectrophotometer (UV-2550, Shi-
madzu Co,, Kyoto, Japan). The collagen content was calculated by
multiplying the hydroxyproline contentand 11.1 (the coefficient
of hydrolysis of collagen to hydroxyproline), and the result was
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expressed as mg/mL soup. The content of hydroxyproline was
determined according to the standard curve.

u Zeta potential and particle size estimation

The zeta potential and particle size of the four samples were
evaluated using a Zetasizer Nano ZS-90 analyzer (Malvern Instru-
ments Ltd., Malvern, UK). The volume-weighted mean diameters
(d43) and surface-weighted mean diameters (d5,) were recorded.

=  Rheological behaviour measurements

Rheological measurements were carried out according to
the method previously used by Zhu et al. [2020]. A rotary rhe-
ometer (Discovery HR-1, TA Instruments, New Castle, DE, USA)
was used to measure the static and dynamic rheological prop-
erties. To this end, 1 mL of the chicken soup was placed on
the parallel plate under the rheometer, and the upper parallel
plate with a diameter of 40 mm was lowered slowly. The distance
between the two parallel plates was 1T mm, and the excess liquid
flowing out of the plate was erased. The sample was balanced
for 2 min before measurements. Static rheology was used to
record the variation of viscosity of the soup with a shear rate
(0.1-1000 1/s) at 25°C and test interval of 1,000 um. The dy-
namic rheology was measured in the linear viscoelastic region,
and the oscillating stress was fixed. The relationship between
shear rate, viscosity, and shear stress was analysed. The correla-
tion between the shear rate and shear stress was determined
using Equation (1):
T=Ky" M
where: T (Pa) is shear stress, y (1/5) is shear rate, K (Paxs) is consist-
ency coefficient, and n represents flow index.

= Free amino acid analysis

Free amino acids (FAAs) were determined according to the meth-
od described by Qi etal. [2017] with some modifications. Chicken
soup (2 mL) was mixed with 3% (w/V) sulfosalicylic acid (4 mL),
and the mixture was centrifuged at 4°C for 15 min (14,000%g).
Then, 2 mL of n-hexane was mixed with the supernatant and left
to stand for 15 min and 2 mL of the aqueous phase was filtered
using a 0.22 uym membrane. The FAAs were analysed in filtrate
using an automatic amino acid analyzer (L-8900, Hitachi, To-
kyo, Japan). The post-column derivatization was carried out
with ninhydrin at 135°C. Each FAA was identified by comparing
its retention time with a standard amino acid and quantified
using an external standard method. The content of FAAs was
expressed as mg/100 mL soup. Taste activity values (TAVs) were
calculated as the ratio of the content of an individual amino acid
in the chicken soup to its taste threshold value obtained from
the reported literature [Meng et al., 2022].

= 5’-Nucleotide analysis

5'-Nucleotides were determined as described by Qi et al. [2021]
using a high-performance liquid chromatography (HPLC) system
(E2695, Waters Ltd., Milford, CT, USA) equipped with an X Bridge
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C18 (5 um, 4.6x250 mm). Chicken soup (10 mL) was mixed with
perchloric acid (30 mL, 5% w/Vv), then the mixture was centrifuged
at 4°C for 15 min (10,000xg). The supernatant was adjusted to
pH 4.5 with 1 M sodium hydroxide solution, diluted to 100 mL,
and filtered through a 0.22 um membrane prior to the HPLC
analysis. The chromatographic separation was carried out using
eluent A (0.05 M KH,PO; pH 5.4) and eluent B (methanol) in a gra-
dient system (98% A for 14 min, 85% A for 7 min, and 98% A for
9 min) with a flow rate of 1.0 mL/min. UV detector wavelength
was 254 nm.The 5-GMP, 5-IMP, and 5-AMP were quantified by
comparing the peak area of the nucleotide with that of the ex-
ternal standard, and the results were expressed as g/100 mL
of the soup. TAVs were calculated as the ratio of the content of an
individual nucleotide in the chicken soup to its taste threshold
value obtained from the reported literature [Qi et al,, 2017].

u  Determination of fatty acid composition
The total lipids were extracted using the method of Folch et al.
[1957]. Chicken soup (20 mL) was mixed with 400 mL of a chlo-
roform-methanol solution (2:1, v/v), and then filtered after vor-
texing for 10 s. A saturated sodium chloride solution was mixed
with the filtrate and placed for 3 h at 4°C. The chloroform from
the lower phase was removed through a rotary evaporator at
45°C, whereas the remaining material was the total lipids.
According to the procedure previously described by Diao et
al. [2017], with some modification, the lipids were converted to
fatty acid methyl esters. Briefly, 50 mg of lipids were dissolved
with n-hexane (2 mL) and a sodium methoxide regent (2 M,
0.4 mL) was mixed, then saturated sodium chloride (3 mL) was
added. After shaking for 15 s, the mixture was left for 10 min,
and the supernatant (1 pL) filtrated through a 0.22 pm filter
membrane was injected into the 7890-5975 gas chromatogra-
phy-mass spectrometry (GC-MS) system (Agilent Co,, Ltd., Santa
Clara, CA, USA) equipped with an Agilent INNOWAX capillary
column (30m % 0.32 mm x 0.25 um, Thermo Fisher, Waltham, MA,
USA). The injection temperature and detector temperature were
250°C and 230°C, respectively. Helium was used as a carrier gas
with a flow rate of 1 mL/min. Oven temperature program was as
follows: 140°C (2 min) — 200°C (6°C/min, 2 min) — 230°C (2°C/min,
2 min) — 250°C (4°C/min, 2 min). The fatty acids were matched
with the National Institute of Standards and Technology (NIST)
147 library spectra, and those with similarity greater than 90%
were selected as identification results. Peak area normalisation
method was used for quantitative analysis [Petenucietal, 2019],
and the relative content of individual fatty acids was expressed
as g per 100 g of total fatty acids.

= Volatile compound analysis

The volatile compounds in chicken soups were determined as
described by Guan et al. [2023] by means of the head space-solid
phase microextraction-gas chromatography-mass spectrome-
try (HP-SPME-GC-MS) method. To this end, 5 g of the chicken
soup and 2 uL of cyclohexanone (1.11 pg/ul) were put into
a headspace bottle and SPME fibre (75 um CAR/PDMS, Supelco,
Bellefonte, PA, USA) was used to collect the flavour compounds
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from different samples at 50°C for 30 min. Subsequently, the fibre
was inserted into the GC injector port and desorbed at 250°C for
5 min. The GC oven temperature program was as follows: initial
temperature 40°C (3 min) — 70°C (3°C/min) —180°C (5°C/min)
—280°C (10°C/min, 5min). The carrier gas — helium — was used
with a constant flow rate of 1 mL/min.The retention time of each
compound was converted into a linear retention index (LRI) using
n-alkanes as a reference. The volatile compounds were identified
by comparing LRI values with those reported in the literature [Qi
etal, 2017] and the data listed in authentic online databases
[http://www.flavornet.org, http://www.odour.org.uk]. The quanti-
fication of each volatile compound was carried out by comparing
its peak area with that of the internal standard (cyclohexanone),
and the content was expressed ng/g of the soup.

The odour activity values (OAVs) of volatile compounds were
expressed as the ratio between the concentration of a volatile
compound and its threshold value reported in the aqueous
phase [Qi et al, 2017]. A compound with an OAV greater than
or equal to 1 was considered to be an aroma contributor [Bi
etal, 2021].

= Analysis using electronic tongue and electronic nose
The taste of the samples was measured using an electronic
tongue (SA402B e-tongue, Insent, Atsugi, Japan), which had
six lipid membrane sensors. To enable the analysis, 35 mL
of the chicken soup sample from each group were transferred
into a special sample cup and then placed on the automatic
sampler of the electronic tongue according to the set sequence.
The single sampling time was 120 s, once per second. Each group
of samples was repeatedly tested 4 times. The taste character-
istics of the last three times of data collection were analysed.
The response values of the e-tongue were recorded and analysed
using principal component analysis (PCA).

The volatile compounds in the chicken soup were ana-
lysed by the electronic nose (PEN3 e-nose, Airsense Analytics,
Schwerin, Germany) equipped with ten different gas sensors

Table 1. Performance of the sensor arrays of the e-nose.

Sensor Sensor | Sensor sensitivity and general
number name description

1 Wi1C Aromatic compounds
Very sensitive, broad range of sensitivity,
2 WS5S ; )
reacts to nitrogen oxides
3 W3C Ammonia, sensitive to aromatic ingredients
4 We6S Mainly hydrogen
5 W5C Short-chain alkane aromatic ingredients
6 W1Ss Sensitive to methane
7 WIW Reacts to sulphur compounds, H,S
8 W2S Detects alcohol, partially aromatic
compounds
9 WaW Aromatic compounds, sulphur organic
compounds
10 W3S Alkanes, especially methane

(Table 1) [Zhang J.X. et al, 2022]. The e-nose sensor was pre-heat-
ed and calibrated before the test. After a stable sensor response
signal, the sample (10 mL) was placed into a precision-threaded
vial (20 mL). After 30 min-enrichment at room temperature,
the volatile chemicals in the sample bottle reached saturation.
The test was repeated five times, and the last three response
values were used as valid data. The response values of the e-nose
were analysed using PCA.

H Sensory evaluation

Chicken soups were tested for sensory characteristics by 10 pan-
elists (5 women and 5 men, aged between 22 and 25) from
the Bohai University, Jinzhou, China. The panelists with sensory
evaluation experience were recruited and trained in recogniz-
ing and describing the intensity ratings of standard references,
and three sensory attributes (umami, bitterness and aroma)
were used for sensory evaluation. Based on the reported litera-
ture [Liang et al., 2022; Qi et al,, 2021] with some modifications,
the reference materials were 0.15% monosodium glutamate
(umami), 0.08% quinine (bitterness), and 100 g of Chinese Dagu
chicken leg meat stewed in 200 g of water at 98°Cfor 2 h (aroma).
The training sessions were carried out 4 times for 2 h each
time before the sensory analysis. The samples were maintained
between 55 and 60°C in a water bath during testing and were
randomly named. The panelists assessed the umami, bitterness
and aroma of each sample, based on 6-point intensity scales (1-2,
weaker; 2-3, weak; 3-4, middle; 4-5, strong; and 5-6, stronger).
Panelists rinsed their mouths with drinking water (50 mL) be-
tween assessments to eliminate the effects of fatigue and car-
ryover. All panelists scored separately without interference with
each other, and the average value was taken as the result.

= Statistical analysis

All data was presented as the means + standard deviations (SD)
of three independent replicates. The results were analysed by
one-way analysis of variance using SPSS 19.0 (IBM, Armonk, NY,
USA), followed by Duncan’s multiple range test with a signifi-
cance level of p<0.05. The data from the e-nose and e-tongue
were analysed through Origin Pro 2021 software (OriginLab
Corporation, Northampton, MA, USA).

RESULTS AND DISCUSSION

= Solid content and collagen content

The solid content in broths is one of the main indexes used to
assess their quality, and it also reflects the overall dissolution
effect of nutrients (such as protein, fat, amino acid, etc.) during
the cooking process of raw materials. The effects of different
stewing modes on the solid content of chicken soup are shown
in Table 2.The solid content of the chicken soup prepared under
different stewing modes was significantly different, and the solid
content of the chicken soup stewed by MFLT (90°C, 3 h) was
the highest. This may be due to the fact that the solid substance
released in the soup mainly come from soluble matter, such as
collagen, minerals, glycogen, vitamins, etc., which can rapidly
dissolve from chicken’s tissues with the extension of stewing
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time at the higher temperature. Subsequently, insoluble large
molecules could be released from the deeper tissues, as was
shown in a previous study during tuna head soup preparation
[Qian et al,, 2019]. However, the chicken soup stewing by LFUT
took a long time, and the solid content was lower. This is most
likely due to the slow dissolution rate of solids in the meat un-
der the lower stewing temperature. Rotola-Pukkila et al. [2015]
noted that the cooking temperature played a more significant
role than the cooking time in analysing the content of umami
compounds in pork meat juice.

Collagen in a denatured state is easy to agglutinate into
a gel, thus affecting the viscosity of the soup. Collagen in the hot
dissolved state will also make the soup more mellow. The con-
tent and dissolution of collagen in chicken soup are related to
the stewing temperature and time. Different stewing modes
had a significant effect on the collagen content of the chicken
soup (Table 2). The highest (p<0.05) collagen content, reaching
5.60 mg/mL, was determined in the chicken soup obtained using
the MFLT technology. It might be because medium fire stewing
for 3 h was more conducive to collagen dissolution.

u  Particle size and zeta potential

The dy3 and ds, of particles of each chicken soup prepared under
different stewing modes are presented in Table 2. The results
showed that, compared with HFST, MFLT, and LFUT soups, the d 3
and ds, of the particles of the soup prepared using the MFMT
technology were smaller. It indicated that the MFMT technol-
ogy could promote the migration of more components from
meat to the soup and the formation of a stable emulsion under
the effect of continuous high temperature processing, thus
decreasing the particle size [Guan et al, 2023]. Therefore, it was
inferred that the stewing modes and dissolving ingredients had
strong influences on the particle size in the chicken soup. Also,
Diao et al. [2016] reported that the increase of d,; and d3, was
due to the formation of larger droplet-coalesced aggregates by
those individual droplets, which greatly reduced the emulsifica-
tion effect.

The zeta potential of four kinds of soups is depicted in Ta-
ble 2.The absolute value of zeta potential of the soup stewed by
MFMT was the highest (8.66 mV). A high zeta potential (absolute
value) reflects higher stability of the soup. The zeta potential
affects the repulsive force between particles. Qiu et al. [2015]
demonstrated that the low zeta potential of emulsion droplets

decreased electrostatic repulsion between neighbouring pro-
tein-coated droplets, leading to droplet polymerization. Moriy-
ama et al. [2003] also showed that the larger the zeta potential,
the smaller particles in the emulsion. In this research, the high
zeta potential of chicken soup stewed by MFMT contributed to
the small particle sizes.

®  Viscosity

Qietal.[2023] noted that the viscosity was an important indicator
of emulsion stability. Furthermore, Zhang M. et al.[2022] pointed
the increase of viscosity contributes to the physical stability
of emulsions, which may be due to the lower mobility reduc-
ing the chance of particle collision. As noted in Figure 1A, with
the increase in shear rate, the viscosity of chicken soup rapidly
decreased and gradually stabilized, indicating that the chicken
soup had the property of shear-thinning and pseudoelasticity.
With the increase in shear rate, the water environment around
the substances in soups was destroyed, and the interaction force
was weakened, which changed the viscosity of the chicken soup
and caused shear thinning. At the same shear rate, the viscosity
of the chicken soup stewed by MFMT was significantly higher
than that of the other soups. This may be because the chicken
soup obtained by MFMT technology had a small particle size.
Similar results have been noted by Costa et al. [2019], who dem-
onstrated that the smaller the particle size in yogurt, the better
its dispersion and the higher its viscosity value. Coutinho et al.
[2019] also reported that the particle size greatly influenced
the viscosity of chicken soup. Figure 1B shows that the shear
stress of four chicken soups prepared under different stewing
modes increased with the increase in shear rate. The non-line-
ar relationship between shear stress and shear rate indicated
that the four soups were non-Newtonian fluids. Furthermore,
theyield stress occurred in the four samples, and the shear stress
of the soup stewed by HFST was lower compared to the other
soups. One possible explanation was that the interaction of par-
ticles in the chicken soup obtained by the HFST technology
formed a weak network structure, and small yield stress was
required to destroy the structure [Huang et al., 2020].

=  Free amino acid composition

FAAs, as indispensable precursor substances for producing meat
flavour, play an important role in the modulation of chicken
soup palatability. It has been reported that the enhancement

Table 2. Solid content, collagen content, particle size, and zeta potential of the chicken soups prepared with different stewing modes.

Zeta potential

HFST 1.76+0.02¢ 2.80+0.04¢
MFMT 2.13+0.02° 4.96+0.06°
MFLT 228+003° 5.600.06°
LFUT 1.93+0.04¢ 5.06+0.02"

3.85+0.07¢ 2.13+0.03° —5.84+0.12°
2.560.10¢ 1.73£0.05¢ —8.66+0.35¢
3.63+0.03° 1.89+0.03¢ —-5.26+0.10°
2.98+0.10¢ 242+0.02° —5.79+0.04°

Data are expressed as mean + standard deviation (n=3). Different lowercase letters (a-d) in the same column indicate significant differences (p<0.05). HFST, high fire short time; MFMT,
medium-high fire mid-length time; MFLT, medium fire long time; LFUT, low fire ultra-length time; ds», surface-weighted mean diameter; dy 3, volume-weighted mean diameter.
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Figure 1. Shear rate viscosity curves (A) and shear stress vs. shear rate curves (B) of the chicken soups prepared with different stewing modes. HFST, high fire
short time; MFMT, medium-high fire mid-length time; MFLT, medium fire long time; LFUT, low fire ultra-length time.

in the FAAs of chicken soup may be due to the enhanced mi- and MFLT groups might be explained by Maillard’s reaction
gration of FAAs from boiled meat into the soup [Qi et al,, 2017]. because of long-time stewing. While the reason for the low
The delicious taste of soups is not determined by a single kind content of umami taste FAAs in the HFST group may be because
of amino acids. The balance and interaction between different the short time was not enough to enable the migration of all
FAAs, such as sweet amino acids, umami amino acids and bitter original FAAs from chicken meat into the soup.
amino acids, are the key factors determining the taste of soups.
The FAAs composition of the chicken soups prepared with dif- = 5'-Nucleotide content
ferent stewing modes is shown in Table 3. The 17 FAAs identified 5'- Nucleotide has a significant impact on the flavour of meat
in the soups were classified into four groups on the basis of their products and has been widely used as a food flavour enhancer.
taste (umami, sweet, bitter, or tasteless) [Meng et al., 2022]. The nucleotides in chicken soup come from the thermal transfer
Compared with HFST, MFMT, and MFLT, the total FAAs content of nucleotides of chicken meat, which contributes to the chicken
in the soup stewed by LFUT was the highest, and the content soup’s flavour [Qi et al, 2022]. The synergies between nucleotides
of bitter amino acids was higher than that of umami amino also play a major role in improving overall flavour. The contents
acids, sweet amino acids and tasteless amino acids. The num- of 5-IMP, 5-GMP, and 5-AMP were quantified in the chicken
ber of bitter amino acids increased significantly due to the in- soups prepared with different stewing models (Table 4). 5-IMP
creased hydrolysis of proteins and peptides in the crucian carp was the most important umami nucleotide in the four kinds
asthe heating temperature increased [Zhang et al., 2013]. Meng of chicken soup because its TAV was greater than 1. Additionally,
et al. [2022] also noted that shortening heating time appropri- as reported by Kawai et al. [2002], 5-IMP interacts with a large
ately was necessary to reduce the formation of bitter amino acids number of sweet amino acids, such as serine, glycine, and alanine,
and maintain a good taste of bone soup. However, the taste which have a strong enhancing effect on the umami taste. As
active values (TAV) of the bitter taste FAAs (valine, methionine, shown in Table 4, the 5-IMP content of the soups of the MFMT
isoleucine, leucine, phenylalanine, lysine, and arginine) were low, group was the highest, while the soups of the HFST group had
less than 1 (Table 3); hence, they had little impact on the taste the lowest 5-IMP content. This may be due to the fact that
of the chicken soups. rapid heating rate and high temperature of the HFST stewing
Umami substances can balance food's taste and overall mode led to the accelerated degradation of 5-IMP to convert
flavour. The high content of umami compounds can make food inosine and hypoxanthine during cooking. Zou et al. [2018b]
more palatable. According to the TAV values of FAAs (Table 3), also reported that increasing heating temperature promoted
glutamic acid was the main contributor to the umami taste the soup’s 5-IMP degradation. Furthermore, Zou et al. [2018a]
of the chicken soups. Wu & Shiau [2002] also reported that glu- have reported that the synergy of 5-GMP and 5-IMP enhanced
tamic acid was the predominant free amino acid in chicken soups the umami taste of food. Consistent with 5-IMP, the content
produced from chicken meat. Zhuang et al.[2016] also found that of 5-GMP in the chicken soups of the MFMT group was higher
glutamic acid, glycine, and alanine were the major flavour amino than in the other groups. The contents of 5-AMP in the soups
acids in cooked crab meat. In our study, the content and TAV of MFMT and LFUT groups were higher than thatin the other two
value of glutamic acid in the chicken soup from the MFMT group groups, but there was no significant difference between these

was higher than that of the soups from the other three groups two groups (p>0.05). Although the TAVs of 5-AMP and 5-GMP
(LFUT, MFLT, and HFST). The lower umami taste FAAs in LFUT
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Table 4. 5-Nucleotide contents and their taste activity values (TAVs) of the chicken soups prepared with different stewing modes.

TAV in soup
HFST MFMT MFLT
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HFST MFMT MFLT

Taste threshold
(mg/100 mL)
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1.91+0.03° 1.23+0.02¢ 1.800.05° 0.06+<0.01¢ 0.15£<0.012 0.10£<0.01¢ 0.14+<0.01°

0.76+0.019

36.55+0.249 53.47+0.04° 49.10+0.35¢ 50.83+0.09° 14640019 2.14+<0.01° 1.96+0.01¢ 2.03+£<0.10°

25

5-IMP

6.12+0.05° 5.72+0.18° 6.00+0.04° 0.08+<0.01¢ 0.12+<0.01° 0.11£<001° 0.12+<0.01°

3.82+0.04¢

50

5-AMP

3). Different lowercase letters (a-d) in the same row (separately for content and TAV) indicate significant differences (p<0.05). HFST, high fire short time; MFMT, medium-high fire mid-length time; MFLT, medium fire long time;

LFUT, low fire ultra-length time; 5-GMP, guanosine 5-monophosphate; 5-IMP, inosine 5-monophosphate; 5-AMP, adenosine 5-monophosphate. Taste thresholds were obtained from literature [Qi et al, 2017].

Data are expressed as mean + standard deviation (n
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in the four soups were less than 1, the synergistic effect of 5-AMP
and 5'-GMP on umami induction should be considered.

= Fatty acid composition

Fatty acids are significant precursors of flavour components that
affect soup’s flavour. Various individual fatty acids have been
reported to have important flavour characteristics [He et al,,
2023]. Table 5 shows data indicating the influence of different
stewing modes on the content of fatty acids in chicken soup.
A total of 23 fatty acids were detected in the chicken soups,
including 10 saturated fatty acids (SFA), 6 monounsaturated fatty
acids (MUFA), and 7 polyunsaturated fatty acids (PUFA). Among
them, the main SFA were palmitoleic acid (C16:0) and stearic acid
(C18:0), and the main unsaturated fatty acids (USFA) were oleic
acid (C18:1) and linoleic acid (C18:2). Han & Zhang [2019] showed
that SFA could mask bitterness, whereas Cameron et al. [2000]
showed that pork flavour correlated positively with the MUFA
content. As shown in Table 5, compared to the other stewing
modes (HFST, MFLT, and LFUT), the sum of SFA in the chicken
soup prepared in the MFMT stewing mode was higher. The rela-
tive contents of PUFA in the four samples from high to low were
LFUT, MFLT, MFMT, and HFST. This result may be due to the fact
that the high-temperature stewing (HFST) accelerated the lipid
oxidation rate, which changed the unsaturated fatty acid carbon
chain and converted them into aldehydes and alcohols, such as
2-heptanal, 2-nonenal, and 2-octanal [Kim et al., 2020].

®  Volatile compound composition

The results of GC-MS analysis of volatile compounds in chicken
soups with different stewing models are shown in Table 6.
In total, 34, 36, 51 and 47 volatile compounds were identi-
fied in the four chicken soups prepared with stewing models
of HFST, MFMT, MFLT, and LFUT, respectively, which indicated
that new volatile compounds were formed along with stewing
time extension. The volatile compounds from different samples
mainly included aldehydes, hydrocarbons, esters, and alcohols.
Ba et al. [2013] reported that aldehydes were produced upon
the thermal oxidation and decomposition of unsaturated fatty
acids. For example, hexanal and heptanal are produced by
the oxidation of n-6 PUFA, and octanal and nonanal are pro-
duced by the oxidation of n-9 PUFA [Tanimoto et al,, 2015].
As displayed in Table 6, aldehydes played an important role
in the overall aroma of the cooked chicken soups because
of their lower odour thresholds and higher contents. Among all
aldehydes identified in the four soups obtained under the dif-
ferent stewing models, the hexanal content was the highest.
Qi et al. [2017] also found similar results for Chinese yellow-
feather chicken soup. Additionally, Yang et al. [2011] also noted
that the hexanal content represented the flavour formation
in cooked meat. Compared to other stewing modes, the chick-
en soup obtained under the mode of LFUT had the highest
hexanal content. This may be because prolonged stewing (4 h)
caused more lipids to dissolve from the chicken carcass into
the soup and be oxidized to aldehydes.
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Table 5. Compositions of fatty acids in the chicken soups prepared with different stewing modes (g/100 g total fatty acids).

C100 0.00+0.00 0.01+0.00? 0.01+0.00° 0.01+0.00°
C120 0.03+0.00® 003+001° 0.04+001° 0.04+0.00°
C140 0.62+0.00° 0.63+0.00° 0.59+0.00 052000
C150 0.10+0.01° 0.08+0.00 0.07+0.00¢ 0.10+0.00°
C16:0 24.61+0.02° 25.02+0.01° 21.13+0.06¢ 22.54+0.02°
170 0.13+0,00¢ 0.14+0.00° 0.16+0,00P 021+000°
C180 5.95+0.04¢ 6.22+0.08° 6.17+0.03° 7.14+001°
C190 0.00+£0.00°¢ 003+001° 0.03+0.00 0.04+0.00°
C20:0 0.08+0.01¢ 0.08+0.01¢ 0.10+001° 0.15+0.00°
220 0.00+0.00° 0.00+0.00° 0.02+0.00P 0.03+0.00°
ISFA 31.70£0.02° 32.21+0.08° 28.21+0.09¢ 29.35+0.05°¢
C14:1 0.19+001° 0.19+0.00° 0.03+0.00 0034000
C16:1 6.89+0.01° 644+0.02° 4.88+0.03 47140019
1711 0.00+0.00° 0.13+001° 0.13+000P 0.16+0.00°
181 4578+0,05° 45.19+0,05° 41.98+0.15 31.42+0.16
C19:1 0.00+0.00° 0.00+£0.00¢ 0.05+0.00 0.08+0.00°
C20:1 044+001° 045+0.02° 043+0.04° 0.54+0.00
SMUFA 53.3320.06° 52.51+0.06° 47.49+0.11°¢ 36.98:0.14¢
C182 14.53+0.05 14.75+0.01° 23.50+0,05" 33074015
183 0.11+0.00° 0.00+0,00¢ 0.13+000P 0.19+001°
C162 0.11+0.00¢ 0.11£0.00¢ 0.18+0.00 0.22+0.00°
€202 0.13+0.00° 0.13+001¢ 0.15+001° 0.20+0.03°
203 0.11+0.00? 0.11+001° 008+001° 0.11+0.00°
C20:4 0.20+0.00° 0.18+001° 0.11+0,00¢ 0.14+0.00°
224 0.00+0.00¢ 0.05+0.01° 003+001° 0.05+0.00°
SPUFA 15.10£0.05¢ 15.30£0.01¢ 24.14+0.04° 34,05+0.17°

Different lowercase letters (a-d) in the same row indicate significant differences (p<0.05). All data are presented as the mean + standard deviation. SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; HFST, high fire short time; MFMT, medium-high fire mid-length time; MFLT, medium fire long time; LFUT, low fire ultra-

length time.

Saturated alkanes can be produced by the decarboxylation
and cleavage of carbon-carbon bonds in higher fatty acids [Wa-
tanabe & Sato, 1971]. Although there were many kinds of alkanes
in each chicken soup (Table 6), they did not contribute directly
to the flavour due to their long carbon chain. Still, they played
a specific role in improving the overall flavour.

Alcohols mainly come from the reduction reaction of car-
bonyl compounds and oxidation reaction of lipids, and exhibit
grass, mushroom and earthy odours [Wan et al. 2021]. However,
some alcohols and carboxylic acids in meat products react to
form esters through esterification. As shown in Table 6, the al-
cohol content of the chicken soups was affected by stewing
temperature and duration. Wettasinghe et al. [2000] reported that

34

1-octen-3-ol was one of the key odour compounds in roasted
chicken skin due to its low odour threshold, and that changes
in its content can affect the overall flavour. 1-Octen-3-ol, which
contributed to mushroom and roasted aroma in chicken soup
[Zhangetal, 2018], was detected in all the samples, and its odour
intensity was the highest in the MFLT group soups compared
to the other samples (HFST, MFMT, and LFUT). One possible
explanation was that more lipids were decomposed to form
1-octen-3-ol in the MFLT stewing mode.

Additionally, only three esters were detected at low contents
in the four samples by GC-MS, and they may have little impact
on odour perception because of their high odour thresholds.
Therefore, these volatile compounds were neglected.
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= Flavour analysed by e-nose and e-tongue

The e-nose system is sensitive to volatile compounds of the sam-
ple within the measurable range, and small changes in their
content will lead to differences in sensor response. PCA is a tech-
nique that reduces the dimensionality of large datasets by creat-
ing new uncorrelated variables [Chen et al,, 2022]. The volatile
compounds of the four soups obtained under different stew-
ing modes were presented in the PCA spatial distribution map
(Figure 2A). The first two principal components (PCs) explained
a total of 89.9% variation (PC1=83.9%, PC2=6.0%), which in-
dicated that the two principal components contributed to
the main feature information of different samples. As shown
in Figure 2A, the soups of MFMT and MFLT groups were close to
each other, indicating that they had similar odour characteristics.
Additionally, MFMT and MFLT were far away from the samples
of LFUT and HFST, which indicated that the odour characteristics
of MFMT and MFLT samples were significantly different from
those of the LFUT and HFST samples.

Principal component analysis was used to determine further
differences in odour characteristics between the samples by
performing a load analysis on the e-nose response (Figure 2B).
Based on the response intensity of ten sensors to a specific
characteristic gas, the main characteristic gas in each soup was
tentatively speculated. The length of the arrow represents
the contribution of compounds to the overall odour profile
of the sample [Lietal. 2022]. The highest contribution rate in PC1
was found for the HFST sample, followed by the LFUT and MFMT
samples, and the highest contribution rate in PC2 was found
for the MFLT sample. Additionally, MFMT and MFLT had similar
distances from the origin, indicating that they had similar char-
acteristics, which was consistent with the results presented
in Figure 2A. As shown in Figure 2B, the sensor’s response to
hydrogen (W6S), alkanes (W3S), and ammonia (W3C) was higher
for the HFST sample; methane (W1S), nitrogen oxides (W5S),
and aromatic compounds and sulphur organic compounds
(W2W) were the main contributors in the MFLT sample; the W5C
sensor responded more strongly to the LFUT and MFMT samples,
indicating that they contained higher levels of short-chain alkane
aromatic ingredients [Zhang J.X. et al,, 2022].

As shown in Figure 2C, the taste of the four chicken soup
samples was discriminable, and there was no overlap in the 2D
space. The total contribution variance of PC1 and PC2 was 85.1%,
which meantthat the first two PCs already contained sufficient in-
formation to reflect the total variance of the whole dataset. These
data demonstrated that the e-nose and the e-tongue could
discriminate the different samples. Different stewing modes
significantly influenced the odour and taste of the chicken soups.

= Sensory evaluation

The umami taste, bitterness and aroma of chicken soup have a sig-
nificantimpactonits flavour [Wu et al, 2023]. Therefore, the sensory
evaluation was carried out to better understand the effects of differ-
ent stewing models on the changes in taste and aroma of the soups
(Table 7). It could be seen that the chicken soup stewed by MFMT
received the highest score for umamitaste, while the chicken soup
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Figure 2. Principal component analysis (PCA) plot (A) and loading plot (B)
of the e-nose data and PCA plot (C) of the e-tongue data. HFST, high fire short
time; MFMT, medium-high fire mid-length time; MFLT, medium fire long time;
LFUT, low fire ultra-length time; W1C, W5S, W3C, W6S, W5C, W1S, W1W, W2S,
W2W, and W3S, sensor names (see Table 1 for details).

obtained by MFLT and LFUT received the highest score forits aroma.
Bitterness score of the soup stewed by MFLT compared to MFMT was
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Table 7. Sensory evaluation of chicken soup prepared with different stewing
modes.

e T T

HFST 3.5140.04 1.22+0.01¢ 3.14+0.03¢
MFMT 5.25+0.03° 1.59£0.06 47140034
MFLT 461+0.06° 240+0.02° 5.73+0.04°
LFUT 4.19£0.04 2.65+0.04° 5.36+0.03°

Different lowercase letters (a-d) in the same column indicate significant differences
(p<0.05). HFST, high fire short time; MFMT, medium-high fire mid-length time; MFLT,
medium fire long time; LFUT, low fire ultra-length time.

also higher. Prolonging the stewing time appropriately helped to
develop aroma, but at the same time, bitterness also increased. How-
ever,itwas weak and did not affect the overall flavour of the chicken
soup. The sensory evaluation results were consistent with the results
of e-nose, the e-tongue, and GC-MS.

CONCLUSIONS

Different stewing modes (HFST, MFMT, MFLT, and LFUT) significantly
affected chicken soup’s stability and flavour compound forma-
tion. The chicken soup obtained under the MFMT stewing mode
had a high viscosity, small particle size, and higher zeta potential.
The contents of the umami components (umami taste FAAs and nu-
cleotides) in the MFMT samples were higher than in the other
samples. However, the profile and contents of volatile compounds
of the chicken soup prepared under the MFMT stewing mode were
different and lower than in the LFUT and MFLT groups, indicating
that low temperature and long-time stewing were beneficial to
the formation of volatile compounds. Hence, when considering
the stability and umami taste of chicken soup, and time-saving, it
is appropriate to use the MFMT mode to prepare it.
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Effects of Freeze-Thaw Cycles on the Flavor of Nanguo Pear
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Frozen pears, obtained by repeated freezing and thawing under cold outdoor conditions in winter, are very popular in
northeast China. The effects of three freeze-thaw cycles (FT1-FT3) on Nanguo pear flavor were studied under fast (=80°C)
and slow (—20°C) freezing conditions. Significant differences were found in the flavor of Nanguo pear after subsequent
freeze-thaw cycles. The total soluble solid (TSS) content of fresh pear was 14.17 g/100 g and increased significantly after
the first freeze-thaw cycle to 17.57-18.17 g/100 g. Lower TSS content was found in pears after the repeated freeze-thawing
process. Citric acid was determined as the main organic acid of Nanguo pear. Its content and the overall content of organic
acids decreased successively after each freezing and thawing cycle. The electronic tongue analysis results showed that
the sourness of fresh pears generally decreased after their repeated freezing and thawing, that the odor of Nanguo pear
changed significantly after freeze-thaw cycles, and that nitrogen oxides and hydrocarbons were the most differentiating
odor compounds. The content of ethyl caproate was the highest in the volatile compound profile of the Nanguo pear and
ranged from 377.26 t0 526.77 pg/kg. In short, after repeated freezing and thawing, the changes in the chemical composition

impart the frozen pear a unique flavor.

Key words: Pyrus ussuriensis, organic acids, soluble solid content, volatile compounds, e-nose analysis, e-tongue analysis

INTRODUCTION
Nanguo pear (Pyrus ussuriensis Maxim.) belongs to Qiuzi pear
series and is one of the characteristic fruits in Liaoning province,
China [Tao et al, 2019]. Fruits of this plant are sweet and sour
with a rich and unique aroma [Wei et al., 20171, which is deeply
loved by consumers. In China, these pears are not only eaten
as delicious food, but also considered as a cough medicine
and diuretic [Cuietal, 2005]. They contain ascorbic acid and phe-
nolic compounds, including arbutin, catechin, chlorogenic acid,
quercetin, and rutin, that determine their biological activities,
such as antioxidant and anti-inflammatory effects [Chen et al,
2007; Lietal,2012;Yan etal, 2023].

Nanguo pear is a respiratory climacteric fruit with a relatively
short shelf life [Wang et al, 2017]. The ripening and senescence

of the fruit can be appropriately delayed when stored at low
temperature, but the browning of the peel occurs easily when
the Nanguo pear is brought to room temperature [Zhang et al,
2018]. Freezing is one of the most important long-term storage
methods for food, which allows consumers to buy seasonal
fruit throughout the year. However, in the process of storage,
transportation and consumer processing, frozen food is prone
to temperature fluctuations, resulting in freeze-thaw cycles,
and food may suffer mechanical damage, nutrient denaturation
and loss of water retention ability [Ndraha et al, 2018].

The flavor of fruit is an important characteristic to evaluate
its quality, and is closely related to the content of carbohydrates,
organic acids and volatile organic compounds [Apreaetal, 2017;
Cui et al, 2022]. Luo et al. [2021] reported that the contents
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of volatile esters in Nanguo pears peaked during the optimum
taste period (OTP) and that especially ethyl butyrate, ethyl
caproate and hexyl acetate dominated in the profile of these
compounds. Other research also shows that these aroma com-
pounds of Nanguo pear have the advantages of high content
and low odor threshold [Zhang & Yin, 2023].

The main purpose of this study was to determine the effects
of multiple freeze-thaw cycles on Nanguo pear flavor com-
pounds. Gas chromatography-mass spectrometry (GC-MS)
method was used to measure the changes in main volatile es-
tersin Nanguo pear, and electronic nose (e-nose) and electronic
tongue (e-tongue) were deployed to comprehensively analyze
the differences in the flavor of Nanguo pear. The content of acids
and sugars in pears was determined as well, so as to explore
the change of Nanguo pear flavor compounds in the freeze-
-thaw cycles.

MATERIALS AND METHODS

= Materials and chemicals

Mature pear fruits (variety Nanguo) were hand-harvested from
the local commercial orchard in Jinzhou, Liaoning Province,
China. The collected material (about 65 kg) was transported
to the laboratory of the Bohai University in Jinzhou, Liaoning
Province, China, and refrigerated at 4°C in a low-temperature
constantincubator (Sanyo MIR 254, Sanyo Electric Co,, Ltd, Osaka,
Japan) for 24 h before experiments.

®  Freeze-thaw cycles

The refrigerated Nanguo pears were randomly equally divided
into 6 groups, 10 kg in each group. In addition, 5 kg was used
as a fresh sample. Fruits of experimental groups denoted by
the symbols SF - slow freezing (3 groups) and FF — fast freez-
ing (3 groups) were frozen at —20°C and —80°C, respectively,
in a refrigerating machine for 24 h. After freezing, the pears were
transferred to a low-temperature constant incubator for thawing,
and then continued to freeze. This freezing and thawing process
was repeated 1, 2 and 3 times at each freezing temperature to
obtain the samples with different freeze-thaw cycles (FT1, FT2,
FT3, respectively).

= Determination of the content of total soluble solids
Randomly selected 10 Nanguo pears were peeled and cut into
pieces, then beaten into a pulp and filtered with 300-mesh filter
cloth, and the filtrate was dropped into a digital refractometer
(PAL-3 hand-held sugar meter, ATAGO Co,, Ltd, Tokyo, Japan) for
determination of the content of total soluble solids (TSS), which
was expressed asa g/100 g.

= Determination of organic acid content

Referring to the method of Zhang et al. [2021], high performance
liquid chromatography (HPLC), using Shimadzu LC2030 system
equipped with a UV detector (Shimadzu Corp,, Kyoto, Japan), was
applied to determine the content of organic acids. The thawed
Nanguo pear flesh tissue (5.0 g), was placed into a spiral-cap
centrifuge tube (50 mL). An aliquot of 25 mL of pure water was
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added into the test tube, and ultrasonic extraction was per-
formed for 30 min in an ultrasonic bath (KQ-500DE ultrasonic
cleaner, Kunshan Ultrasonic Instrument Co,, Ltd, Kunshan, Jiangsu
Province, China) at 80°C. Then, the mixture was cooled at room
temperature and centrifuged at 12,000xg at 4°C for 20 min
in the Biofuge Stratos centrifuge (Thermo Scientific, Waltham,
MA, USA). After the supernatant was poured out, the purified
water was added again to repeat the previous operations. Fi-
nally, both supernatants were mixed, and the volume was filled
to 50 mL. The extract prepared in this way was filtered through
a0.45 um syringe, put into a vial, and stored at low temperature
until analyzed.

An Eclipse Plus C 18 column (particle size 5 um, 250x4.6 mm,
Agilent, Santa Clara, CA, USA) was used to separate organic
acids by HPLC. The mobile phase consisted of methanol (5.0%
of the mobile phase volume, v/v) and 0.01 mM dipotassium hy-
drogen phosphate aqueous solution (95% of the mobile phase
volume, v/V). The isocratic elution was carried out with the mobile
phase flow rate of 0.5 mL/min. The injection volume was 10 pL,
the detection wavelength was set to 210 nm, and the column
temperature was maintained at 30°C. Under the same conditions,
the standard curve was made from the standards (HPLC grade),
including oxalic acid, L-tartaric acid, .-malic acid, shikimic acid
and citric acid, which were purchased from Beijing Solaibao
Technology Co,, Ltd, China. The content of organic acids in pear
flesh was expressed as pg/g.

= Odor analysis using electronic nose

The odor of the pears was analyzed using a portable electron-
ic nose (PEN3 e-nose, Airesense Analytics GmbH, Schwerin,
Germany). The e-nose consisted of a sampling system, a unit
with metal oxide sensors, and pattern recognition software
(Win-Muster 1.6.2.15/May 17, Airsense Analytics GmbH). The re-
sponse characteristics of each sensor were shown as follows:
R1 —aromatic compounds, R2 — nitrogen oxide, R3 —ammonia
and aromatic compounds, R4 — hydrogen, R5 - olefin and aro-
matic compounds, R6 — hydrocarbons, R7 — hydrogen sulfide,
R8 — alcohols and partially aromatic compounds, R9 — aromatic
compounds and organic sulfides, and R10 — alkanes [Zhu et al,,
2020]. The thawed pears were cut into chunks and pulped,
then filtered through 300-mesh filter cloth. An aliquot of 15 mL
of the filtrate was placed in a 50 mL plastic pipe, which was sealed
with three layers of plastic wrap. The sample was left standing for
30 min until the odorous substances accumulated above the lig-
uid. The cleaning time of the e-nose was 100 's, the measurement
phase lasted 120 s, and the detection environment was kept at
25°C.To minimize error, the surrounding environment was kept
closed during measurement.

u Taste analysis using electronic tongue

Taste analysis of the samples was performed with an SA402B
electronic tongue (Insent/Intelligent Sensor Technology, Inc.,,
Kanagawa, Japan), which could test up to 10 samples at a time.
The measuring cup containing samples, positive and negative
electrode liquid and reference liquid were placed in the sample
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tanks, respectively [Zhu et al, 2020]. The positive electrode lig-
uid contained 30% (v/v) ethanol, 100 mM KCl and 10 mM KOH;
the negative electrode liquid contained 30% (v/v) ethanol
and 100 mM HCl; and the reference liquid consisted of 30 mM KCl
and 0.3 mM tartaric acid. Before testing, the thawed pears were
homogenized and filtered, and then centrifuged. The superna-
tant was 10-fold diluted, then 70 mL of the solution was poured
into two 50 mL sample cups. Before starting the measurement,
the sensor was inserted for 30 s, then the measurement was
performed for another 30 s. The sensor was cleaned automati-
cally after the measurement, and the measurement was repeated
four times for each sample. The first measurement cycle was
discarded due to instability, and only the later three stable sensor
responses were used as the raw data for the sample.

= Determination of volatile ester profile

Analysis of pear volatile esters was performed using 7890N/5975
GC-MS instrument (Agilent). A portion of 3.0 g of thawed pear
flesh was weighed into a 20 mL sample bottle, 5 mL saturat-
ed NaCl solution was added, and then 20 pL cyclohexanone
solution with a concentration of 0475 mg/mL was added as
the internal standard [Zhou, 2015]. Two magnetic rosters were
put into each sample bottle, and the headspace bottle was
sealed. After the closed headspace bottle was shaken well, it
was balanced in the magnetic agitator at 45°C for 10 min. Then,
the needle handle was pushed to stretch out the extraction
head and adsorbed for 30 min. After the adsorption, the ex-
traction head was quickly recovered. The HP-5MS capillary col-
umn (30 mx0.25 mmx0.25 um; Agilent) was used to separate
volatile compounds. The sample inlet temperature and the ion
source temperature were set at 250°C and 230°C, respectively.
The column temperature was 40°C and the quadrupole was
maintained at 150°C. Helium gas was used as a carrier gas, and its
flow rate was 1.2 mL/min.The programmed heating process was
as follows: the initial column temperature was set at 40°C for
5 min, and then it was increased to 120°C at the rate of 4°C/min,
and kept for 2 min to complete the first heating stage. Then,
the temperature was increased to 230°C at a rate of 10°C/min
and kept for 6 min to complete the second heating stage. The re-
sults were matched with the mass spectrum library data to iden-
tify the volatile esters. The peak area of cyclohexanone was used
to calculate the content of identified compounds in pear flesh,
which was expressed as pg/kg.

m  Statistical analysis

The experiment was performed three times with three replicates
each. The data were statistically processed using the SPSS17.0
(SPSS Inc,, Chicago, IL, USA). One-way analysis of variance (ANO-
VA) with least significant difference (LSD) and Duncan tests
were used to compare the samples. The differences at p<0.05
were considered statistically significant. Principal component
analysis (PCA) and Linear discriminant analysis (LDA) were per-
formed on the e-nose data using Win-Muster software. Origin
9.5 (OriginLab Corporation, Northampton, MA, USA) was used
to plot the changes of each analyzed index.
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RESULT AND DISCUSSION
u  Effects of freeze-thaw cycles on the content of total
soluble solids of Nanguo pear

Total soluble solid (TSS) is a very important characteristic for
the sensory and nutritional quality of food [Keutgen & Pawelzik,
2007a,b; Vu et al., 2023]. TSS of fruits usually refer to soluble
sugars, such as glucose and fructose, which reflects the sweet-
ness of fruits [Kanski et al., 2020]. The content of TSS of Nanguo
pear fruit after each freeze-thaw cycle is shown in Figure 1.
The fresh pears had TSS content of 14.17 g/100 g. This value
was similar to that previously reported by Yan et al. [2023] for
fresh Nanguo pear (14.70 g/100 @), but higher than the con-
tents of 134 g/100 g and 8.9 g/100 g reported by Wang et al.
[2021] and Chen et al. [2007], respectively, which may be due
to the different origin of the fruit (different growing conditions,
different variety). The content of TSS in the freeze-thaw samples
was significantly (p<0.05) higher than that in fresh fruits. After
the first freeze-thaw cycle, the content of TSS in pears frozen at
—20°Cwas 17.57 g/100 g, and that in fruits of FF-FT1 group was
18.17 g/100 g. Ice crystals formed during the freezing lead to
destruction of cell structures and damage to cell walls. The rise
inTSS content of pears after freezing may be caused by the de-
struction of vacuoles by ice crystals and the massive outflow
of cell fluid. Repeated freezing and thawing will cause more
water loss, which will reduce the TSS content. However, there
was a study speculating that the degradation of starch and other
substances caused by long-term storage increases the content
of soluble sugars [Liu et al, 2019], which explains why the TSS
content has increased after three freeze-thaw cycles. Some stud-
ies had also pointed out that fructose and glucose contents
of slow frozen (=20°C) Prunus mume fruits were higher after
thawing than of the fast frozen fruits (=50°C) [Chung et al,, 2013].
With subsequent freeze-thaw cycles under the two freezing
conditions, the content of TSS first decreased and then increased
(Figure 1). However, under the same number of freeze-thaw
cycles, there was a significant (p<0.05) difference in the content
of TSS under the two freezing conditions, indicating that the con-
tent of TSS was related to the freezing method.

184 b
16
144
12
10

TSS content (g/100 g)

FT1 FT2

Osr Err

Figure 1. The content of total soluble solids (TSS) in fresh Nanguo pears
and after three freeze-thaw cycles (FT1, FT2 and FT3, respectively). SF means
freezing at —20°C and FF means freezing at —80°C. Different letters above
bars indicate significant differences (p<0.05).

FT3
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Table 1. The content of organic acids (ug/g flesh) in fresh Nanguo pears and after three freeze-thaw cycles (FT1, FT2 and FT3, respectively) with freezing at —20°C

(SF) and —80°C (FF).

m SF-FT1 SF-FT2 SF-FT3 FF-FT1 FF-FT2 FF-FT3

Oxalic acid 7.34£0.01° 567+001¢ 5.3520.001
1-Tartaric acid 6.15+0.26° 0.59:+0.05% 0.54+0,00%
L-Malic acid 24.300.05° 13.53+0,07 13.49+0,09°
Shikimic acid 7.13+0.04° 2.77+0.00f 3.58+0.04¢
Citric acid 63.50+0.04° 38.26£0.01° 37.05£0.14¢
Sum 10841 60.81 60.01

6.154£001° 5.76x0.03¢ 5.56+0.03¢ 5.56+0.03¢
0.29+0.06¢ 244+0.15° 0.7120.06¢ 1.77£0.07¢
13.27£0.10¢ 15.88+0.34° 15.18+0.07¢ 13.01£0.10¢
3.37+0.01¢ 6.20+0.10° 5.83+0.04¢ 6.18+0.06°
34.20+0.184 32.17+0.05¢ 26.16+0.48' 28.35+0.269
57.27 62.45 5345 54.88

Mean values + standard deviation of three replicate measurements were shown. Values with different lowercase letters in the same row were significantly different (p<0.05).

u  Effects of freeze-thaw cycles on organic acid content
of Nanguo pear

The composition of organic acids is an important factor influenc-

ing the flavor quality and nutritional value of fruits. In addition,

organic acids can provide energy for the body, prevent cardiovas-

cular disease by regulating metabolism, while showing excellent

bacterial-inhibiting function [Shi et al,, 2022].

In organic acid composition of fresh Nanguo pears, the con-
tent of citric acid reached 63.50 pg/g and was significantly (p<0.05)
higher than those of other acids (Table 1).In other studies, Wang
etal. [2021] determined the content of citric acid in fresh Nanguo
pearat 1.4 mg/gand Chen etal.[2007] at 309 mg/kg. These values
are different from the results determined in this study, which may
be due to differences in the maturity of the purchased pears.
The content of citric acid decreased after one freeze-thaw cycle
to 38.26 and 32.17 pg/g in both slow (—20°C) and fast (-80°C)
freezing conditions, respectively. The opposite phenomenon
was observed by Liu et al. [2019], who found that the citric acid
content in fresh '‘Ruane’ pears and these pears frozen at —20°C
and directly thawed was similar (p<0.05), and even increased
when the frozen fruits were stored for 1-12 days. The content
of citric acid in pears of FF-FT2 and FF-FT3 groups was lower than
thatin SF-FT2 and SF-FT3 groups, respectively (Table 1). Contents
of oxalic acid, shikimic acid, .-tartaric acid and .-malic acid in pears
were also significantly (p<0.05) lower after freeze-thaw cycles
compared to fresh fruits. The total amount of five organic acids
decreased subsequently after each freeze-thaw cycle, and pears
of the FF-FT1 group had slightly higher total organic acid content
than the fruits from the other treatment groups. The sum of organic
acids in the SF-FT3 group and the FF-FT3 group was very similar,
indicating that freezing conditions had no significant effect on
the total organic acid content of Nanguo pears when the number
of freeze-thaw cycles was high.

u  Effects of freeze-thaw cycles on the odor of Nanguo
pear

An electronic nose system is a kind of odor-testing equipment,

replacing the human olfactory system, with higher sensitivity

and faster detection speed [Zhang et al, 2008]. In Figure 2A,

the radar chart is shown established by the e-nose sensor data

collection according to the response value of each sample,
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and each curve represents the odor intensity of the fresh pears
and pears after each freeze-thaw cycle. There were no differences
(p=0.05) between the samples in the response values of sen-
sors R4, R7 and R9, e.g., to hydrogen, inorganic sulfides such as
hydrogen sulfide, and organic sulfides. However, there were
significant differences (p<0.05) in sensor R2 and R6 response,
indicating that multiple freeze-thaw treatments had the greatest
effect on nitrogen oxide and methyl-containing hydrocarbons
in pears. The response values of other sensors were also slightly
different between samples. These differences might be due to
the release of volatile compounds due to the rupture of cell
membranes caused by ice crystals during repeated freeze-thaw
cycles [Pedrosa-Lopez et al., 2022]. The radar map showed no
significant differences between the fruit samples subjected to
rapid freezing and slow freezing.

Figure 2B shows the principal component analysis (PCA)
diagram of Nanguo pears after 1, 2 and 3 freeze-thaw cycles
under different freezing conditions, using the response values
of e-nose sensors as variables. The first principal component (PC1)
represented 80.21% of total variability, and the second principal
component (PC2) - 19.56%. The explanatory rate of total variability
was 99.77%, greater than 70~85%, indicating that these two factors
held most of the sample information [Chenetal, 2021]. There was
significant discrimination along PC1 between the fresh Nanguo
pear and the freeze-thaw Nanguo pears, indicating that there
were differences in their odor substances. Variables for the SF-FT2
and FF-FT3 samples had partial overlap along the PC1, and the PC2
could not be distinguished effectively. The results showed that
the SF-FT2 and FF-FT3 samples had some similar odor substances.
Linear discriminant analysis (LDA) was also performed on odor
compounds of different pear samples detected by e-nose, and re-
sults are shown in Figure 2C. Overall, the data collected for the dif-
ferent freeze-thaw cycles did not overlap significantly (except
FF-FT-1 and FF-FT-2 samples), which indicated that the freeze-thaw
cycle had a significant effect on the odorant compounds. How-
ever, the formation of these volatiles changing during freezing
and thawing needs to be further studied.

u  Effectof freeze-thaw cycle on the taste of Nanguo pear
An electronic tongue is a multi-sensor system designed to simu-
late the unique taste perception ability of human beings. It
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Figure 2. Results of odor analysis by e-nose of Nanguo pear after three freeze-thaw cycles (FT1, FT2 and FT3, respectively). (A) Radar diagram of response value
of R1-R10 e-nose sensors (R1 — aromatic compounds, R2 - nitrogen oxide, R3 — ammonia and aromatic compounds, R4 — hydrogen, R5 — olefin and aromatic
compounds, R6 — hydrocarbons, R7 — hydrogen sulfide, R8 — alcohols and partially aromatic compounds, R9 — aromatic compounds and organic sulfides, R10
— alkanes); (B) Principal component analysis (PCA) plot; (C) Linear discriminant analysis (LDA) plot. SF means freezing at —20°C and FF means freezing at —80°C.

is used to study the five basic tastes (sweet, salty, sour, bitter,
and umami) as well as taste sensations including astringency
and pungency [Rosa et al,, 2017].

Figure 3A shows the radar diagram of sensor response
values in Nanguo pears taste analysis using e-tongue. There
were no significant differences (p=0.05) in abundance of af-
tertaste-A (aftertaste-astringent) and aftertaste-B (aftertaste-
-bitter) among the 7 samples. There were significant differences
(p<0.05) between pears of freeze-thaw groups and fresh pears
in sour, bitter, astringent, salty and umami taste. Rapid freezing
could produce smaller ice crystals than slow freezing due to
the rapid temperature drop [Alabi et al., 2020]; hence, it caused
less damage to the structure of fruit cells and tissues, and less
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cell contents were dissolved, while slow freezing caused greater
cell content dissolution, resulting in a large difference in the taste
of fast-frozen and slow-frozen Nanguo pears. The results of sour
taste analysis showed that, except for the FF-FT1 and SF-FT2
groups, the sourness of pears of the other groups was lower
compared to the fresh fruits (Figure 3A). PCA analysis of the sig-
nal values of the e-tongue found that PC1 and PC2 represented
47.69% and 32.23% of total variability, respectively (Figure 3B),
and the sum of both was 79.92%, indicating that the two princi-
pal components were representative. In addition, the distribution
of points corresponding to experimental groups in the PCA plot
is relatively scattered, which indicates that different freezing
methods and the number of freezing and thawing cycles caused
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Figure 3. Results of taste analysis by e-tongue of Nanguo pear after three freeze-thaw cycles (FT1, FT2 and FT3, respectively). (A) Radar diagram of response
value of e-tongue sensor; (B) Principal component analysis (PCA) plot. SF means freezing at —20°C and FF means freezing at —80°C.

differences in the taste of pears. As mentioned above, these
differences could be closely related to the ice crystal formation
under different freezing modes. At the same time, the freeze-
-thaw cycle of pears was a complex process, and the pear flavor
change was not only due to the ice crystal interaction; therefore,
also the deeper reasons need to be further explored.

u  Effects of freeze-thaw cycles on volatile ester profile
of Nanguo pear

Aromais an important quality feature of fruit. The aroma of fruits

was formed by the mixture of many volatile esters, alcohols, al-

dehydes, ketones and other compounds. The esters are the main

volatile compounds that determine the aroma of Nanguo pear

[Zhang &Yin, 2023].

Table 2 shows the contents of 24 major volatile esters of Nan-
guo pear flesh. The total content of esters in fresh pears was
743.86 ug/kg. The sum of esters decreased to 677.74 ug/kg after
one freeze-thaw cycle under slow freezing condition. Then, it in-
creased gradually with the subsequent freeze-thaw cycles. After
one freeze-thaw cycle under fast freezing condition, the sum
of esters of Nanguo pears was 863.36 ug/kg, which was signifi-
cantly higher than that of fresh fruits and pears of the SF-FT1
group. With the increase of freeze-thaw cycles, the sum of esters
continued to increase and then decreased. In flesh, hexyl ace-
tate, ethyl butyrate, ethyl caproate (ethyl hexanoate) and ethyl
(E£,2)-2,A-decadienoate were the main esters. The content of ethyl
caproate in pear flesh was the highest among esters and ranged
from 377.26 t0 526.77 pg/kg. This finding is consistent with liter-
ature data which reported that ethyl hexanoate was the major
volatile compound of Nanguo pears regardless of their ripe-
ness or plant growing locations [Li et al., 2013; Shi et al., 2018].
The odor detection threshold (ODT) value of ethyl caproate is
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only 1.2 ug/kg [Munafo et al, 2016], indicating that ethyl caproate
could be the main compound determining the aroma of Nanguo
pears. In the previous studies, it was found that the content
of ethyl caproate affected the aroma of pineapple and banana
[Dou et al,, 2020; Steingass et al, 2014]. As the main detected
esters, ethyl hexanoate had the greatest effect on the overall
ester content of Nanguo pears, so that the content change trend
of total esters after freeze-thaw cycles was consistent with that
of ethyl caproate.

CONCLUSIONS

There were significant differences in the flavor quality of Nanguo
pear after three freeze-thaw cycles. The results of analysis per-
formed with the e-nose showed that the freeze-thaw cycle had
the greatest effect on nitrogen oxide and hydrocarbons in Nan-
guo pears. In terms of sour, bitter, astringent, salty and umami
taste, there were significant differences between fresh pears
and those treated by the freeze-thaw cycles. Due to the re-
peated melting and recombination of ice crystals, the structure
of the fruits was further damaged, resulting in little correlation
between fruit flavor and the number of freeze-thaw cycles.
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Recovery of Proteins from Sweet Potato Cell Liquid by Acidification
via Inoculation-Enhanced Fermentation and Determination
of Functional Properties of Protein Products
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Starch production from fresh sweet potatoes generates process wastewater called sweet potato cell liquid (SPCL), which
is rich in sweet potato protein (SPP). Currently, the commonly used protein recovery methods, such as isoelectric point
precipitation and ultrafiltration, were not suitable for SPP recovery due to the low protein content of SPCL and the high cost
of recovery. The feasibility of recovering SPP by SPCL acidification via inoculation-assisted fermentation was investigated
in this study. The results indicated that the pH of SPCL could be reduced to approximately 4.0 within 6 h of fermentation with
inoculation, resulting in an SPP extraction yield of 55.45% and purity of 66.23 g protein/100 g. With the addition of heating
treatment, the extraction yield of SPP increased to 76.97-95.34%, while it maintained the purity of 66.36-70.12 g protein/100 g.
The composition analysis revealed that SPP products contained sugars (below 11.5 g/100 g) in addition to protein and trace
amounts of lignin and phenolics. Functional properties analysis showed that the SPP recovered by inoculation-enhanced
fermentation exhibited better emulsifying and foaming properties, and higher digestibility compared to the SPP precipitated
using hydrochloric acid. The method of extracting SPP from SPCL by inoculation-enhanced fermentation, as developed
in this study, was a straightforward and cost-effective process that fosters significant potential for industrial applications.

Key words: sweet potato proteins, Leuconostoc citreum, protein precipitation, digestibility, emulsification, foaming

INTRODUCTION is frequently utilized in the food industry as a crucial raw material

Sweet potatois a dicotyledonous plant with tuberous roots, which
belongs to the genus [pomoea in the family Convolvulaceae and is
animportant crop species. The root tubers are a rich source of nu-
trients and bioactive compounds, including starches, proteins, di-
etary fibers, soluble sugars, carotenoids and anthocyanins, and var-
ious minerals such as calcium, iron, phosphorus, and selenium
[Tang etal, 2001]. Sweet potatoes rank as the fourth-largest food
cropin China, boasting a yearly harvest that surpasses 100 million
tons and dominates more than 80% of the world's output [Mu et al,,
2009]. Due to its extensive cultivation and high starch content, it

for the production of sweet potato starch [Abegunde et al., 2013].
Starch extraction process produces a large amount of sweet po-
tato cell liquid (SPCL) as a discarded by-product, which contains
soluble sugars, proteins, and other nutrients [Tang et al, 2001].
This results in significant environmental pollution and the wast-
age of a valuable nutrient resource. Proteins are one of the main
nutrients in SPCL, with a content range of 0.49-2.24 g/100 g [Mu
et al, 2014]. Among the sweet potato proteins (SPP), storage
proteins (sporamins) are predominant, which account for more
than 80% of the total protein [Maeshima et al., 1985], in addition
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to polyphenol oxidase, 3-amylase, and other enzyme proteins
[Cheng et al, 2015]. The SPP exhibits a well-balanced amino acid
profile and favorable functional properties, such as emulsifying
and foaming potential as well as water and oil retention ability
[Mu et al, 2017]. Additionally, it exhibits remarkable biological
activities including lipid-lowering effects, anticancer potential,
and antioxidant activity.

Owing to the high nutritional and application value of SPP, effi-
cient techniques for separation and recovery of proteins from SPCL
are important, which can maximize resource utilization and mini-
mize environmental pollution. At present, several techniques have
been proposed for the recovery of SPP from SPCL, including iso-
electric precipitation [Li etal, 2018], heating precipitation [Muetal,
2017], ultrafiltration [Zhao et al, 2018], and so on. The isoelectric
point protein precipitation is primarily employed. In this method,
the pH of SPCL is adjusted to 4.0 through the addition of hydro-
chloric acid or sulfuric acid, which results in protein precipitation
with a yield that ranges from a mere 16.00%, and a corresponding
purity level of around 50 g protein/100 g [Arogundade & Mu,
2012]. The vyield of isoelectric precipitation could be increased
to more than 80% by heating [Mu et al, 2017]. SPCL can also be
concentrated using ultrafiltration membranes with a molecular
weight cut-off of 10,000 Da, and then SPP is obtained by freeze-
-drying or adjusting pH of precipitation [Arogundade et al, 2012].
The ultrafiltration method produces relatively high extraction yields
(41.30-51.30%) and protein purities (76.00-92.95 g protein/100 g)
for SPP [Arogundade & Mu, 2012; Zhao et al,, 2018]. However, all
the aforementioned techniques are isolation methods used by
laboratories to investigate the nature of SPP. At the same time,
they are not suitable for the recovery of SPP from SPCL on a larger
industrial scale due to the low protein content requiring a large
volume of SPCL that needs to be processed.

SPCL is a product of fresh sweet potato processing, carrying
alarge number of microorganisms. During its storage, the pH gradu-
ally decreases to approximately 4.0 due to the spontaneous fermen-
tation, leading to protein precipitation [Li&Mu, 2012]. Manufacturers
of sweet potato starch have utilized natural storage fermentation
precipitation SPP because it requires no additions and is simple to
operate. However, this approach is associated with several draw-
backs, including a prolonged protein precipitation period, an un-
stable process cycle, and suboptimal quality of the recovered SPP.

The present study investigated the feasibility of recover-
ing SPP through artificial inoculation and fermentation. Since
the functional properties of proteins play a crucial role in food
processing, significantly affecting the texture and sensory prop-
erties of food, this study further compared the functional prop-
erties of SPPs recovered by isoelectric point precipitation with
hydrochloric acid and by fermentation under different condi-
tions. The study results are expected to indicate the possibility
for industrial recovery and application of sweet potato protein.

MATERIALS AND METHODS

=  Materials and reagents

Sweet potato (Ji shu No.25) was provided by Sishui Lifeng Factory
in Shandong, China. De Man, Rogosa and Sharpe (MRS) broth
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medium was purchased from AOBOX Biotechnology Co (Beijing,
China). Methanol for high-performance liquid-chromatography
(HPLC) was purchased from J&K Sciences, Inc (Beijing, China).
Other reagents and solvents were purchased from Sinopharm
Chemical Reagent (Shanghai, China). All solutions were prepared
with ultrapure water.

The Leuconostoc citreum strain SFZ-TO was isolated from
the spontaneously fermented SPCL in Sishui Lifeng Factory
in Shandong and preserved in the collection of the Shandong
Jinan Food Fermentation Institute (China).

= Preparation of sweet potato cell liquid

SPCL was prepared in accordance with the production process
of a sweet potato starch factory as in a previous study by Li et al.
[2018]. Fresh sweet potatoes were washed, cut into pieces, mixed
with twice their volume of drinking water and pulp. The mixture
was then filtered through a 260-mesh filter cloth to remove any
residue, after which the pulp was centrifuged at 4,000xg for 5 min.
The resulting supernatant served as the experimental SPCL.

u Recovery of sweet potato protein by isoelectric point
precipitation

The slightly modified acid precipitation method, previously used
by Zhao et al. [2019], was applied to recover SPP from SPCL.
The pH of SPCL was adjusted to 4.0 using 2 M hydrochloric acid,
sulfuric acid, acetic acid, lactic acid, and citric acid, and the mix-
ture was left at room temperature for 2 h. After centrifugation at
6,000xg for 10 min, the precipitate was collected, washed twice
with water adjusted to 4.0 by adding a 2 M acid solution, and cen-
trifuged again to remove the supernatant. The precipitate was
suspended in deionized water (1:1, w/v) and freeze-dried.

H  Recovery of sweet potato protein by fermentation
To recover SPP by natural fermentation, the freshly prepared SPCL
was incubated at room temperature (25°C) until the pH of the sweet
potato juice dropped to 4.0-4.5 and clear stratification of the SPCL
occurred. After collecting the precipitate, it was centrifuged at
6,000xg for 10 min to remove the supernatant. The precipitate
was suspended in deionized water (1:1, w/l/) and freeze-dried.
Inoculation-enhanced fermentation was carried out with
the L. citreum SFZ-TO strain, previously maintained in the laborato-
ry.ltunderwent two transfers and activations in the MRS medium
before being inoculated with a 5% inoculum into the SPCL medi-
um at 30°C for 24 h. The SPCL medium was prepared from sweet
potato juice adjusted to a pH of 5.5, heated at 100°C for 10 min,
and then centrifuged to remove the precipitate. After autoclaving
at 118°Cfor 20 min, 0.2% yeast extract was added to the clear lig-
uid whose pH was adjusted to 6.0. Subsequently, a 5% inoculate
was added into freshly prepared SPCL and incubated at room
temperature until the pH of SPCL dropped to 4.0-4.5 and clear
stratification of SPCL occurred. After centrifugation at 6,000xg
for 10 min, the resulting precipitate was collected, washed twice
with water adjusted to pH 4.0, and then subjected to further
centrifugation to remove the supernatant. The precipitate was
suspended in deionized water (1:1, w/v) and freeze-dried.
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After fermentation, the SPCL was heated at different tem-
peratures (40°C, 60°C, 80°C, and 100°C) and centrifuged at
6,000xg for 10 min. The sweet potato protein was obtained by
direct heating after the supernatant was removed by centrifu-
gation. In the method of stepwise heating (SH), the protein was
first heated to a lower temperature (20°C, 40°C, 60°C, and 80°C),
the protein sediment was removed by centrifugation and then
heated to a higher temperature (40°C, 60°C, 80°C, and 100°C,
respectively), and the supernatant was removed by centrifuga-
tion to obtain the sweet potato protein at different segmental
temperatures.

=  Chemical composition analysis

Crude protein content was determined by the Kjeldahl method
(Nx6.25) [AOAC 1990]. Total sugar content was determined by
the phenol-sulfuric acid method [Yue et al, 2022]. Ash content
was determined using the scorching constant weight method;
the protein products were charred and placed in a muffle oven,
where they were ashed at 550°C for 16 h [AOAC 1990].

The lignin content was determined using the method de-
scribed by Liu et al. [2022]. Respectively weighed 1.0 g of the SPP
product was dissolved in 10 mL of a 1% (v/v) acetic acid solu-
tion, soaked for 45 min, and filtered. The filtration residue, after
washing and drying, was soaked in 4 mL of a mixture of ethanol
and ether for a few minutes. After filtration, the precipitate was
dried, 3 mL of a 72% (w/v) sulfuric acid solution was added, shak-
en well and left for about 15 h.Then, the beaker with the mixture
was placed in a boiling water bath for a few minutes, and then
a 0.5 mL barium chloride solution was added. The obtained
precipitate was dissolved in 10 mL of H,SO, and K,Cr,O, mixture.
After boiling for 15 min, the Kl solution was added and titration
was performed with an Na,5,05 solution. The lignin content (LC)
was calculated according to Equation (1):

_ Kx (a-b)

LC nx48

m
where: K is the concentration of Na,5,05 (M), a is the volume
of Na,S,05 used during blank titration (mL), b is the volume
of Na,S,03 used during sample solution titration (mL), n is
the mass of SPP product (g), and value 48 is equivalent of the ti-
tration of T mol of lignin (characterized by Cy1H;,0.).

Total phenolic content of SPP products was determined
using the method described by Velioglu et al. [1988] with slight
modifications. SPP products were subjected to ultrasonic ex-
traction with 80% (v/v) methanol for 30 min. The mixture was
centrifuged at 2,000xg for 15 min and 200 pL of the supernatant
was mixed with 1.5 mL of the Folin—Ciocalteu reagentand 1.5 mL
of a sodium carbonate solution (60 g/L). After 90 min at 22°C,
the absorbance was measured at 725 nm and results were ex-
pressed as gallic acid equivalents (mg GAE/g).

Total flavonoid content of SPP products was determined
using the method previously used by Sudewi et al. [2017] with
slight modifications. The SPP extract (0.1 g) was first added
into 3.0 mL of a 0.1 mM aluminum chloride solution, mixed
with vortex oscillation for 3 min, and left for 30 min at room
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temperature. The absorbance of the mixed solution was meas-
ured at the wavelength of 415 nm, and the result was expressed
in rutin equivalent (mg RE/Q).

The sugar profile of the supernatant after SPCL fermentation
was determined using high-performance liquid chromatography
(HPLC). The supernatant samples were appropriately diluted,
filtered through a 0.45 um membrane, and then analyzed on
a U3000 HPLC system (ThermofFisher Scientific, Waltham, MA,
USA). The sugars were separated on a Waters Sugar-Pak col-
umn (6.5%300 mm, particle diameter 10 um; Waters Company,
Milford, MA, USA) using 0.01 M ethylenediaminetetraacetic acid
calcium disodium salt hydrate as a mobile phase with a flow rate
of 0.6 mL/min. Injection volume was 10 pL, and column tem-
perature was 80°C. A differential refractive index detector (RI) was
used for detection. The identification of sugars was performed
by comparing their peak retention times with those of sugar
standards, and the quantification was based on the peak areas.

u  Sweet potato protein functional properties analysis
®  Solubility

The solubility of SPP was determined according to the method
described by Mu et al. [2009] with slight modifications. An aliquot
of 1.0 g of the SPP product was added to 100 mL of distilled
water and stirred for 1 h at room temperature. After centrifuga-
tion at 4,500xg for 10 min, the supernatant was collected to
determine the protein content by the Kjeldahl method [AOAC,
1990]. The solubility (%) was calculated according to Equation (2):
Solubilityzm—; X 100 )
where: m; (g) and my(g) represent the protein content of the su-
pernatant and the SPP product, respectively.

B Emulsifying properties

The emulsifying activity index (EAI) and emulsion stability index
(ESI) of SPP products were determined according to the method
described by Cui et al. [2021] with slight modifications. A 1%
(w/v) aqueous solution of the SPP sample was prepared. An
aliquot of 30 mL of the aqueous solution was mixed with 10 mL
of peanut oil and homogenized for 90 s at 10,000 rpm to form
an emulsion. The resulting emulsions were left undisturbed
for 0 and 20 min before taking a sample of 20 pL, which was
then mixed with 5 mL of a 0.1% sodium dodecy! sulfate solu-
tion. The absorbance was measured at 500 nm using a spec-
trophotometer (SH-6600, Jiangsu Sheng Aohua Environmental
Protection Technology Co. Ltd, Shanghai, China). The EAI (m?/qg)
and ESI (min) were calculated according to Equations (3) and (4),
respectively:

2% 2303 xD XA,

EA|:/><<p><C><1O,OOO 3
Ao

ESI= X t 4

BoPo @

where: Dis the dilution factor (250), / is the length of the optical
path (1cm), @ is the oil volume fraction (0.25), C is the amount
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of protein per unit volume before emulsification (g/mL), Ag is
the absorbance value at 0 min of standing, Ay is the absorbance
value at 20 min of standing, and t is the standing time (20 min).

B  Foaming properties
The foaming capacity (FC) and foaming stability (FS) of SPP
products were determined according to the method described
by Kim et al. [2021] with slight modifications. A 1% (w/v) aque-
ous solution of the SPP product (75 mL) was vigorously stirred
using a disperser at 10,000 rpm for 2 min to ensure complete
protein foam formation. The initial volume of the solution before
and after stirring was recorded, followed by another measure-
ment after storage for 30 min. The FC and FS were calculated
according to Equations (5) and (6), respectively:
VoV

TXKJO

FC= (5)

_Y-0

FS= v,V

X 100 ©)
where: V; and V; are the volumes (mL) of the dispersion before
and after stirring, respectively, V5 is the volume (mL) of the pro-
tein solution after storage for 30 min at room temperature after

stirring.

u  Sweet potato protein digestibility analysis

The SPP product (2 g) was transferred into a 50 mL centri-
fuge tube; then, 30 mL of a pepsin solution (enzyme activity
of 2,000 U/g) was added, and the mixture was incubated at
a temperature of 37°C for 6 h. Subsequently, 10 mL of a trichlo-
roacetic acid solution with a concentration of 10% (wv) was
added to precipitate any undegraded protein present in the mix-
ture, which was then subjected to centrifugation at 6,000xg for
10 min before collecting the resulting precipitate. The collected
precipitate was washed twice using water acidified to pH 4.0
and freeze-dried thereafter. The digestibility was calculated ac-
cording to Equation (7) [Chen, 2023]:

Mo—

Digestibility = x 100 (7)

where: m; (g) and mo (g) are the weights of precipitated protein
and the SPP product, respectively.

m Statistical analysis

All experiments were conducted in triplicate, and the results were
expressed as mean and standard deviation. Statistical analysis
was performed using one-way analysis of variance (ANOVA)
with SPSS software (IBM, Shanghai, China) at a significance level
of p<0.05. Graphical representation was generated using Origin
2018 (Origin Lab, Northampton, MA, USA).

RESULTS AND DISCUSSION
u  Separation of sweet potato proteins by precipitation
with acids

Currently, the isoelectric point precipitation method stood as
the most commonly employed technique for SPP recovery from
SPCLinresearch [Arogundade & Mu, 2012; Li etal,, 2018]. The pH
value of SPCL is usually adjusted to about 4.0 with hydrochlo-
ric acid to precipitate SPP and realize protein recovery. In this
study, several inorganic and organic acids commonly utilized
in the industry (for example, citric acid and acetic acid are widely
used in food production as sour agents) were selected to adjust
the pH of SPCL for SPP precipitation. The results showed that
organic acids, such as lactic acid and citric acid, could also be
used for SPP precipitation, with marginally improved rates of SPP
recovery and protein purity compared to the inorganic acids
(Table 1).The protein content of SPCL was 0.35g/100 g. It can be
calculated that the production of 1,000 kg SPP product required
a significant amount of hydrochloric acid (375 L), and even more
of lactic and citric acids (750 L). Therefore, there was a substantial
demand for acids for SPP separation by pH adjustment, which
not only incurred high raw material costs but also generated
new sources of pollution without any commercial application
potential.

u Separation of sweet potato protein by microbial
fermentation regulating pH and precipitation
During SPCL storage, microorganisms (primarily lactic acid bac-
teria) may reproduce and cause the SPCL to become acidic,
eventually reaching the pH required for protein precipitation [Li &
Mu, 2012; Pagana et al,, 2014]. However, the composition of natu-
ral fermentation microorganisms fluctuates greatly (there are
many species in the natural fermentation system, so the growth
of species is uncontrollable), leading to prolonged and unstable

TABLE 1. Extraction yield and purity of sweet potato protein (SPP) products from sweet potato cell liquid (SPCL) obtained by isoelectric point precipitation with

different acids.

: . . SPCL volume (L) to produce
0
_ e Purity (g protein/100 g) 1,000 kg of SPP product

Hydrochloric acid 47.58+0.22¢
Sulfuric acid 49.66+0.19¢
Lactic acid 51.73+0.27°
Acetic acid 50.85+0.31¢
Citric acid 52.70+0.28°

59.48+0.14¢ 375425¢
59.43+0.23¢ 1502159
60.190.25¢ 750435P
60.52+0.12° 1,000+40°
61.43+0.24° 750432°

Results are shown as meanzstandard deviation (n=3). Different letter superscripts in the same column indicate significant differences (p<0.05).
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FIGURE 1. Changes in pH during inoculation-enhanced fermentation
and natural fermentation of sweet potato cell liquid.

fermentation times, low levels of lactic acid bacteria, and a slower
pH decrease [Capozzi et al. 2017]. These factors can contribute
to SPCL spoilage and protein precipitation failure. In view of this
situation, in the early stage, we isolated and screened the SFZ-TO
strain from the natural fermentation sedimentation tank of SPCL,
which can rapidly propagate Leuconostoc citreum in SPCL (data
not shown). Afterwards, we investigated the possibility of pre-
cipitating and separating SPP from SPCL through fermentation
with the inoculation strain SFZ-TO.

Firstly, a comparison was made between the pH values
of SPCL fermented through natural fermentation and those
inoculated with strain SFZ-TO. The results shown in Figure 1
indicate that while the pH of naturally fermented SPCL remained
unchanged for 4-6 h, it began to decrease after this period
and eventually stabilized after 24 h. In contrast, the SPCL in-
oculated with strain SFZ-TO exhibited an immediate decline
in pH post-inoculation which dropped to about 4.0 within
6-8 h. Meanwhile, the fermentable sugars, such as sucrose,
glucose and fructose, in SPCL were rapidly consumed (Table 2),

TABLE 3. Extraction yield and purity of sweet potato protein (SPP) products
obtained by inoculation-enhanced fermentation of sweet potato cell liquid
(SPCL) at different times.

Fermentation time Yield Purity
()] (%) (g protein/100 g)

6 5545+0.21° 66.23+0.25°
8 55954022 66.15+0.15
10 55.19+027° 66.07+0.17°
12 5548+0.25° 65.43+0.26°
24 550240319 63.59+0.19¢
48 54.43+0.18° 6145+0.15°
72 533620.17° 57.77+0.07°
120 52.92+0.289 56.03+0.149
168 51.15+0.21" 55.52+0.22"

Results are shown as meanzstandard deviation (n=3). Different letter superscripts in the
same column indicate significant differences (p<0.05).

indicating that strain SFZ-TO utilized these sugars for acid produc-
tion, resulting in a rapid decrease of pH in the feed solution to
achieve the purpose of protein precipitation. Instead of increas-
ing, the yield and purity of SPP showed a slight decrease with
prolonged fermentation time (Table 3), which may be attributed
to the bacterial consumption of protein. The optimal extraction
yield and purity of SPP were achieved at a fermentation time
of 6-8 h.

Inoculation-enhanced fermentation could rapidly precipitate
SPP, but it required strain expansion for each batch of inoculation.
If each batch of fermentation was inoculated with seed liquid,
the costand difficulty of industrialization would increase. There-
fore, this study explored the feasibility of continuous transfer
of fermentation broth instead of batch inoculation. As shown
in Figure 2, a total of 10 batches with 9 transfer experiments
were conducted at a transfer rate of 20%. The results showed
that with an increase in the number of transfers, the rate of pH
reduction of the SPCL feed increased rather than decreased.
The time taken to reach the isoelectric point shortened from ap-
proximately 6 hin the first batch to about 5 h in the ninth batch.

TABLE 2. Soluble sugar profile of sweet potato cell liquid unfermented, fermented naturally and fermented with inoculation (g/L).

Without fermentation 10.20£0.06? 2.80+0.03? 2.73+0.02°
4 346+0.04° 040+0.01° 1.07+0.00°
e EE 6 0.00£0.00° 0.00:£0.00¢ 000+0.00¢
fermentation
8 0.00+0.00¢ 0.00+0.00¢ 0.00£0.00¢
6 8.35+0.03° 2.35+0.04° 2.51+0.03°
Natural fermentation 12 4.74+0.02¢ 0.98+0.02¢ 1.61£0.02¢
24 1.19+0.02¢ 0.21+0.01¢ 0.36+0.01¢

Results are shown as meanstandard deviation (n=3). Different letter superscripts in the same column, separately for inoculation-enhanced fermentation and natural fermentation,

indicate significant differences (p<0.05).
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FIGURE 2. Changes in pH in the fermentation broth after batch (1-9) continuous transfer treatment.

Therefore, inoculating strain SFZ-TO enhanced fermentation,
and continuous transfer for SPP recovery from SPCL was a simple,
cost-effective method with a commercial application value.

u  Effect of heat treatment on sweet potato protein
recovery by microbial fermentation
SPP could be effortlessly and efficiently recovered from SPCL
through inoculation-enhanced fermentation, resulting in a high-
er extraction yield and purity compared to the isoelectric pre-
cipitation with hydrochloric acid (extraction yield of 52.70%
and 47.58%, respectively, purity of 61.43 and 59.43 g protein/100 g,
respectively) (Table 1 and 4). Although the extraction yield of SPP
was slightly higher than that reported in the literature for me-
dium isoelectric point precipitated proteins [Arogundade &
Mu, 2012], it still remained below 60%, indicating a significant
amount of unprecipitated proteins. Heat treatment is a com-
monly employed technique for improving protein separation
and extraction. Mu et al. [2017] achieved an extraction yield
of over 80% for SPP by utilizing a combination of isoelectric point

TABLE 4. Extraction yield and purity of sweet potato protein (SPP) products
obtained by direct heat treatment of sweet potato cell liquid (SPCL) after
inoculation-enhanced fermentation.

Yield Purity
SPP prOdUCt (g prOtein/1 00 g)

F-SPP 56.78+0.34¢ 66.23+0.38¢
SPP40 76.97+0.28¢ 66.36+0.32¢
SPP60 85.42+0.37¢ 67.15+0.80°
SPP80 91.45+0.25° 68.62+0.98°
SPP100 95.34+0.31° 70.12+1.63°

F-SPP, SPP product obtained by inoculation-enhanced fermentation; SPP40, SPP60, SPP80
and SPP100, SPP products obtained by direct heating SPCL to 40°C, 60°C, 80°C and 100°C
afterinoculation-enhanced fermentation, respectively. Different letter superscripts in the
same column indicate significant differences (p<0.05).

precipitation and heat treatment. Therefore, we investigated
the effect of heat treatment on the yield of inoculation-enhanced
protein fermentation.
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TABLE 5. Extraction yield and purity of sweet potato protein (SPP) products
obtained by stepwise heat treatment after inoculation-enhanced fermentation.

Yield Purity
(%) (g protein/100 g)

F-SPP 56.78+0.34° 66.23+0.384
SH-SPP20/40 20.19+£0.31° 67.41+0.324
SH-SPP40/60 8.45+0.32¢ 75.43+0.80°
SH-SPP60/80 6.03+0319 86.49+098°
SH-SPP80/100 3.89+0.28° 95.19+1.63¢

F-SPP, SPP product obtained by inoculation-enhanced fermentation; SH-SPP20/40, SH-
SPP40/60, SH-SPP60/80 and SH-SPP80/100, SPP products obtained by stepwise heating
SPCL to 20 and 40°C, 40 and 60°C, 60 and 80°C, and 80 and 100°C after inoculation-
enhanced fermentation, respectively. Different letter superscripts in the same column
indicate significant differences (p<0.05).

The fermentation broth was heated to different indicated
temperatures and then centrifuged to separate the proteins.
The results showed that thermal processing significantly en-
hanced the protein extraction yield (Table 4). When the ferment-
ed SPCL was heated from room temperature to 40°C, the yield
of SPP extraction increased by around 20% compared to that
without heating. Upon reaching a temperature of 100°C, the SPP
extraction yield peaked to 95.34%, which was accompanied by
an increase in purity. In addition, we conducted a comparison
of the yield and purity of SPP extracted through stepwise heat-
ing (Table 5) and found out that as the heating temperature
increased, the purity of SPP products also increased. The purity
of SPP isolated at 80/100°C reached 95.19 g protein/100 g.

®  Chemical composition of sweet potato proteins

As indicated in Table 6, SPP products contained carbohy-
drates, which had been further analyzed as starch, in addition
to protein. Furthermore, SPP products also comprised a small

TABLE 6. Chemical composition of sweet potato protein (SPP) products.

quantity of ash, lignin, and bioactive compounds such as phe-
nolics. The chemical composition of SPP products was basically
the same compared with the report in the related literature,
although the proportions between compound contents were
slightly different [Arogundade & Mu, 2012]. First of all, the pro-
tein content of SPP products after fermentation and heating
in our study was significantly higher than that of SPP products
extracted by isoelectric point precipitation and ultrafiltration
reported in literature [Arogundade et al,, 2012]. Due to the low
protein content of sweet potato protein recovered by isoelectric
point precipitation, the proportion of non-protein compounds
in SPP isolated by this method (S-SPP) was relatively high (Ta-
ble 6). This observation is in accordance with the literature
data [Arogundade & Mu, 2012]; the low content of medium
electric point precipitated protein correlated with high total
phenolic content (3.76 mg GAE/g) and total flavonoid content
(3.48 mg CE/g). The purity of SPP isolated through heating
increased with temperature elevation while the proportion
of non-protein components decreased significantly. Although
the purity of the directly heated SPP product was higher, it
was still inferior to the stepwise heating, which was caused by
the centrifugal removal of the low-purity protein when heated
at low temperature, but the content of non-protein compounds
of the directly heated protein was higher.

= Functional properties of sweet potato proteins

= Solubility

Solubility is a crucial indicator for evaluating the functional prop-
erties of plant proteins, and favorable solubility is essential for
the functional and nutritional value of the product [Yang et al.,
2018]. Table 7 shows the solubility values of SPP extracted us-
ing different methods. The solubility of SPP isolated by isoelec-
tric point precipitation and inoculation-enhanced fermenta-
tion (S-SPP and F-SPP, respectively) was found to be 72.35%

SPP product Protein Total sugar Lignin Total phenolics Total flavonoids
(9/100 g) (g/1 00 g) (9/100 g) (9/100 g) (mg GAE/g) (mg RE/qg)

S-SpP 6143+043° 276+0.15° 11.154021° 2134013 3.10+003° 3.03+003°
F-SPP 66.23+0.38¢ 21540110 10.64+0.19° 1.69+0.10° 3.16+0.05° 3.18+0.05°
SPP40 66.36+0.32¢ 2074008 10.5140.20° 1.5240.08° 3.09+0.04° 3.16+0.06°
SPP60 67.15+0.80° 1.9940.100 10.2240.17¢ 14340.06° 298+005" 3.08+002°
SPP80 68.62+0.98° 1.93+0.06 9.72+0.13¢ 1.27+0.07¢ 2.77+0.02° 2.93+0.03¢
SPP100 70.12+163° 1.89+0.02° 933+0.14° 1.10+0.02¢ 2.7120.00¢ 2.8240.01¢
SH-SPP20/40 67.41+0.324 145+0,07° 9.47+0.17¢ 1.14+0.06 2854002 2.96+0.04°
SH-SPP40/60 75.43+0.80° 0.64+0.03¢ 6.45+0.13¢ 0.87+0.05¢ 1.93+0,02 2.13+003¢
SH-SPP60/80 86.49+0.98° 021+0.01° 269+0.06° 034+0.04° 043+001° 101002
SH-SPP80/100 95.19+1.63 0.00+0.001 0.45+0.02f 0.00+0.001 0.06+001" 035+001f

S-SPP, SPP product obtained by acid precipitation; F-SPP, SPP product obtained by inoculation-enhanced fermentation; SPP40, SPP60, SPP80 and SPP100, SPP products obtained by direct
heating sweet potato cell liquid (SPCL) to 40°C, 60°C, 80°C and 100°C after inoculation-enhanced fermentation, respectively; SH-SPP20/40, SH-SPP40/60, SH-SPP60/80 and SH-SPP80/100,
SPP products obtained by stepwise heating SPCL to 20 and 40°C, 40 and 60°C, 60 and 80°C, and 80 and 100°C respectively; GAE, gallic acid equivalent; RE, rutin equivalent. Different letter
superscripts in the same column, separately for SPP and SH-SPP samples, indicate significant differences (p<0.05). S-SPP and F-SPP were statistically analyzed with direct heating and

stepwise heating, respectively.
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TABLE 7. Solubility of sweet potato protein (SPP) products.

SPP product Solubility (%)

S-Spp 72.35+1.29°
F-SPp 85.46+134°
SPP40 64.20%1.26¢
SPP60 51.78+0.74
SPP80 15424031¢
SPP100 8314007
SH-SPP20/40 61.30+1.02¢
SH-SPP40/60 49.13+0.64
SH-SPP60/80 13.46+0.29°
SH-SPP80/100 3.80+0.101

S-SPP, SPP product obtained by acid precipitation; F-SPP, SPP product obtained by
inoculation-enhanced fermentation; SPP40, SPP60, SPP80 and SPP100, SPP products
obtained by direct heating sweet potato cell liquid (SPCL) to 40°C, 60°C, 80°C and 100°C
after inoculation-enhanced fermentation, respectively; SH-SPP20/40, SH-SPP40/60, SH-
SPP60/80 and SH-SPP80/100, SPP products obtained by stepwise heating SPCL to 20 and
40°C,40and 60°C,60 and 80°C, and 80 and 100°C respectively. Different letter superscripts
inthe same column, separately for SPP and SH-SPP samples, indicate significant differences
(p<0.05). S-SPP and F-SPP were statistically analyzed with direct heating and stepwise
heating, respectively.

and 85.46%, respectively. The main reason for this difference
was that the protein content of F-SPP was higher, and more
protein was dissolved under the same conditions. The heat treat-
ment significantly (p<0.05) decreased the solubility of SPP. It was
due to the fact that heat treatment could destroy the structure
of the protein, which makes it difficult to maintain the original
solubility. However, protein extracted by heating below 60°C still
exhibited a solubility above 50%, which provided the possibility
of SPP functional application.

®  Emulsifying properties

The formation of emulsions required emulsifiers to mix two im-
miscible liquids, and proteins had long been used as effective
emulsifying agents [McClements, 2004]. The emulsifying activity
index (EAl) and the emulsion stability index (ESI) were typically
used to assess the protein’s ability to form stable emulsions [Kumar

etal, 2014].The results of EAl and ESl analyzed for SPP extracted by
different extraction methods are shown in Table 8. The EAl of F-SPP
(28.30 m?/g) was significantly (p<0.05) higher than that of SPP
extracted after stepwise heat treatment (2.10-21.34 m?/g), which
was significantly related to the solubility of SPP. It was also better
than that of hemp seed protein (8.7 m?/g) [Yao et al, 2023], potato
protein (22.80 m?/qg) [Hussain et al, 2021] and soybean protein
(26.43 m?/g) [Ding, 2021]; most of these different plant proteins
were isolated by acid precipitation. The ESI trends of different SPP
products differed significantly from their EAL SPP separated below
60°C showed good emulsion stability. The ESI of SH-SPP40/60 was
better than that of F-SSP, and the ESI of SPP separated above 80°C
decreased rapidly. Appropriate heat treatment could gradually
expose the hydrophobic groups in protein molecules, thereby
enhancing the hydrophobic interaction between interfacial pro-
teins and promoting emulsion stability. However, high tempera-
ture (80-100°C) may lead to complete denaturation of the sweet
potato protein, resulting in protein precipitation and reducing
the degree of protein adsorption at the water-oil interface, thereby
reducing the stability of the emulsion.

B Foaming properties

Foam could alter both the texture and flavor of food, with pro-
teins exhibiting favorable foaming properties. The foaming ca-
pacity (FC) and foam stability (FS) are two important parameters
of protein foaming properties. The foaming properties of sweet
potato proteins obtained by different extraction methods are
shown in Table 8. The F-SPP had the FC of 38.49%, which was
higher than that of the SPP isolated via isoelectric point precip-
itation by Mu et al. [2017] (FC 30-35%), and other proteins, such
as potato protein (FC 20%) [Hussain et al., 2021], peanut protein
(FC26.47%) [He etal, 2023] and mung bean protein (FC 26.10%)
[Du et al,, 2018]; most of these different plant proteins were iso-
lated by acid precipitation. The results of various stability tests
performed for SPP foam were consistent with its foaming ability,
which was affected by the reduced solubility caused by heating
and subsequently influenced its foam stability [Mir et al,, 2021].
F-SPP exhibited good foaming properties in the light of litera-
ture data for plant-derived protein isolates [Soria-Herndndez et
al., 2015].

TABLE 8. Emulsifying and foaming properties, and digestibility of sweet potato protein (SPP) products.

Emulsifying activity Emulsifying activity Foaming capacity Foaming stability Digestibility
(m?/g) (min) (%) (%) (%)

S-SPP 22.50+1.15° 5344+0.974
F-SpP 2830+0.96° 55.45+1.00°
SH-SPP20/40 213441440 57.48+0.95
SH-SPP40/60 16.09+0.58° 60.13+0.89°
SH-SPP60/80 6.42+1.10¢ 26.14+0.78°
SH-SPP80/100 2.10£0.60° 6.12+067"

31454105 0.16:+2.04° 76.19£007°
384940957 61.15+1.49° 83.14%0.11¢
25.74+0.74¢ 4245+1.73¢ 85.7140.13¢
21.19+0.94¢ 45.1341.25¢ 87.560.20°
1138+1.06° 30.35£045¢ 89.35+0.21°

4160441 21.78+0.33f 9046+031°

SPP, SPP product obtained by acid precipitation; F-SPP, SPP product obtained by inoculation-enhanced fermentation; SH-SPP20/40, SH-SPP40/60, SH-SPP60/80 and SH-SPP80/100, SPP
products obtained by stepwise heating SPCL to 20 and 40°C, 40 and 60°C, 60 and 80°C, and 80 and 100°C respectively. Different letter superscripts in the same column indicate significant

differences (p<0.05).
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= Digestibility of sweet potato proteins

Digestibility is a crucial nutritional characteristic of the food protein.
The higher the digestibility, the better the protein utilization rate
and the easier its digestion and absorption. The digestibility of SPP
products obtained by different extraction methods are shown
in Table 8,indicating that the heat treatment significantly enhanced
SPP digestibility. Specifically, when heated to 60°C, the digestibility
of SPP exceeded 87%, which was 7.329% higher than that of the F-SPP
samples. Moreover, heating at 100°C further increased the digest-
ibility of SH-SPP80/100 to reach up to 90%. This is due to the fact that
the high temperature treatment destroys the structure of the protein
itself and significantly improves SPP digestibility [Sun et al, 2012],
although on the other hand, the functional properties of SPP ex-
tracted by heat denaturation may be lost. SPP had been heat-treated
after being purified (to a purity of 95 g protein/100 g) by Sun et al.
[2014]. As the temperature increased, its digestibility increased from
52.8% 10 99.6% (at 110°C), while that of the sample heated at 100°C
was approximately 80%. Although SPP isolated by heating at higher
temperatures (80-100°C) could have worse functional properties, it
boasted high protein content and excellent digestibility, rendering
it an ideal source of high-quality protein.

CONCLUSIONS

In this study, SPP was recovered from SPCL by artificial inoculation-
-enhanced fermentation acidification and heating, and the func-
tional properties of the prepared SPP were compared. The results
showed that within 6 h of inoculation-enhanced fermentation,
the pH level of SPCL could be reduced to less than 4.0, leading
to the successful settling of SPP. The extraction yield and purity
could be achieved at approximately 55% and 65 g protein/100 g,
respectively. Heat treatment at low temperatures (40-60°C) in-
creased the protein extraction yield to 75-85%, while SPP main-
tained high emulsifying and foaming properties. High-quality SPP
products with a protein content ranging from 86 to 95 g/100 g
and a digestibility exceeding 90% could be obtained by stepwise
heat treatment at high temperatures (60/80-80/100°C).

The present study described a cost-effective and straight-
-forward approach for promoting the industrial recovery of SPP
from SPCL through inoculation-enhanced fermentation and con-
tinuous transfer. Additionally, the application of assisted heat
treatment could produce high-quality SPP products with diverse
functional properties, which held a promising application pros-
pect in the food industry.
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Curcumin Prevents Free Fatty Acid-Induced Lipid Accumulation via
Targeting the miR-22-3p/CRLS1 Pathway in HepG2 Cells
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Dysregulated lipid metabolism in liver is an important hallmark of non-alcoholic fatty liver disease (NAFLD), which may be
modulated by dietary polyphenols or microRNAs (miRNAs). However, the underlying epigenetic regulatory mechanism
of polyphenols remain unclear. The current study aimed to address how miRNA mediates hepatic lipid metabolic control
of curcumin, a polyphenolic food supplement. The results showed that 24 h treatment with 5-20 uM curcumin prevented
free fatty acid-induced lipid accumulation by around 10-50% in HepG2 cells, which was attenuated by pre-transfection
with 40 nM miR-22-3p mimic for 48 h. In consequence, transfection with 40 nM miR-22-3p inhibitor for 48 h significantly
reduced lipid accumulation by around 10%. And, 48 h overexpression of miR-22-3p targeting cardiolipin synthase 1 (CRLST)
gene, which encodes a mitochondrial phospholipid synthase, showed a similar regulatory effect. Thus, miR-22-3p and CRLST
showed opposite effects in modulating lipid metabolism, which probably involved mitochondrial control. In summary, this
study demonstrated that curcumin improved hepatic lipid metabolism via targeting the miR-22-3p/CRLST pathway. Identi-
fication of the epigenetic regulatory mechanism underlying lipid metabolism may thereby facilitate alleviation of metabolic

disorders by natural polyphenols.

Key words: polyphenol, epigenetics, liver, steatosis, mitochondria

INTRODUCTION

Lipids are key components of biofilms and essential nutrients
of human body. Lipid metabolism includes the processes of lipid
uptake, transportation, de novo synthesis and decomposition,
which produce a variety of intermediates to facilitate maintaining
cellular homeostasis and regulating organism functions [Kloska
etal, 2020]. Aberrant lipid metabolism is involved in the patho-
genesis of a variety of human diseases [Yoon et al, 2021]. Liver
is the major organ responsible for the homeostatic regulation
between lipid accumulation and removal. Besides lipid uptakes

from food, free fatty acids transferred from blood and de novo
synthesized lipids are the main sources of intrahepatic lipids.
As far as the dynamic balance of liver lipids is disrupted, lipids
may abnormally accumulate in liver, which eventually results
in liver metabolic disorders. For instance, aberrant accumula-
tion of triglycerides in liver may lead to liver steatosis, a hallmark
feature of non-alcoholic fatty liver disease (NAFLD) [Arab et al,
2018]. NAFLD represents a kind of metabolic stress-related liver
disease, which is closely associated with obesity, diabetes, car-
diovascular diseases and other metabolic disorders [Lonardo
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et al, 2018]. Without timely intervention, NAFLD may develop
into non-alcoholic steatohepatitis (NASH), liver cirrhosis, or even
liver cancers, which severely impairs human health and lifespan.

The pathogenesis of NAFLD has not been completely eluci-
dated, which may have hampered its effective drug treatment.
Great efforts have been focused on exploring for novel medicines
and interventions in lifestyle or diets to reduce NAFLD incidence
and progression [Hernandez-Rodas et al,, 2015]. Fortunately, a se-
ries of studies indicated that NAFLD can be effectively treated by
herbal extracts with anti-hyperlipidemic and hepatoprotective
activities [Abenavolietal, 2021]. As a natural polyphenolic com-
pound, curcumin has served as a food additive and pigment. It is
also widely used as an effective herbal medicine to relieve various
health problems, probably due to its multi-functional activities.
In recent years, a serial of clinical and animal studies demon-
strated that curcumin can mitigate hepatic lipid accumulation
and exhibit anti-hepatitis effect in mice and human [Zhao et al,
2022], thereby showing good therapeutic potential for NAFLD
and other metabolic disorders. Li et al. [2021] reported that
10-week food supplementation with 0.29% curcumin significantly
reduced the body fat, hepatic steatosis, insulin resistance and se-
rum lipopolysaccharide levels of obese mice. A clinical study
also revealed that 102 NAFLD patients who received 8-week
curcumin treatment showed significantly reduced hepatic stea-
tosis without safety concerns [Rahmani et al, 2016]. However,
due to the complex pathogenesis of NAFLD and the complicate
molecular targets of curcumin, the physiological roles and ac-
tion mechanism of curcumin in cellular lipid metabolism are not
completely understood.

MicroRNAs (miRNAs) are ~22 nt small non-coding RNAs,
the aberrant expression of which is closely associated with hu-
man metabolic diseases [Agbu & Carthew, 2021]. They have be-
come potential therapeutic targets for different health problems.
miRNAs may be involved in the occurrence and development
of NAFLD via at least three different pathways. 1) Regulating li-
pid uptake through the modulation of membrane transporters.
For instance, miR-26a was shown to target CD36 to inhibit lipid
uptake in HepG2 cells [Ding et al, 2019]. 2) Regulating de novo
lipid synthesis by targeting different enzymes. For instance, both
miR-27a and miR-103 targeted and inhibited the expression of fatty
acid synthase (FAS) and stearoyl-S-CoA desaturase 1 (SCDT), two
key enzymes involved in fatty acid synthesis, to regulate hepatic
lipid metabolism and thereby alleviate NAFLD [Zhang et al, 2017;
2020]. 3) Regulating fatty acid 3-oxidation in mitochondria. Veitch
et al. [2022] reported that miR-30e overexpression significantly
promoted exogenous fatty acid 3-oxidation (FAO) in mitochondria
without affecting endogenous FAQ.

As one of the most abundant liver miRNAs, miR-22-3p was
shown to have a physiological role in regulating lipid and met-
abolic homeostasis [Castano et al., 2022; Panella et al., 2023].
Although it has been demonstrated that miR-22-3p repression
improved lipid metabolism in mouse and human liver [Hu et al,,
2020; Thibonnier et al., 2020], some studies showed opposite
results [Gjorgjieva et al, 2020; 2022]. The exact regulatory ef-
fect and action mechanism of miR-22-3p in lipid metabolism
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may differ due to diverse cell types and pathological statuses
investigated. Interestingly, miR-22-3p is a common polyphe-
nol-controlled miRNA [Hayakawa et al., 2022]. Previously, we
also reported that miR-22-3p was one of the molecular targets
of curcumin [Sunetal, 2023]. Therefore, it is interesting to address
whether curcumin regulates lipid metabolism in hepatocytes by
controlling miR-22-3p and its downstream effectors.

Inducing a high-fat in vitro HepG2 cellular model by free
fatty acid (FFA), this study aimed to address whether and how
miR-22-3p modulated the effect of curcumin on lipid metabo-
lism. The data revealed that curcumin effectively prevented
FFA-induced lipid accumulation in HepG2 cells, which was miti-
gated by miR-22-3p overexpression. Furthermore, both inhibi-
tion of miR-22-3p and overexpression of CRLST, a target gene
of miR-22-3p and key mitochondrial regulating gene, significantly
reduced lipid accumulation in HepG2 cells. Hepatic steatosis can
be attributed to aberrant lipogenesis. The effects of miR-22-3p
and CRLST on lipogenesis were also investigated. Taken together,
this study is of significance to elucidate the epigenetic regulatory
mechanism underlying hepatic lipid metabolism. It may also
provide insights into the development and utilization of natural
food supplements to relieve lipid metabolic disorders, such as
NAFLD and obesity.

MATERIALS AND METHODS

= Cell culture and treatment

The human hepatoma cell line HepG2 was obtained from the Cell
Bank of the Chinese Academy of Sciences in Shanghai. HepG2
cells used in this study have a passage number not higher
than 20. HepG2 cells were cultured in Gibco's DMEM (Grand
Island, NY, USA) that contained 10% fetal bovine serum (FBS;
Gemini, Calabasas, CA, USA) and a 1% penicillin/streptomycin
antibiotic mixture (Gibco, Grand Island, NY, USA) at 37°C with
5% CO, in a humidified incubator (ThermoFisher, Waltham, MA,
USA). Except for specified, around 5x10° HepG2 cells per well
were seeded in a 12—well plate and cultured to nearly 75% con-
fluency.Then, a T mM FFA mixture (oleic acid to palmitic acid ratio
of 2:1) was added for 24 h to induce lipid accumulation according
to a previously described method [Gomez-Lechdn et al,, 2007].
To test curcumin’s activity, HepG2 cells were co-incubated with
curcumin (Sigma-Aldrich, Saint Louis, MO, USA) and the FFA mix-
ture for 24 h. The amount of curcumin was chosen as previously
described [Shan et al, 2022]. Curcumin was dissolved in DMSO
(Amresco, Solon, OH) and added to cells at 1% (v/v), and DMSO
served as a vehicle control.

u  Cell transfection and free fatty acid induction

HepG2 cells were grown to around 75% confluency in the 12-well
culture plate, followed by transfection with 40 nM miRNA (Ri-
boBio, Guangzhou, China) or the pCMV-CRLS1 plasmid at
1.5 pg/well for 48 h using Lipofectamine 2000 Transfection
Reagent (Invitrogen, Carlsbad, CA, USA) in accordance with
the manufacturer’s protocols. The cells were then exposed to
1 mM FFA for 24 h before further investigation. The pCMV-CRLS1
plasmid was previously prepared [Sun et al,, 2023].
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= Oil Red O staining and lipid semi-quantification assay
The cells were in situ stained with an Oil Red O staining solution to
visualize accumulation of intracellular lipid droplets, as referred to
the instructions of an Oil Red O stain kit (Solarbio, Beijing, China)
with modifications. Briefly, the cells were fixed with 10% formalin
for 20 min at room temperature and washed twice with distilled
water. Following further washing with 60% (v/v) isopropanol
for 20-30 s, the cells were stained with a freshly water-diluted
Oil Red O dye (0.5% stock solution and H,O in 3:2, v/v, ratio) for
20 min and then rinsed with distilled water to remove excessive
dye. The stained cells were photographed under a light micro-
scope, followed by lipid semi-quantification assay. To quantify
the accumulated intracellular lipid levels, the Oil Red O-stained
cells were immersed in isopropanol with 40 min vibration at
room temperature to dissolve lipid droplets and the optical
absorbance was measured at 510 nm [Chenetal,, 2020]. The rela-
tive lipid amount was calculated as compared to that of control
optical absorbance.

= Determination of intracellular triglyceride and total
cholesterol contents

The intracellular triglyceride (TG) and total cholesterol (TC) con-

tents were determined using the corresponding assay kits from

Jiancheng Biotechnology (Nanjing, China) following the manufac-

turer's instructions. The lipid contents were normalized to the total

protein amount, and the control TG or TC level was set as 1.0.

=  Measurement of mRNA expression levels

The mRNA expression level was quantified using the quantitative
real—time PCR (qRT-PCR) assay. Total cellular RNA was first isolat-
ed with Invitrogen’s TRIzol reagent, and 1 pg of total RNA was
reversely transcribed into cDNA molecules using the Toyobo's
ReverTra Ace gPCRRT Master Mix kit (Osaka, Japan). gRT-PCR was
then performed with 2 L of properly diluted cDNA as a tem-
plate per 20 uL of a reaction mix and primers at 100 nM, using
the Accurate Biology’s 2x SYBR Green Premix Pro Tag HS mix
(Changsha, China), under the ABI7300 real-time PCR detection
system (Applied Biosystems, Waltham, MA, USA). The PCR reac-
tions were carried out as follows: denaturing at 95°C for 5 min,
followed by 40 amplification cycles at 95°C for 5 s and 60°C for
31 s. B-actin was used as a reference gene. The relative gene
expression levels were calculated by the 224" method, as ACT =
CT (tested gene) — CT (reference gene) and AACT = ACT (sample)
— ACT (control). The primer sequences used in this study were
as listed in Table 1 and Table S1.

= Statistical analysis

All experiments were performed with duplicate biological
repeats for at least three times and data were presented as
the mean + standard deviation (SD) (n=3). The difference be-
tween two groups was evaluated using an unpaired Student’s
t-test, and the differences among multiple groups were deter-
mined by one-way analysis of variance (ANOVA), and then sub-
jected to Duncan's analysis for multiple comparisons. Differences
were considered statistically significant at p<0.05 or p<0.01.
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Table 1. The primer sequences used in this study.

Forward (5’ — 3') Reverse (5'— 3’)

B-actin ACCTTCTACAATGAGCT- CCTGGATAGCAACGTA-
GCG CATGG

. TIGICAATGACGAGA-  GCCCAGTTTCGAG-
ATTGGCT CAATAAATCC

— GTGGCGGCTGCATTGA-  AGGTACCCGAGGGCATC-
GAGTGAG CGAGAAT

- GAGCCCAAGTTT- GCAGGTTGTCTTGAAT-

g GAGTTTGC GTCTTC

s CAAGAACTGCACGGAG-  AGCTGCCAGAGTCG-
GTGT GAGAAC

e CGCACTACATCTGC- TCAGGCGGATCT-
CACAGT GTTCTTCT

CRLST, cardiolipin synthase 1; SREBP-1, sterol-regulatory element binding protein-1;
PPARy, peroxisome proliferators-activated receptor y; FAS, fatty acid synthase; LXRa, liver
X receptor a.

RESULTS AND DISCUSSION

NAFLD represents a spectrum of liver diseases that are character-
ized by dysregulated hepatic lipid metabolism and is closely re-
lated to hepatocellular carcinoma [Degasperi & Colombo, 2016].
Although the prevalence of NAFLD is increasing worldwide
annually, currently there is no pharmaceutical therapy available
for NAFLD. However, it is generally recognized that the most
effective treatment for NAFLD is patient’s lifestyle intervention,
particularly physical activity and diet. In recent years, a series
of studies have also indicated that plant polyphenols (such as
resveratrol and curcumin) and plant extracts with polyphenols
(such as tea extract), can effectively alleviate or prevent NAFLD
via various pathways [Abenavoliet al, 2021]. However, the patho-
genesis of NAFLD and the function mechanism of polyphenols
remain largely unknown.

In general, the primary hepatocyte is the best model for in vitro
NAFLD research to reveal its pathogenesis and treatment. However,
due tothe limited culture passages, poor reproducibility and ethical
issues of primary culture, the immortalized hepatocyte-derived
HepG2 cell has become a commonly used substitutive model
and shows similar response to free fatty acid induction [Abenavoli
etal, 2021; Gémez-Lechon et al, 2007]. Oleic acid (OA) and palmitic
acid (PA) are the most abundant fatty acid components of hepatic
triglycerides [Rafieiet al, 2019]. Both OA and PA were able to induce
lipid accumulation in hepatocytes. OA was more adipogenic but less
apoptotic than PA, however, the FFA mixture (20A/1PA) combines
the advantages of both acids [Gomez-Lechon et al, 2007]. Hence,
a 1T mM FFA mixture was used in this study to induce an in vitro
high-fat hepatic cellular model of HepG2 cells.

®  Curcumin prevented lipid accumulation in free fatty
acid-induced HepG2 cells

To evaluate the effect of curcumin on lipid accumulation in HepG2

cells, the cell viability was first determined by the 3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in FFA

and curcumin treated cells. It was shown that curcumin (up to

20 pM) did not exhibit obvious cytotoxic effect in HepG2 cells,



Pol. J. Food Nutr. Sci., 2024, 74(1), 59-68

Control

l"".'

’ﬁ"*ﬂ%&;« e
4 ,i 9 1\} g‘ Ay
-0 !:{'

e A

"*« Er

x‘q

? “..
\i

‘!

B

250 4
_ ##
& 200
% *% E
€ 150 #* 2
S S
o o o
£ 100 -%
2 K
& 50
o

Control ~ Mock 5 10 20
Cur (uM)

Control Mock 5

10
Cur (uM)

20 Control Mock 5 10

Cur (uM)

20

Figure 1. Curcumin prevented free fatty acid (FFA)-induced lipid accumulation in HepG2 cells. Cells were co-treated with TmM FFA mixture and various amounts
of curcumin as indicated for 24 h before the assessment of cellular lipid levels. (A) Representative Oil Red O staining images. (B) Lipid semi-quantification of Oil
Red O-stained cells. The control lipid content was set as 100%. (C) The total cholesterol (TC) and triglyceride (TG) contents. The TC and TG levels in control cells
were set as 1.0.#p<0.01, compared with untreated control cells; *p<0.05 or **p<0.01, compared with mock cells. Cur, curcumin; Mock, FFA-induced control cells.

however, a dramatic decrease in cell viability was observed upon
40 UM curcumin treatment (Figure S1A). Therefore, HepG2 cells
were treated with no higher than 20 uM curcumin in the follow-
ing assays. High-fat HepG2 cells were then induced by a 1 mM
FFA mixture for 24 h without affecting cellular viability. And ad-
ditional curcumin treatment did not significantly affect the cell
viability, which remained constant after 24 h (Figure S1B). There-
fore, in the subsequent assays, HepG2 cells were co-treated with
T mM FFA and 5-20 uM curcumin for 24 h to evaluate curcumin’s
effect on lipid accumulation without cytotoxic impact.

Oil Red O staining was then carried out in FFA and curcumin
co-treated cells. The results showed that FFA exposure significantly
induced lipid accumulation. However, curcumin co-treatment
markedly decreased the amount of lipid droplets with a dose-de-
pendent effect (Figure 1A). Further lipid semi-quantification assay
results showed that FFA-induced lipid deposition was dramatically
reduced by 5-20 pM curcumin by around 10-50%, which was
consistent with the results of Oil Red O staining (Figure 1B). One
of the characteristics of NAFLD is the dysregulation of liver lipid
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metabolism related to TG [Arabet al, 2018; Degasperi & Colombo,

16]. TG and cholesterol represent the main groups of lipids
in cells. TG serves as a storage form of cellular lipids, and cholesterol
is the precursor of various lipid signaling molecules [Friedman
et al, 2018]. Their total contents were also measured. As shown
in Figure 1C, the intracellular TC and TG levels were increased by
about 2.2-fold and 4-fold, respectively, upon 24 h FFA treatment
in HepG2 cells. However, this stimulatory effect was attenuated by
curcumin with a dose-dependent effect. Upon 20 uM curcumin
treatment, the TC and TG levels were reduced to less than 50%
of that of mock cells and similar to that of control cells. All these
data indicated that curcumin promoted lipid metabolism, which
was consistent with previous in vivo and in vitro studies [Li et al,,
2021; Rahmanietal, 2016; Tianetal, 2018 .

®  Curcumin inhibited lipid accumulation by down-
regulating miR-22-3p expression

miRNAs have been reported to be involved in the pathogenesis

of fatty liver diseases with therapy potentials [Agbu & Carthew,
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2021].They may regulate lipid metabolism through downstream
pathways and function as potential drug targets for NAFLD. For
example, miR-122 inhibition upregulated its target gene SIRTT,
a lipogenesis inhibitor that can activate the AMPK pathway to
eventually prevent FFA-induced lipogenesis [Long et al,, 2019].
And miR-32-5p may activate SREBP-mediated adipogenesis,
eventually promoting liver lipid accumulation and metabolic dis-
orders [Wang et al,, 2023]. In addition, miR-122, miR-33, miR-34a
and miR-21 are potential biomarkers for NAFLD and closely
related to its progression [Gjorgjieva et al,, 2019]. Interestingly,
curcumin can exert its physiological activity via miRNA regula-
tion [Hayakawa et al,, 2022]. Our recent study also showed that
miR-22-3p was downregulated by curcumin and modulated its
antioxidant activity [Sun et al., 2023]. miR-22-3p is known to be
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involved in cytokine production, tumor and metabolic diseases,
and is also involved in regulation of lipid metabolism [Panella
et al,, 2023], however, with controversial effects [Castafio et al,,
2022; Gjorgjieva et al, 2020; Hu et al., 2020].

To address whether and how miR-22-3p also modulates
curcumin’s activity in controlling lipid metabolism, the expres-
sion level of miR-22-3p and its function in HepG2 cells were
further examined. Compared with the control, FFA induction
significantly increased miR-22-3p expression level. And additional
curcumin treatment significantly declined the miR-22-3p level
to around 60% (Figure S2A). Thus, the miR-22-3p expression
level varied along with altered lipid amount in HepG2 cells. It
was elevated by FFA but downregulated by curcumin. Moreo-
ver, miR-22-3p attenuated curcumin’s effect in preventing lipid
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Figure 2. miR-22-3p modulated curcumin’s effect on preventing free fatty acid (FFA)-induced lipid accumulation in HepG2 cells. (A—B) miR-22-3p overexpression
reversed curcumin’s effect on preventing lipid accumulation. Cells that were transfected with 40 nM miR-22-3p mimic for 48 h, and then co-treated with 1 mM
FFA and 20 uM curcumin (Cur) for 24 h. (A) Representative Oil Red O staining images. (B) Lipid semi-quantification of Oil Red O-stained cells. Different low case
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in HepG2 cells. The cells were transfected with 40 nM miR-22-3p inhibitor (anti-miR-22-3p) for 48 h and then stimulated with 1 mM FFA for 24 h. (C) Representative
Oil Red O staining images. (D) Lipid semi-quantification of Oil Red O-stained cells. (E) The total cholesterol (TC) and triglyceride (TG) contents. The TC and TG
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63



Pol. J. Food Nutr. Sci., 2024, 74(1), 59-68

accumulation. The results showed that curcumin-caused lipid
reduction in HepG2 cells was reversed by miR-22-3p, as red lipid
droplets and the total lipid contents were significantly increased
by 48 h pre-transfection of miR-22-3p in the curcumin-treated
cells (Figure 2A—B). All these data indicated that miR-22-3p is
involved in modulating curcumin’s activity in lipid control.

To further verify the effect of miR-22-3p on FFA-induced lipid
accumulation, HepG2 cells were transfected with miR-22-3p
inhibitor for 48 h and then stimulated by FFA for 24 h before
lipid assessment. Compared with the control, deposition of red
lipid droplets and the total lipid contents were significantly
reduced upon miR-22-3p inhibition (Figure 2C-D). In addi-
tion, miR-22-3p repression significantly reduced the TC and TG
contents to around 80% and 60%, respectively, as compared
to the control cells (Figure 2E). Thus, miR-22-3p may function
to promote hepatic lipid accumulation. Taken together, these
results indicated that curcumin reduced FFA-induced lipid accu-
mulation by downregulating miR-22-3p. miR-22-3p is a molecular
target of curcumin to control lipid metabolism. Interestingly, miR-
22-3p is a downstream effector of nuclear receptor farnesoid X
receptor (FXR), which is regulated by curcuminin liver [Yanet al,
2018; Zhaoetal, 2021]. Therefore, downregulation of miR-22-3p
by curcumin may be mediated by FXR.

® The CRLS1 gene overexpression decreased lipid

accumulation in HepG2 cells
miRNAs are involved in the regulation of cellular physiology
and lipid metabolism via modulation of their target genes. For
instance, miR-34a regulated macrophage cholesterol efflux
and transport via targeting the ABCAT and ABCGIT genes [Xu
etal, 2020]. And miR-17-5p upregulated adipogenic differentia-
tion in 3T3-L1 cells via repressing Tcf712, a Wnt signaling path-
way effector [Tian et al., 2018]. Our previous study showed that
the CRLST gene is a target gene of miR-22-3p [Sun et al,, 2023].
CRLST encodes cardiolipin synthase 1, which catalyzed the final
step of mitochondrial cardiolipin synthesis. Cardiolipin is highly
expressed in liver and plays an important role in hepatocyte
lipid metabolism [Tu et al, 2020]. The current study showed
that the CRLST gene expression was significantly decreased
in FFA-induced HepG2 cells, but significantly increased by around
40% upon additional 20 uM curcumin treatment (Figure S2A).
In consistent, transfection with miR-22-3p inhibitor significantly
promoted CRLST gene expression in the FFA-induced mock cells
(Figure S2B).

Considering the regulatory effect of miR-22-3p on lipid
accumulation, CRLST may be also involved in lipid metabolic
control. Therefore, a pCMV-CRLS1 overexpression plasmid [Sun
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etal, 2023] was transfected into HepG2 cells for 48 h, followed
by FFA-stimulation. There was a significant decrease in lipid
droplets and cellular lipid content upon pCMV-CRLST trans-
fection (Figure 3A-B), which was consistent with miR-22-3p
inhibition or curcumin treatment. Meanwhile, CRLST overex-
pression decreased the intracellular TC and TG levels by around
20% and 15%, respectively (Figure 3C). These data indicated
that CRLST overexpression prevented lipid accumulation in FFA-
induced HepG2 cells, which resembled the effect of miR-22-3p
repression or curcumin treatment. Our study result was consist-
ent with the findings reported by Kawata et al. [2017] who dem-
onstrated thatan MCH1 receptor antagonist showed anti-obesity
and anti-hepatosteatosis effect along with elevated cardiolipin
level in liver. And miR-22-3p may promote lipid accumulation
via inhibiting CRLST expression and activity, which further affects
mitochondrial lipid metabolism and mitochondrial functions.

=  Both miR-22-3p and CRLST modulated the expression
of lipogenic genes

The imbalance between synthesis and decomposition of fatty
acids may lead to the accumulation of lipids. Lipid synthesis is
regulated by a variety of enzymes and transcription factors via
different metabolic pathways. FAS encodes fatty acid synthase,
the key enzyme for de novo fatty acid synthesis [Yoon et al,
2021]. The nuclear receptor peroxisome proliferators-activated
receptor y (PPARy) promotes steatosis [Lee et al,, 2012]. The ste-
rol-regulatory element binding protein-1 (SREBP-1) is involved
in cholesterol metabolism and regulates TC synthesis, and liver
Xreceptor (LXR) was shown to activate SREBP-Tc and upregulate
the expression of FAS [Calkin &Tontonoz, 2012; Zhaoetal., 2022].
To elucidate the possible molecular mechanism underlying
modulation of lipid accumulation in HepG2 cells, the expression
of genes associated with lipogenesis was further examined. As
shown in Figure 4A, the lipogenic genes, including SREBP-T,
PPARy, FAS and LXRa, were all dramatically upregulated by FFA,
indicating lipid generation. However, additional curcumin treat-
ment for 24 h significantly suppressed expression of these genes.
Therefore, curcumin downregulated lipogenic gene expression,
which was in line with its activity in preventing lipid accumula-
tion or steatosis [Rahmani et al, 2016].

Furthermore, the mRNA levels of SREBP-1,PPARy, FAS and LXRa
genes were dramatically reduced in cells transfected with
miR-22-3p inhibitor for 48 h, which was similar to curcumin
regulation (Figure 4A-B). Similarly, expression of these geneswas
significantly reduced upon CRLST overexpression in FFA-stimu-
lated HepG2 cells for 48 h (Figure 4C). Therefore, both miR-22-3p
repression and CRLST overexpression reduced lipogenesis, which
resembled the regulation by curcumin. Besides CRLST, miR-22-3p
may target multiple mRNAs and regulate different enzymes or
signal molecules in lipid metabolism. For instance, miR-22-3p
was shown to target PPARa and SIRT1 [Azar et al., 2020]. The cur-
rent study showed that lipogenic PPARy, SREBP-1, FAS and LXRa
genes were also regulated by miR-22-3p and CRLST. PPARy is
a ligand-activated transcription factor that controls fatty acid
metabolism and glycerophospholipid metabolism. Activated
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Figure 4. Both miR-22-3p repression and CRLST overexpression resembled
curcumin’s effect on preventing the expression of lipogenic genes. (A) Effect
of curcumin on the expression of genes involved in lipogenesis. The cells
were co-treated with 20 uM of curcumin and T mM free fatty acid (FFA) for
24 h before subsequent quantitative real-time PCR (QRT-PCR) assay. (B-C)
The expression of lipogenic genes was significantly decreased by miR-22-3p
repression or CRLST overexpression. The cells were transfected with miR-22-3p
inhibitor (anti-miR-22-3p) or the CRLST overexpression vector (CRLST) for48 h
and then stimulated with 1 mM FFA for 24 h, followed by gRT-PCR assay. (B)
Transfection with miR-22-3p inhibitor. (C) Transfection with the pCMV-CRLS1
vector. The mRNA expression level was set as 1.0 in control cells. #p<0.01,
compared with control cells; *p<0.01, compared with FFA-induced mock
cells. Cur, curcumin; anti-NC, miRNA inhibitor control; e.v,, empty vector.

PPARy promotes the expression of proteins involved in lipid
uptake, TG storage and lipid droplet formation [Lee et al,, 2012].
In addition, the PPARy-LXRa-ABCA1/ABCGI pathway is associ-
ated with cholesterol efflux [Zhang et al., 2023]. SREBPs regulate
cholesterol and fatty acid synthesis, and SREBP-T mainly activates
genes required for fatty acid and TG synthesis. And FAS is a down-
stream gene of SREBP-T in lipid metabolism [Zhao et al., 2022].
Therefore, curcumin may reduce lipogenesis by downregulat-
ing the miR-22-3p/CRLST pathway, and eventually preventing
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steatosis. Curcumin may also regulate other lipid metabolic
branches, as indicated by controlling the expression of genes
involved in fatty acid 3-oxidation and cholesterol metabolism
(Figure S3). However, the exact transcriptional mechanism re-
mains to be elucidated, and the control of gene expression/
activity by miR-22-3p/CRLST is still in progress.

It has been suggested that simple steatosis can lead to
the progression of NAFLD along with oxidative stress or mito-
chondrial dysfunction [Buzzetti et al, 2016]. To address whether
and how miR-22-3p/CRLST controls oxidative stress in high-fat
hepG2 cells, the cellular ROS levels were measured. The results
showed that FFA-induced oxidative stress in HepG2 cells was
significantly decreased upon inhibiting miR-22-3p or promoting
CRLST expression, resembling the antioxidant effect of curcumin
(Figure S4). CRLST was previously shown to control oxidative
stress in hepatic LO2 cells [Sun et al, 2023]. Tu et al. [2020] also
reported downregulated CRLST expression in a mouse NASH
model, which further promoted NASH through downstream
activating transcription factor3 (ATF3). The mitochondria play
important roles in controlling hepatic cellular redox balance
and lipid metabolism. However, long-term stress, such as oxida-
tive stress and lipid accumulation, may lead to mitochondrial
dysfunction [Wang et al., 2022]. CRLST catalyzes the biosynthesis
of cardiolipin, a key mitochondrial regulator and also precursor
of lipid signal molecules. Peng et al. [2018] demonstrated that
the progression of NAFLD may be attributed to mitochondrial
dysfunction and that cardiolipin level increased in early NAFLD
but decreased in NASH, which suggested cardiolipin-mediated
mitochondrial control in early NAFLD. Therefore, the current
study also provides a mechanistic link between NAFLD and mi-
tochondria regulation.

CONCLUSIONS

The regulation of lipid metabolism by miRNAs is very compli-
cated. There are a variety of miRNA species involved, which is
also linked to the target mRNA network. Besides binding to
the 3"-untranslated region (UTR) of target mRNAs in most cases,
miRNA may bind to 5-UTR or coding sequence (CDS) of target
mMRNAs to control their expression. In addition, a single miRNA
may have multiple targets to function in different pathways, or
even exhibiting opposite effects in different hepatic steatosis
models. The target gene may also be controlled by different miR-
NAs and show different regulatory functions. Moreover, in vivo
and in vitro research data may differ, and data may even differ
in different tissues of the same body. Finally, the expression
and activity of miRNAs and target mRNAs do not always link
with each other. Therefore, addressing the epigenetic regula-
tion by miRNAs in lipid metabolism is of significance to reveal
the pathogenesis of related liver diseases. It may also provide
novel insights into the pre-diagnosis and treatment of hepatic
lipid disorders.

SUPPLEMENTARY MATERIALS
The following are available online at http://journal.pan.olsztyn.
pl/Curcumin-Prevents-Free-Fatty-Acid-Induced-Lipid-Accu-
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mulation-via-Targeting-the-miR,182927,0,2.html; Materials and
Methods: Cell viability assay; Determination of miRNA expression
level; Measurement of cellular reactive oxygen species level Ta-
ble S1. Additional primer sequences used in this study. Figure S1.
Effect of curcumin on the viability of non-induced or free fatty
acid (FFA)-induced HepG2 cells. Figure S2. The expression of
miR-22-3p and CRLST varied along with altered intracellular lipid
level. Figure S3. Curcumin regulated the expression of genes
involved in fatty acid - oxidation and cholesterol metabolism.
Figure S4. miR-22-3p repression and CRLST overexpression re-
sembled curcumin’s effect on decreasing free fatty acid (FFA)-
induced oxidative stress in HepG2 cells.
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Effect of Infrared Drying on the Drying Kinetics and the Quality
of Mango (Mangifera indica) Powder
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Mango powder is a nutrient-dense substance that can be used directly or as a supplement in food items. However, due to
the high sugar content, the removal of moisture from mango was difficult. This study investigated an infrared drying technique
for removing moisture from mango pulp to produce powder products. The experiment was designed in a three-factor full
factorial design with the following variables: drying temperature (70, 75, and 80°C), maltodextrin content (0, 6,and 9g/100 g
pulp), and total soluble solid content (11 and 16°Brix). The findings indicated that the Weibull model was the most appro-
priate for describing the moisture removal of mango pulp during infrared drying. Higher temperature and maltodextrin
content, along with reduced total soluble solid content, resulted in improved quality of the mango powder. Furthermore,
the optimal drying conditions for mango powder were found as 11°Brix, 80°C, and 9% maltodextrin content, which could
ensure the highest retention of total phenolics (59.874%), retention of reducing sugars (71.044%), total acidity (10.141%),
and retention of DPPH radical scavenging activity (65.051%).To fully benefit from the rewards of infrared drying, it is essential
to establish suitable pretreatment conditions or use additives to preserve component quality.

Key words: antioxidant activity, fruit powder, phenolics, pulp drying, Weibull model

INTRODUCTION

Mango (Mangiferaindica L.) is one of the most widely consumed
tropical fruits due to its high nutritional and economic values
[Occena-Po, 2006]. It has been found to contain numerous bio-
active phytochemicals, including phenolics, terpenoids, caro-
tenoids, and phytosterols with antioxidant, anti-inflammatory,
immunomodulatory, antibacterial, anti-diabetic, anti-cancer,
and anti-microbial benefits [Mirza et al, 2021]. However, man-
go fruits are extremely perishable and delicate; thus special care
must be taken during their transport and storage. Mangoes are
a very marketable commodity, and the processing sector can
increase its value by transforming them into frozen goods, pulp,

and powders among which mango powder holds a lot of pro-
mise as a nutritional supplement because of its high nutritional
value [Owino & Ambuko, 2021]. Nevertheless, the production
of mango powder faces many difficulties because the high sugar
content of the fruits hinders moisture removal to reach the final
desired moisture content, whereas the stickiness and clumping
lessen the recovery rate of product and make the drying process
more challenging to operate [Djantou et al., 2007]. Therefore,
the main technical problem is to achieve the final moisture con-
tent as well as to prevent the adverse phenomenon of stickiness
and clumping that occurs during the drying of mango [Truong
et al, 2005]. The stickiness of high-sugar products has been
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determined to be directly associated with the glass transition
temperature (the value at which amorphous polymer chains
below the phase transition point shift from the crystalline state
to the elastic state, symbolized as Ty, is low) [Roos et al., 1996].
At the same time, dried products are prone to clumping when
grinding or during storage [Roos et al, 1996; Slade et al., 1991].
Two methods commonly used to overcome these problems are
(i) product formulation, and (i) process optimization [Djantou
etal, 2012]. The powder quality and the drying performance can
be enhanced through the addition of additives to reduce the mo-
isture content to an appropriate value [Bhandari et al., 1993].

Mangoes are dried using a wide variety of techniques around
the globe; for example, Pott et al. [2005] improved the quality
of unsulfided mango slices by drying at high temperature (80°C)
forabout 6 h while Wang et al. [2018] evaluated the thermal effi-
ciency of the indirect forced convection solardrying and analyzed
the drying kinetics of mango. Furthermore, Caparino et al. [2012]
investigated the physical and microstructural properties of man-
go powder affected by different drying processes and concluded
that Refractance Window® (RW) drying produced mango powder
that was on par with that of the freeze-dried powder and even
higher in quality than the spray-dried one. The same conclusion
in terms of the drying efficiency of the RW method was verified
in the study by Zotarelli et al. [2017]. Spray-drying technique is
considered a suitable technique in the production of fruit pow-
ders thanks to its short drying time, which effectively reduces
the loss caused by the decomposition of chemical compounds
in the product along with the product moisture of 2-5 g/100 g,
water activity of 0.2-0.6, and increased storage stability [Marques
et al, 2007; Tan et al, 2011]. The application of the RW drying
technigue to mango pulp resulted in the production of high-
-quality mango powder, thereby demonstrating the effective-
ness of the high heat drying technique in removing water from
mango pulp and overcoming the stickiness that is the primary
issue with spray drying [Nguyen et al,, 20223,b].

A new drying technology of the fourth generation, such
as infrared (IR) drying, can be applied to the drying of mango
pulp, particularly thin layers with high contact surfaces [Allanic
et al, 2017]. The emitted radiation is of a narrow wavelength
and the heat transfer efficiency is between 80% and 90% [Sadin
etal,2014]. Uniform heating, reduced processing time, increased
heat transfer and energy absorption rate, and a better end pro-
duct are some of the benefits of using IR drying [Zhu & Pan, 2009].
For instance, the IR approach accelerated the drying process
of apples by 50% as compared to the convection heat method
[Nowak & Lewicki, 2004]. Therefore, the combination of IR and hot
air provides a synergistic effect, which leads to a more efficient
drying process [Afzal et al., 1999; Nawirska et al., 2009]. The appli-
cation of infrared drying to mango sections has been the sub-
ject of research [Doymaz, 2017; Yao et al., 2020]. Doymaz [2017]
reported that the final moisture content of dried mango slices
was around 0.15 g water/g dry weight (DW), which corresponds
to 13 g/100 g on a wet basis. Another investigation conducted
by Yao et al. [2020] exposed a moisture content of about 0.20
g water/g DW, which corresponds to 16.7 g/100 g on a wet
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basis. These moisture contents were considered inappropriate
for the grinding process performed in the production of fruit
powder. At this time, empirical evidence regarding the drying
of mango pulp via infrared is lacking. However, the fruit powder
manufacturing sector shows great potential for implementing
infrared drying technology, owing to its easy scalability and re-
markable energy efficiency. Based on the favorable findings
observed in the production of mango powder via RW drying
of mango pulp, it is believable to suggest that infrared drying
could exhibit remarkable efficacy when applied to mango po-
wder. Thus, the purpose of this study was to assess the impact
of IRdrying conditions on drying characteristics and quality of re-
sulting mango powder from mango pulp. These experimental
results will contribute to the improvement in production towards
the best quality and lowest production cost.

MATERIALS AND METHODS

= Material and its pretreatment

Mature and evenly ripe mango (Mangifera indica L.) fruits were
collected in Thanh Phuoc hamlet (Thanh Phong commune,
Thanh Phu district, Ben Tre province, Vietnam) with soft texture
and characteristic aroma. After being washed, peeled and sliced,
mango slices were steamed for 3 min and then cooled immedia-
tely in cold water, followed by grinding in a commercial blender
and sieving through 16-mesh sieves. Afterward, distilled water
was used to adjust the mango pulp to 11 and 16°Brix. Mango
pulp was subsequently sealed in polypropylene bags and frozen
at —18°C until it could be employed again.

= Chemicals

Chemicals used in the study were purchased from Sigma-Aldrich
(Singapore), including 2,2-diphenyl-1-picrylhydrazyl (DPPH) radi-
cal (purity 99%), 6-hydroxy-2,5,7 8-tetramethylchroman-2-carbo-
xylic acid (Trolox, purity 99%), gallic acid (purity 99%), 3,5-dinitro-
salicylic acid (DNS, purity 99%), and Folin-Ciocalteu reagent (FCR).
Maltodextrin (dextrose equivalent of 16-20), used as a carrier, was
purchased from Merck Millipore (Burlington, MA, USA).

= Experimental design and infrared drying operation

In this study, an infrared drying system was self-fabricated in a la-
boratory setting which has previously been effectively applied
to drying avocado powder [Nguyen et al, 2021]. The drying
system consisted of a drying chamber (length x width x height
of 64x23x27 cm) equipped with an infrared radiation module
(ITT 1000W 235V-01X0, maximum capacity of 1,000 W, Germany)
placed 20 cm away from the surface of drying materials. Infrared
radiation was controlled through a thermometer with an accu-
racy of 0.5°C and a delay of 0.5 s. The three-factor full factorial
design including total soluble solids (11 and 16°Brix), drying
temperature (70, 75, and 80°C), and maltodextrin content (0, 6,
and 9.g/100 g pulp) was used. The moisture content of the dried
samples was measured at 5-min intervals by an MB23 moisture
analyzer (Ohaus, Parsippany, NJ, USA) for which the drying was
discontinued at the moisture content of 0.04 g/g DW. The ma-
thematical model and kinetic parameters for the infrared drying
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of mango pulp were then determined based on the experimental
data of the moisture content change during drying. Besides,
retention of total phenolic content (TPC), retention of reducing
sugars (RS), total titratable acidity (TA) and retention of DPPH ra-
dical scavenging activity of mango powder were used to analyze
the influence of factors on the infrared drying of mango pulp.

= Mathematical models for thin-layer drying curves
During prolonged drying, for the moisture content at equilibrium
state is comparatively small compared to that at different time
intervals (M, g water/g DW) or the initial value (Mo, g water/g
DW), the moisture ratio (MR) should be determined according
Equation (1) [Pala et al., 1996]:

m

Many mathematical models have been proposed to predict
how foods will dry [Onwude et al., 2016]. This study fitted drying
curves to the semi-theoretical and empirical models.

Newton (Lewis) model (Equation 2): The simplest model to
describe the drying characteristics of some agricultural products
with assumptions that the drying material is arranged sufficiently
thin, the air velocity is high, and temperature and relative humi-
dity are constant during drying.
MR = exp(-kt) 2)

Page model (Equation 3): The experimental model evolved
from the Newton model to reduce the error by adding a dimen-
sionless constant (n).
MR = exp(—kt") (3)

Henderson and Pabis model (Equation 4): The model was
derived from the initial term in the general solution of the se-
cond Fick diffusion law, operating under the assumption that
the general solution approaches being equal to the initial
term when the drying process continues for an extended
period of time.
MR = a x exp(-kt) 4
Logarithmic model (Equation 5): The model transformed

from the Henderson and Pabis model by adding the empirical
constant (c).

MR = a x exp(-kt) + ¢ (5)
Midilli model (Equation 6): The model transformed from

the Henderson and Pabis model by combining exponential

and linear terms.

MR = a X exp(-kt") + bt (6)
Weibull model (Equation 7): Experimental model, developed

from experimental data.
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The coefficient of determination (R?) and the root mean square
error (RMSE) were calculated to determine the power of the tested

models according Equation (8) and Equation (9), respectively.

Z‘\N:W(Mexm7 Mpre \’)2

RR=1-
ZE\I:W (MRexp - ,\/lRpre,i)2

@)

RMSE = ]NZ (Mexp,\ - Mpre,‘\)z (9)

where, Mgy, and M, are the experimental and predicted mois-
ture ratio, MRy, is the mean value of the experimental dimen-
sionless moisture ratio, and N is the number of observations.

u Determination of the effective moisture diffusivity

Fick's second law of diffusion was applied to the mango pulp,

which was regarded as an infinite flat plate, in order to determine

the movement of moisture. The equation for diffusion is given

below (Equation 10):
oM

<L =DM

ot 1o

where, M is the moisture content (g water/g DW), Deg is the ef-
fective moisture diffusivity (m?/s), and tis time (s).

Crank [1975] provided a general analytical solution for
the thin-layer drying under certain conditions, including but not
limited to: homogeneous and isotropic product sizes; constant
product characteristics; minimal shrinkage; minimal external
resistance to heat and mass transfer; sole surface evaporation;
uniform initial moisture distribution; constant moisture diffusivity.
The answer was as follows (Equation 11):

" D.
w3y el -ene g

n

MR = an
where, MR is the dimensionless moisture ratio, L is the thickness
(m), n'is the term in series expansion, and t is time (s).

The initial term in the previous series expansion (where n=0)
was regarded as an approximation for extended drying periods
(Equation 12):

B)
MR= 3 exp (- T8 1) (12)
The effective moisture diffusivity was calculated using
the non-linear least square method based on the Levenberg-
-Marquardt method [Marquardt, 1963].

®  Chemical analysis

B Preparation of analytical solution

To prepare the analytical solutions for total phenolic content
and antioxidant activity determinations, 0.5 g of powder was
extracted with 10 mL of 60% (v/v) methanol under sonication
(40 KHz, 240 W, 5 min) in the Pro 100-40D ultrasonic cleaner (Aso-
nic, Ljubljana, Slovenia), followed by being cooled for 20 min at
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10°Cand centrifuged (1,220xg, 10 min) in the PLC-05 centrifuge
(Gemmy Industrial Corp,, Taipei, Taiwan). The extraction was then
repeated and the supernatant was finally collected for analysis.
The analytical samples for the determination of reducing sugar
content and total acidity were prepared following the same
procedure using distilled water as a solvent.

m  Total phenolic content determination

Total phenolic content was determined following the Internatio-
nal Organization for Standardization (ISO) 14502-1:2005 method
[1SO, 2005] which is based on the chromophore formed between
phenolics and FCR under alkaline conditions. Briefly, aliquots
(0.6 mL) were mixed successively with 1.5 mL of FCRand 1.2 mL
of 7.5% Na,COs before the absorbance measurement at 765 nm
using the UV-9000 spectrometer (Metash, Shanghai, China).
Total phenolic content, which was calculated as mg of gallic
acid equivalent per g of dried powder (mg GAE/g DW) using
the gallic acid standard curve, was used to further estimate its
retention (TPC Ret) during drying according to Equation (13).

CTPC, after drying

TPC Ret (%) = X 100% (13)

CTPC, before drying
where: Crpc pefore drying aNd Crec afterdrying Were the TPCin the sample
before drying and after drying, respectively.

B Antioxidant activity determination — DPPH assay

DPPH radical scavenging activity was evaluated according to
the procedure decribed by Brand-Williams et al. [1995] with
minor changes, which is based on the reduction in violet color
caused by the reaction of antioxidants and DPPH radical. Briefly,
sample aliquots (150 pL) were reacted with 2,850 ulL of a working
DPPH radical solution (absorbance of 1.10+0.02 at 515 nm) for
30 min in the darkness before being measured for absorbance
at the same wavelength. DPPH radical scavenging activity (RSA),
which was calculated as mg Trolox equivalent per g of dried
powder (mg TE/g DW) using the Trolox standard curve, was
used to further estimate its retention (RSA Ret) during drying
according to Equation (14).

CRSA, after drying

=C X 100%
RSA, before drying

RSA Ret (%) (14)
where: Crsa, before drying @aNd Croa, after drying Were the DPPH radical
scavenging activity of the sample before drying and after drying,

respectively.

B Reducing sugar content determination

The reducing sugar (RS) content was determined according to
DNS assay [Miller, 1959] by mixing 1 mL of samples with 1 mL
of DNS reagent under boiling conditions for 10 min. After sam-
ple cooling to ambient temperature, distilled water (2 mL) was
added, and absorbance was measured at 540 nm to estimate
the RS content and its retention (RS Ret) during drying from
Equation (15).

CRS, after drying

= X 100%
RS, before drying

RS Ret (%)
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where: Cgs, hefore drying aNd Crs after drying Were the reducing sugar
of the sample before drying and after drying, respectively.

= Total titratable acidity determination

The extract (10 mL) was titrated with standard NaOH solution

in the presence of phenolphthalein as an indicator. The titration

stopped when the solution attained a pale pink color that persisted

for 30 s. Total titratable acidity (TA) was calculated by Equation (16).
\/NaOH

TA (%) = Vo X 0.0064 x 1,000

sample

(16)

where: Vyson and Veampie Were the volume of titrated NaOH solu-
tion and extract sample, respectivley.

= Optimization method

The study employed a numerical optimization technique to
simultaneously optimize multiple responses using Design Expert
version 13.0 (Stat-Ease, Inc,, Minneapolis, MN, USA). To address
the desire to find a solution that accommodates various respon-
ses, the objectives were combined into an overall composite
function, denoted as D(x), referred to as the desirability function.
This function is defined by Equation (17) [Myers et al., 2016].
D) ="dy x dyx ... X dy (7
where: d;, d,, ..., d, are responses and n is the total number
of responses in the observations.

The function D(x) represents the optimal intervals for each
response (di). Desirability is a quantitative measure that varies
between zero (indicating the least desirable condition) and one
(representing the most desirable condition) at the desired out-
come. Numerical optimization identifies the point that maxi-
mizes the desirability function [Myers et al., 2016].

m  Statistical analysis

Experiments were conducted in triplicates, and data were fitted
by the non-linear least square method based on the Leven-
berg-Marquardt method. After one-way analysis of variance
(ANOVA), Tukey’s honestly significant difference test was perfor-
med. StatPlus software (AnalystSoft, Brandon, FL, USA) was used
to analyze the Pearson correlations between variables.

RESULTS AND DISCUSSION
= Drying characteristics of mango pulp during infrared
drying

The changes in moisture ratio and drying rate under different IR
drying conditions of mango pulp are shown in Figures 1 and 2,
respectively. As can be seen in Figure 1, drying times can be re-
duced by increasing drying temperatures. Drying time, however,
was proportional to the amount of maltodextrin or total soluble
solids in the mango pulp. In the meantime, the lower total solu-
ble solids required a lower amount of maltodextrin, and higher
drying temperature led to the higher drying rate. Also, based on
the drying rate curve data (Figure 2), infrared drying of mango
pulp proceeded primarily in the deceleration stage.
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Figure 1. The change of moisture content vs time in infrared drying of mango pulp under different conditions including temperature of 70-80°C, maltrodextrin
content of 0-9 g/100 g pulp, and total soluble solids of pulp at 11 and 16°Brix. DW, dry weight.

Experimental data on moisture ratio was used to select
a model that characterizes the moisture removal in mango pulp
during IR drying. The mathematical model was chosen based on
its highest coefficient of determination (R?) and the lowest root
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mean square error (RMSE), all of which were presented as mean
values (Table 1). The high R? values accompanied with the low
errors were used to rank the mathematical models in the de-
scending order of Weibull > Midilli > Logarithmic > Page >
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Figure 2. Drying rate curves of infrared drying of mango pulp at different conditions including temperature of 70-80°C, maltrodextrin content of 0-9 g/100 g
pulp, and total soluble solids of pulp at 11 and 16°Brix. DW, dry weight.

Henderson and Pabis > Newton models. Apparently, the Weibull However, the experimental data was not assessed on the Weibull
model was the best predictive among the models investigated. modelin these investigations. On the other hand, Midilliand We-
This conclusion is not in agreement with the report of Onwude ibull models have been reported as the most compatible with
etal.[2016], who suggested that the Midilli model was the best experimental data in several research, including those looking
to characterize the thin layer drying of fruits and vegetables. at the drying of persimmon slices [Doymaz, 2012] and sliced
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lemongrass [Nguyen et al., 2019] while the latter model can also DerX 10'9=8.356 — 3.372x; + 1.935x, — 0.724x; —
be utilized to identify the drying kinetics such as convective 0.893x:%; — 0.297x:%3 (18)
drying of sliced mango [Corzo et al, 2010], pepino fruit (Sola-
num muricatum Ait)) [Uribe et al, 2011], quince [Tzempelikos where, X, X;, and x3 correspond to the coding levels of total
etal, 2015], and longan [Ju et al, 2018]. Therefore, in this study, soluble solids, drying temperature, and maltodextrin content,
we confirm that the Weibull model is the most suitable to cha- respectively.
racterize the moisture removal of mango pulp under IR drying. It is shown that the lowest effective moisture diffusivity
The effective moisture diffusivity during the IR drying of man- (3.086x107'°m?/s) was observed at drying conditions of 70°C,
go pulp has been determined and values are presented in Ta- 16°Brix, and 9% maltodextrin, whereas 80°C, 11°Brix, and 0%
ble 1.The correlation between the effective moisture diffusivity maltodextrin resulted in the highest Des value of 14.78x10"
and process condition paremeters (R?=0.99, p<0.0001) was de- 19m2/s. These results were consistent with those reported for
scribed by Equation (18): thin layer drying of fruits and vegetables [Onwude et al., 2016]
A B
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Figure 3. The retention of total phenolic content in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for drying pulp
with total soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that the values
are not significantly different (p>0.05).

A B

1007 O 0gMaltodextrin/100 g pulp 1009 [0 0gMaltodextrin/100 g pulp
= —| B 6 g Maltodextrin/100 g pulp @ — B 6 g Maltodextrin/100 g pulp
= ; = -
2 g4 B 9 g Maltodextrin/100 g pulp 2 g B 9 g Maltodextrin/100 g pulp
5 a 5]
© ©
2 N bc 2 7 b
= ¢ 2 bc
T 60 T 60— d
5 fg ef § de B gh
© - hi © - ik
© | L N
g m mn B n
I 40+ n T 40+
I I
o a
a — a —
© k]
S 20 § 20
c c
2 L
[0} - [} ]
oC oc

0 0
70 75 80 70 75 80
Temperature (°C) Temperature (°C)

Figure 4. The retention of DPPH radical scavenging activity in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for
drying pulp with total soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that
the values are not significantly different (p>0.05).
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and IR drying of tomatoes at 60-80°C (1.094x10~ t0 4.468x10~
m?/s) [Sadin et al., 2014], carrots at 60-80°C (2.38x107° to
10.30x107% m?%/s) [Wu et al,, 2014], bell peppers at 50-80°C
(1.75x107"% t0 8.97x107'° m?/s) [Nasiroglu & Kocabiyik, 2009],
anise at 60-80°C (5.022x107'°t0 9.557x107'°m?/s) [Wen et al.,
2020], and blueberries at 60-90°C (2.24x107'° to 16.4x107'°
m?/s) [Shietal, 2008]. It is possible to infer that even supposing
the same IR drying temperature, the drying of mango pulp
showed a greater Dg value than the drying of bell peppers,
anise, and blueberries, but a lower value than during drying
of tomatoes and carrots.
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u  Effectsofinfrared drying on the quality of mango powder
The effects of IR drying conditions on the quality of mango
powder including the retention of total phenolic content, DPPH
radical scavenging activity, reducing sugars and the value of total
titratable acidity are presented in Figure 3,4, 5 and 6, respectively.
The results demonstrate that higher temperatures and increased
maltodextrin content, together with decreased total soluble solid
content, enhanced the retention of TPC, RS, RSA (TPC Ret, RS
Ret, and RSA Ret, respectively), and TA. The correlation between
the quality indicators of mango powder and process condition
parameters were described by Equations (19)—(22).
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Figure 5. The retention of reducing sugars in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for drying pulp with
total soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that the values are

not significantly different (p=0.05).
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Figure 6. The total titratable acidity in mango powder obtained by infrared drying of pulp at different conditions. (A) The results for drying pulp with total
soluble solids (TSS) of 11°Brix. (B) The results for drying pulp with TSS of 16°Brix. The same letters above bars of both graphs indicated that the values are not

significantly different (p>0.05).
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TPC Ret (%) =41.68 — 1.97x; + 2.07%,+ 8.03x3+ 6.12%¢ (19)

(R? =0.86, p<0.0001)
RSA Ret (%) = 46.58 — 0.11x; + 1.57x,+ 1143x;5+ 5.36x5  (20)
(R2=10.88, p<0.0001)
RS Ret (%) = 55.60 — 5.94x; + 0.39%, + 9.11x3 2n
(R?=0.81, p<0.0001)
TA (%) = 7.83 — 0.51x; — 0.067x, + 0.92x5 + 0.95x5 (22)
(R?=10.90, p<0.0001)

where, x;, x5, and x3 are corresponding to the coding levels
of total soluble solids, drying temperature, and maltodextrin
content, respectively.

The above regression equations also clearly indicate that
the retention of TPC, RS, RSA, and the value of TA were all positi-
vely correlated with either the IR temperature or the maltodextrin
content.

During thermal processes, the degradation of phenolics is
mainly due to the action of enzymes, such as polyphenol oxidase
(PPO) and peroxidase (POD) [Tomas-Barberan & Espin, 2001].
For mangoes, PPO and POD were most effective at 50-60°C
[Korbel et al, 2013] and were inactivated at high temperatures,
i.e. 70-90°C [Queiroz et al., 2008]. According to Sultana et al.
[2012], intense heat treatment was able to form new phenolic
compounds. During the high-temperature drying, the drying
time was shortened, indicating a shorter decomposition reaction
time [Nguyen et al, 2020]. Itis deduced that a rise in temperature
will result in the increased retention of phenolic compounds
in mango pulp, which was strengthened by the highest retention
of phenolics found in some studies on the high-temperature
drying, such as RW drying at 90°C [Lépez et al,, 2010] and 95°C
[Shende & Datta, 2020] of blueberries and mango pulp, respec-
tively. Regarding the carrier, the increase in maltodextrin content
in mango pulp retained phenolics possibly because this carrier
hindered the exposure of these bioactives in mango pulp with
oxygen, leading to limited degradation [Osorio et al., 2011].
Besides, the addition of maltodextrin to the pulp increased
the dry matter, showing high binding capacity to water [Ra-
dosta & Schierbaum, 1990], which in turn lowered the water
activity and limited the phenolic decomposition. These results
are in accordance with findings from other studies on sapodilla
(Manilkara zapota) powder [Chong & Wong, 2017] and avocado
(Persea Americana Mill.) powder [Nguyen et al., 2023].

Mango is rich in sugars, including reducing sugars such
as glucose and fructose [Ribeiro & Schieber, 2010]. During
the high-temperature drying, a high-sugar material, like man-
go, will easily lose reducing sugar content, primarily due to
the Maillard reaction [Jaeger et al,, 2010]. As a result, the Mail-
lard process accelerated the loss of reducing sugars at higher
drying temperatures. However, an increase in the maltode-
xtrin content limits the exposure of the substrates, thereby
markedly reducing the extent of sugar losses. Total titratable
acidity was shown to be significantly affected by maltodextrin
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Table 2. Coefficients of Pearson correlations between the retention of DPPH
radical scavenging activity (RSA), retention of total phenolic content (TPC),
retention of reducing sugars (RS), and the values of total titratable acidity (TA).

Retention of Retention of Retention
RSA TPC of RS

Retention of TPC 0.853
(p=0)
Retention of RS 0.719 0.856
(p=9.48x10719) (p=0)
TA 0.663 0.819 0915
(p=4.56x10"%) (p=0) (p=0)

contentand drying temperature. Specifically, a greater amount
of maltodextrin helped form a barrier to minimize the nutrient
loss during heat treatment while the depletion of acidic com-
pounds increased mostly at higher temperatures with increased
thermal energy.

The investigation also revealed the positive correlations
between the retention of TPC, RS, RSA, and the value of TA
as shown in Table 2. The findings indicated that the reten-
tion of TPC exhibited significant corellation with the reten-
tion of DPPH radical scavenging activity with a correlation
coefficient of 0.853 (p<0.01). This implies that the capacity
of mango powder to scavenge DPPH radicals displayed a si-
milar pattern to that of the content of phenolic compounds,
which are known for their antioxidant properties [Huyut et
al, 2017; Sikwese & Duodu, 2007]. Thanks to their specific
chemical structure, these molecules can scavenge free radi-
cals and also prevent their further production in the presence
of transition metal ions as catalysts [Huyut et al., 2017; Sikwese
& Duodu, 2007]. The retention of TPC also exhibited a strong
positive connection with the retention of RS, and values of TA
(Table 2).The similar trend of changes in TPC, RS, and TA could
be inferred in the infrared drying process of mango pulp under
the conditions used in the study.

= Optimization of infrared drying for mango pulp

This study applied a numerical optimization technique to si-
multaneously optimize multiple responses, such as effective
moisture diffusivity, DPPH radical scavenging activity retention,
TPC retention, RS retention, and TA value. The specific objectives
for each factor and response were selected, and distinct weights
were given to each objective to adjust the form of the desira-
bility function (Table 3). The contour plot of the desire function
for mango pulp under various IR drying settings are displayed
in Figure 7. The desirability function reached the highest value
of 0.916 (Table 3). The predicted values for all independent
and dependent parameters resulting from the optimization
process using the desirability function are shown in Table 3.
The optimal values of control parameters were 11°Brix, 80°C,
and 9% maltodextrin content. Under these specific drying con-
ditions, the mango powder was achieved with the highest re-
tention of TPC (59.874%), retention of RS (71.044%), TA (10.141%),
retention of RSA (65.051%), and Deg (14.033x1071° m%/s).
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Table 3. Criteria for optimization of factors and responses and their values of optimal point within the desirability region for infrared drying of mango pulp.

11 16 3 1 Il =

Total soluble solids (°Brix)

Maltodextrin (g/100 g pulp) 0 9 3 9 9 =
Temperature (°C) 70 80 3 80 80 -
Effective moisture diffusivity (m?%/s) 3.086x107° 14.780x101° 5 14.033x101° 14.02x10°1° 0.0927
Retention of RSA (%) 35.70 7410 5 65.051 65.05 0.0015
Retention of TPC (%) 3334 62.10 5 59.874 59.87 0.0067
Retention of RS (%) 3491 71.87 5 71.044 71.04 0.0056
Total titratable acidity (%) 6.96 10.00 5 10.141 9.88 26417
Desirability - - - 0916 - -

RSA, DPPH radical scavenging activity; TPC, total phenolic content; RS, reducing sugars.
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Figure 7. The contour plot of the desire function for mango pulp under various infrared drying conditions. (A) 70°C, (B) 75°C, and (C) 80°C.

CONCLUSIONS during infrared drying. The effectiveness of infrared drying
In this study, infrared drying of mango pulp under different of mango pulp was greatly influenced by drying temperature,
conditions was performed. The Weibull model was useful total soluble solid content, and maltodextrin content. Tem-
for describing the decline in mango pulp’s moisture content perature had a positive effect on water removal while total
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soluble solid content and maltodextrin showed the opposite
effect. Moreover, total phenolics and DPPH radical scavenging
activity were better retained with increasing IR temperature
(from 70 to 80°C) or maltodextrin content (from 0t0 9g/100g
pulp). Therefore, it is important to set adequate pretreatment
conditions or employ additives to maintain powder’s quality
in order to take advantage of the infrared drying. Finally,
the findings indicated that the implementation of infrared
drying of mango pulp with 11°Brix and 9% maltodextrin
content at 80°C would ensure the highest quality of mango
powder.
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High-Fiber Extruded Purple Sweet Potato (Ipomoea batatas)
and Kidney Bean (Phaseolus vulgaris) Extends the Feeling
of Fullness
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Low intake of dietary fiber is closely related to an increased risk of various non-communicable diseases globally. This study
aimed to develop a formulation for high-fiber extrudate based on purple sweet potato and kidney bean and evaluate the nu-
tritional value of the products and their satiety index after consumption. Optimization of the formula was carried out using four
levels of purple sweet potato flour substitution with kidney bean flour: 0, 20, 30, and 40% (w/iv). The extrudates were obtained
using a double-screw extruder at 60°C, with the auger, screw, and cutter speeds of 40, 40 and 50 Hz, respectively. The satiety
index determination involved 16 subjects with body mass index in optimal range, and data from the visual analogue scale
(VAS) questionnaire were used at 0, 30, 60, 90, 120, 150, and 180 min after consumption of the test food. The product with
the highest substitution (40%) of kidney bean was selected as the best based on the sensory acceptability and nutritive value
- contents of protein and total fiber were 13.20 and 17.00 g in 100 g dry matter, respectively. The estimated shelf-life of this
extrudate was 19 months. Satiety index values for commercial cereals, extruded purple sweet potato, and extruded purple
sweet potato with kidney bean were 99, 104, and 140, respectively. This research showed that the consumption of high-fiber
extruded sweet potato with kidney bean could significantly extend the feeling of fullness with low energy contribution so that
it might prevent excess calorie intake contributing to overweight and obesity.

Key words: calorie, extruded food, high-fiber food, satiety, obesity

INTRODUCTION Ahigh-fiber diet plays a critical role in controlling various health-

Obesity is a chronic inflammatory condition that is character-
ized by an increase in total body fat. As many as 39% of world
adults aged over 18 years are overweight, with 13% classified as
obese [WOF, 2023]. The consumption of foods high in energy,
fat, and simple carbohydrates, combined with a low fiber intake
and a lack of balanced energy expenditure, can act as triggers
for obesity [Lasimpala et al, 2021]. Alongside the prevalence
of obesity, the risk of metabolic syndrome issues also increases,
being an initial bridge to various non-communicable diseases.

-related biomarkers, including blood glucose, blood pressure,
cholesterol levels, and others [Khalid et al, 2022]. However, ma-
jority of adults globally consume less than 20 g of fiber per day
[Stephen et al., 2017], whereas the recommended fiber intake
for adult ranges from 25 to 29 g per day [Reynolds et al., 2019].
Fiber aids in smooth bowel movements and prevents constipa-
tion. It also forms a matrix with carbohydrates in food, slowing
down digestion and glucose absorption to maintain stable blood
glucose levels. Additionally, the fermentation of fiber in the large
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intestine helps maintain pH balance and gut microbiota, reduc-
ing the risk of colorectal cancer [Dhingra et al., 2012].

Purple sweet potato (lpomoea batatas L.) isa common tuber
found in Indonesia. It might be served as a staple food contain-
ing up to 2.01-3.87 g/100 g of fiber in their fresh matter. Even
in the form of flour, purple sweet potatoes have a high fiber
content of up to 11.9 g/100 g [Huang et al., 1999; Palupi et al,,
2023]. Kidney bean (Phaseolus vulgaris L) is a type of legume
known for its nutritional value as 100 g of kidney bean flour
contains 13.12 g of fiber [Palupi et al, 2023]. These two foods not
only have a high fiber content, but they also contain proteins
with noticeable essential amino acids [Audu & Aremu, 2011;
Kurnianingsih et al, 2021]. According to Herreman et al. [2020],
the combination of proteins of tubers and legumes represents
one of the suitable plant-based amino acid profiles. Purple sweet
potato was detected as poor in methionine [Kurnianingsih et al,
2020], whereas, among common legumes, kidney beans are
considered high in methionine, i.e, 0.105 g/100 g [Margier et al.,
2018].

A diet rich in fiber and high-quality protein can help peo-
ple with obesity and pre-diabetes feel fuller for longer periods
of time, improve their lipid profiles, and lose weight by lowering
insulin resistance [Clark & Slavin 2013; Dhillon et al., 2016; Les-
gards, 2023; Rebello etal, 2014; Starr et al,, 2019]. As a result, this
kind of diet is also linked to a lower risk of developing a number
of diseases linked to the metabolic syndrome [Amankwaah et al,,
2017; Glynn et al,, 2022; Reynolds et al,, 2020]. A previous study
reported that a high-quality protein diet helped prevent cardio-
vascular disease and type Il diabetes by ameliorating the blood
lipid profile and insulin resistance index in obese middle-aged
and older adults [Starr et al., 2019].

Considering the above, it seems reasonable to make an effort
to formulate a product from purple sweet potatoes and kidney
beans, which can serve as a source of fiber and valuable pro-
tein, increasing the feeling of satiety and reducing the need
for additional meals that could lead to excessive caloric intake.
A product that can be formulated using purple sweet pota-
toes and kidney beans is flakes. These products are typically
consumed for breakfast due to their convenience [Priebe &
McMonagle, 2016]. The aim of our research was to optimize
the formulation of a high-fiber extrudate using purple sweet
potatoes and kidney beans and characterize the nutritional,
physical and sensory characteristics of the final product, as well
as the satiety index after consumption, as part of an initiative to
enhance fiber intake in the population.

MATERIALS AND METHODS

= Materials

There were two main materials that have been used in this
research, i.e, purple sweet potato and kidney bean. The variety
of purple sweet potato was Ayamurasaki, which was procured
from the local farmer in Dramaga, Bogor, Indonesia. In a single
run of purple sweet flour, as many as 100 kg of tubers have
been used. A common kidney bean (50 kg) was purchased from
the local market (Bogor, Indonesia).
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= Production of purple sweet potato and kidney bean
flakes

The production of flakes from purple sweet potato and kid-
ney bean was consisting of three main stages, i.e, tuber flour
production, legumes flour production, and ingredient mixing
followed by extrusion. The production of purple sweet potato
flour began with cleaning the sweet potatoes to remove any
soil adhering to their skin. Once cleaned, the sweet potatoes
were manually cut into medium-sized pieces (3x3 cm), which
were then steamed at a temperature of 100°C for 20 min using
a PM-3A steamer (Armfield, Bogor, Indonesia) with a capacity
of approximately 15 kg of cut sweet potatoes. Subsequently,
the steamed sweet potatoes were mashed using a planetary
mixer (Gansons, Bombay, India) until smooth. The mass was
then dried using a model T of double drum dryer (Simon Dryers,
Nottingham, UK) at a temperature of 110°C. The drying process
resulted in purple sweet potato sheets and various-sized pieces
that were still slightly moist. Therefore, they were further dried
in a cabinet dryer (Gelenkwellendienst H. Orth GmbH, Lud-
wigshafen, Germany) for a minimum of 90 min at 60°C. Once
the sheets and pieces were completely dry, they were ground
using a ZS A300 pin disc mill (Phoenix, Jakarta, Indonesia) to
obtain purple sweet potato flour with a particle size <0.25 mm
(screen with 60 mesh). A single batch of purple sweet potato
flour yielded as much as 46% of the fresh tuber weight.

As for the production of kidney bean flour, the kidney beans
were washed and sorted to remove poor quality beans, such
as rotten, sprouted, broken, and dried before soaking at room
temperature (approximately 25°C) for 30 min. The soaked kidney
bean was boiled using a PM-3A steam jacket kettle (Armfield)
for 60 min until softened. This boiling was performed to fully
cook the beans and enhance the texture (softened), palatability,
and ease the subsequent grinding. Subsequently, the cooked
kidney bean was finely mashed using a planetary mixer (Gan-
sons). The drying of mashed kidney bean was performed using
adouble drum dryer (Simon Dryers) and a cabinet dryer (Gelen-
kwellendienst H.), followed by further grinding using a ZS A300
pin disc mill (Phoenix), similar to the processing of purple sweet
potato flour. The yield of obtaining flour from kidney beans was
as much as 80%.

The development and testing of the purple sweet potato
and kidney bean extrudate formulations were conducted as
a trial-and-error process before producing the final extruded
product. This stage aimed to assess the feasibility of the product
concept and estimate formulas for the best quality products.
The feasibility and the quality of the concept and formula were
tested based on the qualitative sensory evaluation by the select-
ed panelists who met International Organization for Standardiza-
tion (ISO) standard of sensory panelist [ISO 8586:2014]. The results
of this evaluation are shown in Table S1in Supplementary Mate-
rials. The development and optimization also included determin-
ing the temperature and time of extrusion. The final formulas,
FO, F1, F2, and F3 (with different ratios of sweet potato flour to
kidney bean flour - 100:0, 80:20, 70:30, 60:40 (W/w), respectively),
used to obtain extruded purple sweet potato and kidney bean
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TABLE 1. Formulas (FO-F3) of extrudates.

p— IR T N

Main ingredients

Purple sweet potato flour 2,100
Kidney bean flour 0
Complements

Rice flour 330
Corn flour 45
Milk powder 25
Salt 10
Liquid ingredients (10% of dry ingredients)

Emulsifier 1
Water 200
Oil 50

products are presented in Table 1. The dry ingredients, such as
purple sweet potato flour, kidney bean flour, rice flour, cornstarch,
milk powder, and salt, were mixed until well blended. Separately,
the liquid ingredients, such as water, oil, and emulsifier, were
homogenously combined. Subsequently, all the ingredients were
mixed together using a Ueno noodle machine (Siraitodai Fhutuu
Tokyo Manufacture, Japan) before being fed into the Twinscrew
Bex 2256 extruder (Berto Food & Beverage Processing Machines,
Jakarta, Indonesia). This extruder features three different speed
settings, i.e, auger, screw, and cutter. The auger, also known
as the feeder screw, is located at the beginning of extrusion
process and is responsible for feeding the raw material into
the extruder. The screw is located inside the extruder barrel
and plays an important role in melting, mixing, and shaping
the material as it moves along the barrel. The cutter is located
at the end of the extrusion process. The faster the cutter oper-
ates the smaller the size of the resulting product. The extrusion
temperature, auger, screw, and cutter speed were monitored, as
well as the selection of the appropriate mold during the develop-
ment and optimization of the formulation. The optimal extrusion
temperature has been achieved at 60°C for the third temperature
setting, with the first and second temperature settings were
turned off. This setting is suitable for raw materials with a water
content of up to 15%. During the trial process, the optimal speed
settings were also obtained for the auger, screw, and cutter, with
speeds set at 40,40, and 50 Hz, respectively, where 10 Hz equals
t0 600 rpm. Based on the formulas FO, F1, F2 and F3 (Table 1), four
extrudates of purple sweet potato with kidney bean substitu-
tion (EO, E1, E2 and E3, respectively) were produced. The flakes
were then cooled at room temperature (25°C) for 30 min before
being packaged in aluminum foil using a sealer. These products
were subsequently subjected to determination of color and tex-
ture characteristics, sensory evaluation, analysis of nutrients,
shelf-life and satiety index. As many as three experiments were
performed for physical, sensory, and nutritional analysis. While
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1,680 1,470 1,260
420 630 840
330 330 330

45 45 45
25 25 25
10 10 10
1 1 1
200 200 200
50 50 50

the assessment of shelf-life has been conducted through eight
batches of experiments as eight time series experiment. Fur-
thermore, as many as three batches of production have been
carried out for satiety index assessment, with all batches being
homogenized prior to the packing and testing.

= Physical characteristics analysis

The analysis of the physical characteristics included the assess-
ment of the color and texture of the extrudates. The color analy-
sis was conducted using an AMT511 Chroma Meter (Amtast,
Lakeland, FL, USA), which measures the color of the samples
based on the CIELab system. This system provides color meas-
urement results expressed in L*, ¥, and b* coordinates, which
represent lightness (dark-bright), redness (green-red), and yel-
lowness (blue-yellow), respectively. The texture of the flakes was
tested for hardness using a CT3-100 Brookfield texture analyzer
(Brookfield, Toronto, Canada).

H  Nutrient content determination

The nutrient content analysis of purple sweet potato and kidney
bean extrudates includes determining the moisture content us-
ing the gravimetric AOAC International method [AOAC 952.10
2005], ash content using the gravimetric method [AOAC 923.03,
2005], lipid content using the direct extraction method with
a Soxhlet apparatus [AOAC 922.06, 1922], protein content using
the Kjeldahl method [AOAC 920.87,1920], and total fiber content
using the enzymatic-gravimetric method [AOAC 985.29, 2003].
Carbohydrate content was estimated on the basis of balance.
Results of nutrient content were expressed based on dry matter
(DM) of extrudates.

H Sensory evaluation

The sensory evaluation consisted of two tests, i.e, quantitative
descriptive analysis (QDA) and overall acceptance rating test,
also known as the hedonic test. QDA has been done by involving
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8 trained panelists which met the requirements specified by ISO
standard [ISO 8586:2014]. In QDA, the assessors participated
in a focus group discussion (FGD) to determine the representa-
tive attributes, attribute definitions, and the standard scales to
be used. The panelists then quantified each attribute by using
10-point intensity scales (weak-strong intensity) in a separate
testing booth and recorded their ratings on evaluation sheets.
The gathered data was processed and presented in a radar
chart format.

The overall acceptance rating test was conducted to de-
termine how well the products were accepted by the pan-
elists. In this test, the level of acceptance of each attribute was
measured using a 9-point hedonic scale, with 1 being “dislike
extremely”and 9 being “like extremely” In this research, the ob-
served attributes were appearance, aroma, finger-feel texture,
taste, mouthfeel, aftertaste, and overall perception. The panelists
involved at this test were 40 initiated assessors, who have previ-
ously conducted sensory evaluations and understand the rules
of sensory testing but have not yet been selected as assessors.

u  Shelf-life estimation

The flakes were stored at three different temperatures, ie., 25,
35, and 45°C, at 1 till 8 weeks to estimate their self-life. Only E3
has been used for shelf-life estimation. Sensory acceptability (S)
of extrudate was used as a parameter defining changes during
storage. Sensory evaluation of acceptability was performed by
8 selected assessors at 1-7 scale with following interpretation,
7 — equal or better to control, 6 - slight difference to control,
5 —more distinct difference but still acceptable, 4 — beginning to
lose acceptability, 3 — more distinct loss of acceptability, 2 - very
distinct loss of acceptability, and 1 — unacceptable. The control
here was the fresh E3, which was produced on the day of test-
ing. It has been assumed that the test food would start to lose
acceptability at 54 or In S=In 4=1.386.The shelf-life was predicted
based on the regression equation of each storage temperature.
Temperature of 30°C was used to calculate the final estimated
shelf-life [Hough, 2010].

u  Satiety index determination

The satiety index assessment has been approved by the Ethics
Committee of IPB University in Bogor, Indonesia, with the ap-
proval number 857/IT3.KEPMSM-IPB/SK/2023. It was measured
after consumption of the flakes with 0% kidney beans flour (EO)
and with 40% kidney beans flour (E3) compared with com-
mercial cereals and using white bread as the reference. White
bread was made from flour (all-purpose flour/medium pro-
tein) (70.4 g/100 g), water (10.0 mL/100 g), sugar (6.3 g/100 g),
shortening (4.5 g/100 g), sweet whey powder (4.2 g/100 g),
salt (2.1 g/100 g), yeast (0.8 g/100 g), and whole milk pow-
der (0.8 g/100 g). The design used in this study was a partial
crossover study, where each subject was given isocaloric food
with 240 kcal after 10 h fasting. The test foods were given four
times on four different days, but on the same day, all subjects
were given the same type of food. There was a 3-day interval or
washout period between the test foods to allow the subjects’

85

physiological conditions to return to their baseline [Becker et al,,
2022: Nolan et al, 2016].

A total of 16 subjects was included in the study, following
Forde’s [2018] recommendation of requiring 15-18 subjects to
compare satiety between products. The subjects participat-
ing in this research met the inclusion and exclusion criteria.
The inclusion criteria were as follows: individuals with body
mass index (BMI) in optimal range (BMI 18.5-22.9 kg/m?), man
orwoman aged between 20-22 years, willing to be interviewed
and complete the questionnaire, not currently on any specific
diet, willing to undergo measurements of body weight, height,
body composition, and participate in all activities, and not allergic
to nuts. On the other hand, the exclusion criteria were suffering
from chronic ilinesses or complications.

The data was obtained through the completion of question-
naires and direct measurements on the subjects. The primary
data included subject characteristics (name, age, and gender),
anthropometry (height and weight), satiety levels, as well as
the macro-nutrient content of the test foods, (white bread, com-
mercial cereals, extruded purple sweet potato, and extruded pur-
ple sweet potato with kidney bean). Data related to the subjects’
nutritional status was collected through direct measurements
using a digital floor scale for body weight (HN-289, Omron,
Kyoto, Japan) and a microtoise for height (GEA SH2A stature
meter, Bogor, Indonesia). Data was collected through a visual
analogue scale (VAS) satiety score questionnaire at 0, 30, 60, 90,
120, 150, and 180 min after consumption of the food products,
which was then used to calculate the area under the curve for
each flake type and compare it with the area under the curve
for white bread to determine the satiety index (%) for each
subject [Forde, 2018]. Moreover, the curve was calculated using
a trapezoid system for satiety parameters including hunger,
fullness, desire, and food intake. The curve was scaled in units
of time of sampling (counted in hour) and fullness index, which
was expressed as a ruler scale at mm. Therefore, the area under
the curve was expressed as mmxh.

m  Statistical analysis

Data processing in this research was conducted using Excel 2010
for Windows software (Microsoft, Redmond, WA, USA) and Sta-
tistical Product and Service Solution (SPSS) 16.0 software (IBM,
Armonk, NY, USA). The processed and analyzed data included
the results of color and texture analysis, sensory evaluations,
shelf-life estimation and nutrient content, as well as satiety in-
dex. The data was then subjected to one-way analysis of vari-
ance (ANOVA) using SPSS software (IMB) and further tested with
Duncan post hoc test if significant effects were found among
the treatments. Results of the analysis were considered signifi-
cantly different if p<0.05.

RESULTS AND DISCUSSION

=  Formulation and processing

The key steps in optimizing the formula for extruded prod-
ucts with purple sweet potato and kidney bean were adjusting
the composition of additional flours, reducing or eliminating
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certain ingredients, and controlling the moisture content
of the raw dough. It was also important to optimize the ex-
truder settings, including the extrusion temperature based on
thermo-control and the rotations of the screw, auger, and cutter.
For this purpose, a series of trial-and-error experiments were
carried out. The selection of the extrusion temperature and ma-
chine speed settings was performed based on the optimiza-
tion trials conducted as part of preliminary research. Thirteen
trials (Table S1) were conducted to develop the formulation
and determine the extruder’s auger, screw, and cutter rotations,
as well as the dough’s moisture content to achieve an optimal
product quality. The screw type and also its speed have a signifi-
cant impact on the rheological properties of the final product
[Tomaszewska-Ciosk et al., 2012].

During the development of the extrudate formula, liquid
ingredients (water, oil and emulsifier) were added (Table 1). They
played a vital role in the drying process during the extrusion
and in forming a matrix between starch and protein present
in the dough. When heated, the starch experiences high pres-
sure during extrusion, causing the dough to expand as it exits
the extruder, resulting in expanded products. Without the ad-
dition of water to the product, the extruded dough cannot fully
be formed, leading to non-expansion or burnt dough, causing it
to adhere inside the extruder and obstructing extrusion [Yacu,
2020]. On the other hand, excessive liquid level leads to a re-
sulting product with a soggy or mushy texture. The addition
of oil to the dough could increase the crispiness of the product
and prevent hollowness in the final products. This is because oil
can reduce the friction between the dough and the extruder

TABLE 2. Physical and nutritional characteristics of extrudates.

screw, thus preventing a rapid increase in temperature due
to mechanical friction in the extruder. In this study, based on
the preliminary research, the optimal liquid percentage was
determined to be 10% (w/w) with oil-to-water ratio of 1:4 (w/).

The extruder employed in this study was a double-screw
extruder equipped with three thermo-controls. Temperature for
extrusion was reached at 60°C regulated only on the third ther-
mo-control of the machine. Meanwhile, thermo-controls 1 and 2
remined switched off. This configuration is suitable for dough
with a water content of less than 15 g/100 g [Budi et al., 2016].
If the dough's water content exceeds 15 g/100 g, all thermo-
-controls must be activated [Budiet al,, 2016]. Trials conducted at
higher temperatures (>60°C) resulted in a burnt product. The low
heating setting was chosen as the flours used in this study were
fully cooked during the flouring stages. Through experimenta-
tion, it was determined that the optimal settings for the auger
and screw speeds during the extrusion process of this study
were 40 Hz, while the cutter speed was set at 50 Hz. A detailed
evaluation of the trials is provided in Table S1.

u  Physical, nutritional and sensory characteristics

The selected formulas (Table 1) were used to obtain extrudates
based on purple sweet potato without or with kidney bean
substitution. The physical, chemical and sensory characteristics
of these products are shown in Table 2. As the percentage
of kidney bean flour substitution increased in the extruded
formulation, there was a corresponding increase in lightness
(L*) and yellowness (b%), but a decrease in redness (a*) of prod-
ucts. The significant variances in extrudate color, particularly

Charcerisic I T T R

Physical characteristics

L* 4757+1.23¢
a* 27.88+0.83°
b* —9.17£0.69°
Hardness (N) 124.44+22 36P
Nutrient content and energy value
Moisture (g/100 g) 5.584+0.08°
Ash (g/100 g DM) 2.80+0.06°
Protein (g/100 g DM) 5.51+0.19¢
Lipid (9/100 g DM) 0.56:+0.08°
Carbohydrate (g/100 g DM) 85.57+0.25°
Energy (kcal/100 g) 369.28+0.47°
Total fiber (g/100 g DM) 16.47+0.09°
Soluble fiber (g/100 g DM) 5.674+0.04°
Insoluble fiber (g/100 g DM) 10.80+0.13¢

51.2241.29° 53114088 56.14+0.99°
24,64+ 58 23.54+1.56° 2157+141¢
—202+2.10° ~265+037° 31240507
194.25+44.35% 207.8+10.55° 232248127
548+0.18? 54140112 5.25+0.12°
2.99+001° 3.124004%° 3.26+0.05
9334019 11.500.09° 13.2020.11°
0.67+0.07% 0.76+0.05% 0.87+0.04°
81.54+0.29 79.23+0.28° 77.43+0.149
369.47+1.03° 369.70+0.32° 3703540497
16.580.01° 17.04+0.11° 17.00+0.04°
446+0.15 4114002 32540.11¢
12.1220.09° 12.93+0.13° 13.7520.07°

EO, E1, E2, and E3, extrudates obtained on the basis of formulas with different ratios of sweet potato flour to kidney bean flour - 100:0, 80:20, 70:30, 60:40 (w/w), respectively; L*, lightness;
a*, redness; b%, yellowness; DM, dry matter. Values with different superscript letters (a-d) in a row are significantly different at p<0.05.
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the reduced redness observed in the flakes with the higher
bean portion. The presence of anthocyanin in purple sweet
potatoes seemed the plausible reason for this phenomenon.
These pigments, found in significant quantities in purple sweet
potatoes (ranging from 3.31 to 13.9 mg/qg), are known to influ-
ence coloration [Rodriguez-Mena et al., 2023]. Our prior inves-
tigation revealed that although some of these anthocyanins
undergo degradation during flour extrusion, their presence
remains notable in the end product [Palupi et al., 2023]. The hard-
ness of the extrudates also varied depending on the proportion
of kidney bean flour in the formula — higher kidney bean flour
content led to a higher hardness (Table 2).Visually, the produced
flakes in our study exhibited a dense consistency with a slightly
flat, concave round shape and a slight porosity. The number
of pores increased with the quantity of kidney beans used. It is
worth noting that the extrusion process has a significantimpact
on the composition and physical appearance of the products
[Lisiecka et al., 2021; Ménabréaz et al., 2021].

A similar pattern was also observed in the content of key
nutrients in the extrudates. With increased kidney bean substitu-
tion, the levels of ash (crude minerals), protein, lipid, and total
fiber increase (Table 2). The extrudate with 40% bean substitu-
tion had the highest contents of crude minerals, protein, lipid,
and fiber at 3.26, 13.20, and 0.87, 17.00 g in 100 g of dry matter
(DM), respectively. It is worth paying attention to the content
of soluble and insoluble fiber in the formulated flakes. Higher
kidney bean flour substitution led to an increase in insoluble
fiber content and a significant decrease in soluble fiber content
(p<0.05). This phenomenon may be attributed to kidney beans’
higher total fiber content compared to purple sweet potatoes,
which predominantly consists of insoluble fiber [Kan et al., 2017].
According to Leite et al. [2022], purple sweet potatoes contain
fiber ranging from 6.5 to 12.6% of their dry matter, depend-
ing on the variety. The fiber content of purple sweet potatoes
is primarily composed of cellulose, hemicellulose, and pectin,
at 2.7, 3.6, and 0.47%, respectively [Yuansah & Laga, 2023]. In
contrast, kidney beans are known to contain 26.3% fiber in their
dry matter, primarily composed of cellulose and hemicellulose
[Kanetal, 2017].

Flakes are a ready-to-eat food product that meets the nu-
tritional needs of individuals seeking a convenient source of es-
sential nutrients [Priebe & McMonagle, 2016]. This product is
well-suited to be part of a breakfast menu. The breakfast menu
is capable of satisfying 22.4% of the daily energy requirement
and provides 32.7% of the daily protein requirement, 21.8%
of the daily fat requirement, 21.5% of the daily carbohydrate
requirement, and 33.6% of the daily dietary fiber requirement for
adults aged 19-64 years, both males and females [Gibney et al,,
2018]. A single breakfast serving of the extrudate with purple
sweet potato and kidney bean optimized in our study (50 g),
when accompanied by a glass of fresh cow’s milk, a boiled egg,
and a medium-sized banana, can adequately fulfill the breakfast
requirements of adults. This developed product is also suitable
for consumption by children, as supported by previous studies
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indicating that children generally show a strong preference for
extruded food products made from ingredients like potatoes,
sweet potatoes, fruit extracts, and various cereals [Gumul et al,,
2023; Natabirwa et al,, 2020; Potter etal.,, 2013; Shah et al., 2019].
Children’s inclination toward crispy textures, visually appealing
appearances, and easy-to-consume food products contributes
to their acceptance [Natabirwa et al., 2020]. Past studies have
utilized ready-to-eat extrudates as supplemental foods to en-
hance nutrientintake in children [Gumul et al., 2023; Natabirwa
et al., 2020; Potter et al,, 2013; Shah et al,, 2019]. Furthermore,
the extrudate obtained in our study from a formula with 40%
replacement of purple sweet potato flour with kidney bean flour
has a potential to be labeled as a high-fiber, source of protein,
and low-fat food item. The cut off of each claimis 6, 12, 3 g per
100 g flakes, respectively [Indonesian Food and Drug Author-
ity 2022].

The result of QDA showed that the higher portion of the pur-
ple sweet potato flour in the extrudate formula provided a great-
er smoothness and homogeneity, a reduced porosity, a stron-
ger tuber flavor with a milder earthy and beany undertone,
and a sweeter taste of the final products (Figure 1). Additionally,
it was noted that the purple sweet potato resulted in a harder
mouthfeel and a less earthy aftertaste. Purple sweet potato con-
tributed to sweet taste and tuber flavor. Moreover, the significant
content of carbohydrate in purple sweet potato [Kurnianingsih
et al, 2020] seemed to support the consistency of the mixture,
making its texture smoother. While, the kidney bean contributed
to the beany and earthy flavor. The substitution of kidney beans
at 20%, 30%, and 40% did not significantly influence (p>0.05)
the overall acceptance level (Figure 1), with acceptance ratings
consistently above six on a nine-point hedonic scale, corre-
sponding to a“like moderately”according to the categorization
proposed by Wichchukit & O'Mahony [2014]. Consequently,
the extrudate with 40% kidney bean (E3) substitution was further
evaluated for shelf-life and satiety index. The extrudate without
a bean substitute and commercially available breakfast cereals
were used for comparison.

u  Shelf-life estimation

Determining the shelf-life of a food product is a critical step
before it is introduced to consumers. This process is essential to
ensure food safety, protect consumers, and maintain product
quality. In this study, the shelf-life estimation was conducted
using a sensory approach, which is known for its sensitivity com-
pared to other methods [Hough, 2010]. A first-order kinetic reac-
tion was chosen as the model for shelf-life estimation. Like many
common foods, the developed product experiences a faster
rate of deterioration as storage time and temperature increase
(Figure 2). The correlation between these factors was particu-
larly pronounced at higher storage temperatures. The equation
with a lower slope was derived for 45°C (y = —0.0716x + 1.8891),
in contrast to the equations for 35°C and 25°C, which were
y =-0.0184x + 1.9667 and y = —0.0075x + 1.9684, respectively.
By applying these formulations, a shelf-life estimation graph
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Figure 1. Quantitative descriptive analysis (QDA) results and overall acceptance rating of extrudates (EQ, E1, E2, and E3) obtained on the basis of formulas with
different ratios of sweet potato flour to kidney bean flour — 100:0, 80:20, 70:30, 60:40 (w/w), respectively. *, Significantly different at p<0.05. Values of overall
acceptance with different superscript letters are significantly different at p<0.05.
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Figure 2. Sensory acceptability on eight storage times (A) and estimated shelf-life (B) of the extrudates made of purple sweet potato flour with kidney bean
flour substitution. T, temperature of storage; S, sensory acceptability at 1-7 scale with the following interpretation: 7 — equal or better to control, 6 - slight
difference to control, 5 — more distinct difference but still acceptable, 4 — beginning to lose acceptability, 3 — more distinct loss of acceptability, 2 — very distinct
loss of acceptability, and 1 — unacceptable; the test food start to lose acceptability at S=4 or In S=In 4=1.386. Control sample, the fresh E3 which was produced

on the day of testing.

was constructed for different temperatures, resulting in the final
equation:y = —4.6472x + 208.84. Assuming that the anticipated
storage temperature will be around 30°C, the estimated safe stor-
age time was 19 months. This is a favorable estimation, indicating
that the developed product can be stored at room temperature
for over a year without a significant reduction in acceptability.

= Satiety index

The satiety index serves as a measure of how filling and satisfying
afood s, and it provides valuable information into its potential to
control hunger and regulate food intake. This experiment enabled
the researchers to compare the satiety effects of the test foods,
providing insights into their potential as satisfying food options.
Many factors contributed to the satiety index, one of them be-
ing nutrient content. Between products examined in our study,
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commercial cereals had the highest energy value (370 kcal/100 g)
and total carbohydrate content (83.14 g/100 g) (Table 3). In con-
trast, the extruded purple sweet potato with kidney bean had
the highest protein content (12.5/100 g) and higher fiber content
(16.1 g/100 g) compared to commercial cereals.

The study revealed significant differences in satiety indexes af-
ter consumption of extrudates based on purple sweet potato with
and without kidney bean and commercial cereal. The satiety index
for the tested foods, in the order of commercial cereal, extruded
purple sweet potato, and extruded purple sweet potato with
kidney bean, were 99.29,103.87 and 140.03, respectively (Table 3).
The satiety index computed for the extruded purple sweet potato
with kidney bean (E3) was significantly higher compared to that
calculated for commercial cereals, indicating that the addition
of kidney bean to purple sweet potato flakes resulted in a greater
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TABLE 3. Nutritional characteristics of food products used to assess the satiety index and results of this assessment.

Characteristic White bread Commercial cereals G [ e T 2GS IR T
potato potato with kidney bean

Energy value (kcal/100 g) 238.70£1.62¢
Protein content (g/100 g) 9.90+0.04°
Lipid content (g/100 g) 4.70+0.02%
Total carbohydrate content (g/100 g) 48.38+3.62°
é\gv/a]il)aoblge) carbohydrate content 30284032
Total dietary fiber content (g/100 g) 9.10+£3.30%
Soluble fiber content (g/100 g) 2.66+0.96°
Insoluble fiber content (g/100 g) 6.44+2.340¢
Water content (mL/100 g) 3537+037°
Weight (g) of serving (240 kcal) 100
Hunger (mmxh) 17.89£1.32%

Fullness (mmxh) 30.54+1.78%®

Desire to eat (mmxh) 19.87+2.20%
Food intake (mmxh) 20.72+1.77%

Satiety index (%) Reference

Values with different superscript letters (a-d) in a row are significantly different at p<0.05.

sense of fullness. At the determination at 180-min, the visual
analogue scale (VAS) score for the sensation of fullness resulting
from the consumption of extruded tuber with kidney bean was
49.84 mm (Figure 3).This score was subsequently utilized in con-
junction with the regression equation derived from white bread
as a reference (y = —0.30x + 87.96). Then, the calculation yielded
a projected duration of 126 min for white bread to induce the same
level of fullness. Consequently, it can be inferred that the consump-
tion of extruded tuber with kidney bean led to an extended feeling
of fullness by 54 min compared to the white bread.

The study suggests that fiber was the primary factor respon-
sible for prolonging the feeling of satiety compared to protein,
carbohydrates, lipids, and water. The fiber content showed a sig-
nificant correlation with feelings of hunger (p=0.02, r=-0.30),
fullness (p=0.00, r=0.35), desire to eat (p=0.00, r=—0.40), and food
intake (p=0.00, r=-0.38).Thus, consuming foods high in fiber can
increase the feeling of fullness (satiety), making the extruded
purple sweet potato with kidney bean a potential source of fiber
to improve daily fiber intake and prevent overeating. The testing
method used in this study can be applied to try other satiating
foods based on total energy. However, during fasting periods
after satiety testing, subjects should not be allowed to leave
the area to minimize variations in physical activity and any dis-
ruptions that could affect satiety perception.

CONCLUSIONS

In conclusion, this research optimized the formula of flakes
from the extrusion of purple sweet potatoes with kidney beans.
The extrudate obtained on the basis of the selected formula,

370.24+4.27° 286.56+047° 286.48+0.49°
9.90+0.05° 520+0.19¢ 12.5040.112
1.30+0.37° 0.54+0.04° 0.80+0.04°
83.14+1.70 80.8+0.34%° 734%0.25°
79.80+0.11° 65.24+0.25° 57.26+0.14¢
3334159 15.55+0.09 16.11+0.112
0.64+0.31° 5.64+0.03 3.08+0.02°
2.66+1.28° 9.86:+0.06% 13.02+0.09?
2.57+0.28° 7.03+0.08° 6.85+0.12°
513 66.3 663
20.5442.06% 15.15+1.85% 13.39+1.94°
28.73+1.64° 33.32+1.84% 35.98+1.82°
22.5142.15° 1649+2.17% 12.96:+2.04°
22.80+2.05 16.78+2.05% 14.10+2.10°
99.29+743b 103.87+2247°% 140.03+29.46°
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Figure 3. The visual analogue scale (VAS) for fullness index at fasting intervals
of 30,60, 90, 120, 150, and 180 min after the consumption of extrudate made
of purple sweet potato flour with and without kidney bean flour compared
with commercial cereals and white bread (as reference) which showed
that the consumption of extruded purple sweet potato with kidney bean
substitution led to an extended feeling of fullness by 54 min compared to
white bread.
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which replaced 40% of purple sweet potato flour with kidney
bean flour, showed good sensory acceptability, nutritional value
(high contents of protein and fiber), and caused a high satiety
index after consumption. The estimated shelf-life of flakes was
as much as 19 months. This product might provide an alterna-
tive fiber-rich food that has been proved to prolong the feeling
of fullness compared to the reference and commercial food, so it
is expected to prevent eating more food, which is an initial trig-
ger for excess calorie intake. However, before mass production
of this extrudate, future research is needed on its physical prop-
erties such as its wetting capacity, rehydration, milk absorption,
and sedimentation. To ensure the safety of extrudates for mass
production, it is also necessary to assess the content of heavy
metals and microbiological tests. Furthermore, future research
could investigate the long-term effects of consuming extruded
purple sweet potatoes, especially as a main breakfast food, on
other biological markers like blood glucose level and lipid profile.

SUPPLEMENTARY MATERIALS

The following are available online at http://journal.pan.olsztyn.
pl/High-Fiber-Extruded-Purple-Sweet-Potato-lpomoea-bata-
tas-and-Kidney-Bean-Phaseolus,183995,0,2.html. Table S1. Op-
timization of the development of extruded purple sweet potato
and kidney beans.
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Current Perspective About the Effect of a Ketogenic Diet
on Oxidative Stress — a Review

Natalia Drabinska
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Oxidative stress (OS) plays a pivotal role in the development of many diseases. Therefore, many efforts have been undertaken

to minimize the consequences of OS or improve antioxidant defense systems. One solution expected to improve redox ho-
meostasis is the ketogenic diet (KD). KD is a low-carbohydrate, high-fat diet leading to a ketosis state. The shift in metabolism
occurring in ketosis can affect the reactive oxygen species (ROS)-producing pathways and influence the expression of enzy-
mes involved in redox homeostasis. Therefore, this review summarizes and discusses existing knowledge about KD and ROS
homeostasis. The available tools for evaluating OS status are presented, listing their potential and drawbacks. An important
aspect is the summary of the current knowledge about the effect of KD on OS conducted in vitro, in vivo, and in clinical trials.
Finally, the review addresses future studies needed to understand the connection between KD and OS.
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INTRODUCTION

The interest in the impact of diet on human health has surged
over the last few years. Consumers are increasingly mindful
of their food choices, seeking ways to enhance their health
through the selection of appropriate food products. Furthermore,
individuals are paying greater attention to the physiological ef-
fects and endeavouring to comprehend the intricate biochemi-
cal processes. Consequently, the food industry and numerous
scientific groups have developed a growing array of functional
foods, novel foods, and bioactive compound-enriched foodstuffs
[Moolwong et al,, 2023; Nguyen et al., 2023; Ta et al., 2023; Wiec-
zoreketal, 2022]. Additionally, there is arise in the development
of new diets and diversification of applied dietary plans. Various
diets have been applied and proposed for weight management
[Johnston etal, 2014], of these the ketogenic diet (KD) is currently
gaining in popularity [Drabinska et al, 2021].

The increase in the prevalence of noncommunicable dis-
eases observed inrecent years can be considered a consequence
of a rapid rise in obesity prevalence [WHO, 2016, 2023]. One
of the factors contributing to the development of obesity-re-
lated consequences is oxidative stress (OS). It can be attributed
to cellular damage caused by reactive oxygen species (ROS)
combined with the underproduction of antioxidant mecha-
nisms. Moreover, disturbances in redox metabolism can lead to
the development of immunological diseases and cancer [Nathan
& Cunningham-Bussel, 2013]. Consequently, the significance
of OS in the pathogenesis of diseases is garnering attention,
focusing on understanding ongoing mechanisms and eventu-
ally targeting OS in applied therapies in the future [Nathan &
Cunningham-Bussel, 2013].

This review summarizes and discusses existing knowl-
edge about KD and ROS homeostasis. Additionally, it presents
the available tools for evaluating OS status, listing their poten-
tial and drawbacks. Finally, the review addresses future studies
needed to understand the connection between KD and OS.

KETOGENIC DIET
KD is a dietetic regime entailing a high consumption of fat with
a low intake of carbohydrates, leading to the ketosis state. It is
a diet consisting of various fat sources, such as plant-based oils,
nuts, avocado, meat, cheeses, high-fat dairy products and simul-
taneously limiting carbohydrate sources, such as bakery goods,
potatoes and grains. Compared to other low-carbohydrate diets,
KD is distinguished by the shift of metabolism into ketosis. The ke-
tosis state is a physiological process, where the concentration
of ketone bodies (3-hydroxybutyrate, acetoacetic acid and ac-
etone) in the bloodstream exceeds 0.5 mmol/L with a normal
level of glucose and insulin [Paoli, 2014]. In the case of glucose
scarcity, ketone bodies are used as a source of energy. From
a biochemical point of view, KD mimics the starvation or fasting
state, during which the body shifts from glucose as a main source
of energy to ketone body utilization and enhanced gluconeo-
genesis and ketogenesis.

Originally, KD was developed to treat medically intractable
epilepsy due to its neuroprotective properties [Utamek-Koziot et
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al, 2019]. The mechanisms of the neuroprotective effects of KD
remain unclear; however, a potential mechanism is related to
the normalization of energy dysregulation. KD has been found
not only to reduce the frequency of seizures in patients with
epilepsy [Keene, 2006] but also may help with Alzheimer’s dis-
ease [Ota et al, 2019], improve motor functions and cognitive
functions in Parkinson’s disease [Phillips et al, 2018], and support
other neurodegenerative diseases [Zhao et al, 2006]. Recently,
the interest in the applications of KD is wider. Reported health
benefits being the consequences of KD include the normaliza-
tion of glycaemia and insulin sensitivity, mitigating the severity
of type 2 diabetes, fast reduction of body weight in the first stage
of KD, improved autophagy and many others [Liskiewicz et al,,
2021]. However, to observe the beneficial effects of KD, the ad-
aptation step is required. The adaptation to ketosis usually takes
4-6 weeks and is often characterized by unpleasant symptoms,
including headache, lack of energy, irritability, dizziness, constipa-
tion, and muscle cramps [Bostock et al,, 2020; Harvey et al., 2018].
Since many of these side effects are similar to flu, the common
name used by the general public is “keto flu” These symptoms
result from the loss of electrolytes with urine due to lower levels
of insulin responsible for the reuptake of mainly sodium and po-
tassium, the dehydration which is typical of all high-fat diets,
and the lack of glucose to provide energy when the body still
has not shifted into the utilization of ketone bodies [Harvey et
al, 2018]. Usually, the symptoms pass after reaching nutritional
ketosis and can be reduced by a higher intake of water, medium-
-chain triglycerides (MCT), and electrolytes. The body needs to
prepare for the increased level of ketone bodies, which can enter
the non-hepatic cells via monocarboxylic transporters, and it is
suggested that the expression of monocarboxylate transporters
increases after 4-6 weeks of ketosis [Barry et al,, 2018].

Itis also worth mentioning that KD is not a suitable diet for
everyone as it may be harmful to individuals with liver and kidney
diseases, type 1 diabetes, and cardiovascular diseases, although
these risks are not sufficiently scientifically proven [Watanabe et
al, 2020]. Moreover, it is suggested that since it is a diet limiting
the consumption of many food products, long-term adherence
to KD may lead to nutritional deficiencies and consequences like
anaemia and osteoporosis [Crosby et al,, 2021]. Therefore, the ap-
propriate optimization of KD, securing the intake of a sufficient
amount of fibre, vitamins, and elements is required.

KD extends into various types, which makes it difficult to
compare the existing results. Depending on the fat intake or
calorie intake, and consequently the ketosis state, a few types
of KD can be distinguished, including classical KD, Atkins diet,
modified Atkins diet (MAD), MCT-based KD (MCTKD), low gly-
cemic index treatment (LGIT), and very low-caloric KD (VLCKD)
[Barzegar et al, 2021; Moreno et al, 2016]. The most restrictive is
the classical KD, where the weight ratio of fat to carbohydrates
and proteins together is 4:1, which consists of approx. 90% of fat
intake. This diet is used only for the treatment of non-responsive
epilepsy and is characterized by low palatability. The Atkins
diet was the first approach to apply KD for obesity manage-
ment. It consists of four phases: (1) induction with limit of 20 g
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of carbohydrates daily; (2) increase of carbohydrate intake to
25-50 g daily; (3) the consumption of carbohydrates reaches
80 g per day and is followed until the desirable bodyweight is
obtained, and (4) up to 100 g of carbohydrates is allowed and is
followed to maintain the weight reduction. Notably, only the first
one is actually ketogenic. In later steps, the carbohydrate intake
isincreased preventing ketosis from being maintained. The MAD
is a more palatable version of KD. In this diet, only the first phase
of the Atkins diet is maintained for the whole time, making this
diet more palatable and maintaining the neuroprotective prop-
erties of the KD. The application of MCT allows for the further
reduction of fat intake without compromising the ketosis state.
MCT is the most efficient in ketone body formation and a more
accessible form of energy for non-hepatic cells among the fat
sources. LGIT is characterized by the lowest proportion of fat
(approx. 60-65%) and the consumption of products only with
low glycemic index. Finally, VLCKD is a dietetic regime providing
only 500-700 kcal daily and is usually applied before bariatric
surgery in clinical conditions [Pilone et al, 2018].

The wide array of KD types makes it difficult to clearly con-
clude the physiological effects of its administration. Importantly,
not every study referring to KD measured the state of ketosis,

Table 1. Reactive species.

and probably in some studies KD was not actually applied. Ac-
cording to Zilberter & Zilberter [2018], the “ketogenic ratio”
they had developed can be calculated to ensure that the diet
is actually ketogenic. The authors evaluated 62 clinical trials
which reported following the KD, and only 25 had an acceptable
ketogenic ratio. Therefore, the lack of the ketosis measurement
and insufficient ketogenic ratio may lead to incorrect conclusions
from the studies with reported KD.

OXIDATIVE STRESS

Reactive oxygen species (ROS) are highly reactive molecules
generated as a by-product of metabolism, which are involved
in cell signalling, redox homeostasis and the host defense system.
ROS family includes superoxide, hydrogen peroxide, singlet oxy-
gen, organic peroxides, hypohalous acids and ozone (Table 1).
Apart from ROS, also other molecules, such as nitrogen species
(nitric oxide and nitroxyl anion), hydrogen sulfde and its anion,
and carbon monoxide, can be considered as reactive signalling
molecules [Nathan & Cunningham-Bussel, 2013]. The sources
of ROS can be exogenous (air pollution, y-irradiation, drugs) or
endogenous, such as mitochondrial respiratory chain, nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidases,

Reactive oxygen species Other reactive species
Free radicals Nonradicals Free radicals Nonradicals

Superoxide anion radical (O,7)
Hydroxyl radical (OH')

Peroxyl radical (ROO)

Alkoxyl radical (RO)

Hydrogen peroxide (H,0,)
Organic hydroperoxide (ROOH)
Singlet molecular oxygen [O,('Aq)]
Electronically excited carbonyls
(RCO)

Ozone (O3)

Atomic chlorine (CI)

Atomic bromine (Br’)

Nitric oxide = nitrogen monoxide
(NO)
Nitrogen dioxide (NO,)
Thiyl radical (RS)
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Hypohalous acids
Hypochlorite (OCI)
Chloramines (RNHCI)
Hypobromite (OBr”)
Nitrite (NO,)

Nitroxyl anion (NO7)
Peroxynitrite (ONOO™)
Peroxynitrate (O,NOO")
Nitrosoperoxycarbonate (ONOOCO,)
Thiol (RSH), thiolate (RS")
Disulfide (RSSR)
Sulfenate (RSO7)
Sulfinate (RSO,™)
Sulfonate (RSO57)
Hydrogen sulfide (H,S)
Polysulfide (H,S), x=2
Acetaldehyde

Acrolein

Methylglyoxal
4-Hydroxy-nonenal
Electronically excited (triplet) carbonyls
Selenite

Selenate

Selenocysteine

Selenomethionine
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lipoxygenases, cyclooxygenases, cytochrome P450 enzymes,
metal storage proteins and many others.

Oxidative stress (OS) is a state when the production of ROS
is higher that their catabolism [Nathan & Cunningham-Bussel,
2013].When the ROS concentration is too high, the OS isinduced,
leading to the development of pathological states [Qu et al,
2021].The catabolism of ROS is conducted mainly via enzymatic
reactions with superoxide dismutases (SOD), catalases (CAT),
enzymes of the glutathione redox cycle, thioredoxin reductases,
peroxiredoxins and methionine sulfoxide reductases [Nathan &
Cunningham-Bussel, 2013]. Moreover, non-enzymatic reactions
with ascorbate, pyruvate, a-ketoglutarate, and oxaloacetate can
lead to ROS depletion. The body homeostasis is maintained
despite the ROS production, and many injuries caused by ROS
can be reversed. On the other hand, some oxidative damages,
such as carbonylation on the amino acid side of the protein,
cannot be reversed and require cell degradation. It is considered
that the biological importance of redox processes is equal to
phosphorylation-dephosphorylation reactions [Sies et al., 20171].

OS is an important factor in many diseases; however, it re-
mains unclear whether redox imbalance is a cause or the con-
sequence of disease states [Sies et al,, 2017]. In obesity, the mal-
function of adipose tissue with exceeded energy intake over
the energy expenditure triggers metabolic stress, which leads to
increased inflammatory responses, which then results in the in-
terrelated complications including glucose intolerance, hyper-
tension, insulin resistance, dyslipidemia, liver diseases, stroke
and cancer. OS is linked to impaired insulin signalling. Increased
ROS levels can interfere with insulin receptor signalling, promot-
ing insulin resistance in target tissues, such as muscle and adi-
pose tissue. This can lead to reduced glucose uptake by cellsand,
consequently, glucose intolerance. Moreover, ROS can cause
endothelial dysfunction, reducing the bioavailability of nitric
oxide. This leads to impaired blood vessel dilation and increased
vascular resistance [Ho et al, 2013]. Finally, chronic inflammation
and OS can damage DNA, leading to mutations and promoting
carcinogenesis [Alhamzah et al., 2023]. OS contributes to a cas-
cade of events that can lead to serious health consequences.
Therefore, managing OS is a potential strategy for preventing
or mitigating these complications.

OS has been repeatedly suggested to be involved in the pro-
gression of neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease and amyotrophic lateral sclerosis.
A significant oxidation of lipids, proteins, and DNA is typical
of these diseases [Bedard & Krause, 2007]. Such damages have
the potential to induce cell death through various mechanisms,
either by inhibiting crucial processes or by upregulating toxic
cascades.

METHODS OF OXIDATIVE STRESS EVALUATION

The importance of OS in the development of various pathologi-
cal states in the human body has raised the need for methods
allowing the evaluation of its level. The methods aim to as-
sess the biological redox status, the health-beneficial effects
of dietary antioxidants, and the progression and risk of disease
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developments. Since OS is a process involving many metabolic
pathways, there is no single marker enabling its level assess-
ment. Therefore, a combination of different markers is ana-
lyzed to provide the most comprehensive view of OS. Despite
the numerous markers proposed over the last decades, there
is a lack of consensus regarding their efficacy, standardization,
validation, and reproducibility [Marrocco et al,, 2017]. The choice
of specific markers should depend on the experimental design,
type of samples and the available analytical techniques. Markers
with the clinical significance are mainly measured in the blood
samples and urine [Jars et al, 2020], but can also be measured
in saliva or exhaled breath [Bartoli et al, 2011; Pelclova et al,
2018]. This section further presents the most commonly used
non-invasive markers for clinical trials and discusses their po-
tentials and limitations.

u  Markers of reactive oxygen species-induced modifi-
cations

Long-term exposure to high levels of ROS can lead to structural
modifications of cellular compartments, including lipids, pro-
teins, and nucleic acids. This can result in the systemic or tissue-
-specific formation of by-products, alteration of protein func-
tions, and changes in gene expressions. Based on this, specific
markers related to ROS-induced modifications can be defined
and summarized in Figure 1.

B Protein modification products
Proteins including enzymes, may be damaged by OS, leading to
conformational modifications that result in a loss or impairment
of enzymatic activity [Davies, 2016]. Protein modifications include
chain fragmentation, site-specific amino acid modifications, prote-
olysis susceptibility, changes in the electric charge, and alterations
in enzymatic activity. Various amino acid residues can undergo
oxidative changes, such as sulfur-containing residues undergoing
oxidation, aromatic and aliphatic groups undergoing hydroxyla-
tion, tyrosine residues undergoing nitration, cysteine residues
undergoing nitrosylation and glutathionylation, aromatic groups
and primary amino groups undergoing chlorination, and some
amino acid residues being converted to carbonyl derivatives
[Davies, 2016]. Moreover, oxidation can lead to the disruption
of the polypeptide chain, resulting in conformational changes.
The most widely used markers of oxidative protein damage
are carbonyl compounds (aldehydes and ketones) [Marrocco
etal, 2017]. Their formation involves the covalent modification
of the side chains of specific amino acid, such as lysine, arginine,
proline, and threonine. The measurement of carbonyl com-
pounds is usually done via dinitrophenylhydrazine (DNPH) assay,
western blotting and mass spectrometry [Kehm et al., 2021].
Another marker of OS is 3-nitrotyrosine, which is the main
product of nitration of tyrosine residues in the protein in the pres-
ence of reactive nitrogen species (RNS), such as peroxynitrite
[Kehm et al, 2021]. During this process, a nitro (-NO,) group
is substituted to the phenolic ring of tyrosine. The presence
of 3-nitrotyrosine can be detected using techniques such as
immunoblotting or mass spectrometry.
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Figure 1. The most commonly used markers of oxidative stress representing reactive oxygen species (ROS)-induced modifications.

The reaction of proteins with chlorinated oxidants canlead to
the formation of advanced oxidation protein products (AOPPs),
with 3-chloro-tyrosine and 3,5-dichloro-tyrosine as the main ex-
amples [Marroccoetal, 2017]. Elevated levels of AOPPs have been
detected in the inflammatory diseases, diabetes, and the kidney
failure [Cristani et al,, 2016; Taylor et al., 2015]. The level of AOPPs
is usually measured using the colorimetric techniques.

Oxidized low-density lipoprotein (oxLDL) has also been pro-
posed as a marker of OS and cardiovascular diseases. Nonethe-
less, employing oxLDL as a biomarker for OS has faced criticism
due to the varied nature of oxidation products, the limited speci-
ficity of antibodies, and the divergent outcomes observed de-
pending on the deployed assay [Frijhoff et al,, 2015; Marrocco et
al, 2017]. Moreover, the most commonly used assays to measure
oxLDL, detect also the native LDL; therefore, serious doubts have
been raised regarding the efficacy of oxLDL as an indicator of OS
and its clinical relevance in predicting cardiovascular and related
diseases beyond that offered by LDL cholesterol alone.

The formation of advanced glycation end products (AGEs)
is often associated with OS and is enhanced by the ROS. There-
fore, although it is not a direct marker of OS, it is commonly
measured to establish hyperglycemic, hyperlipidemic and OS
conditions [Frijhoff et al, 2015]. AGEs are a group of heteroge-
nous compounds formed upon a non-enzymatic reaction be-
tween reducing sugars and amino groups of proteins, lipids, or
nucleic acids, called Maillard reaction. This process occurs both
endogenously (due to aging) and exogenously (AGEs delivered
from diet). Accumulation of AGEs can lead to the cross-linking
of proteins, modifying their structure and function. This can affect
the normal physiological functions of proteins and contribute
to aging-related complications. AGEs can be measured using
the immunoassays, fluorescence spectroscopy and western
blotting [Kehm et al, 2021]. Since AGEs are a very heteroge-
nous group of compounds, individual AGEs, like pentosidine
and N&-(carboxymethyl)lysine can be measured using liquid
and gas chromatography coupled to mass spectroscopy [Frijhoff
etal,2015].

® Lipid oxidation products

Products of lipid oxidation have been widely used for the assess-
ment of OS because polyunsaturated fatty acids (PUFAs) are very
prone to oxidation in the presence of ROS due to their double
bonds. The biochemical pathways of single PUFA oxidation can
result in the formation of over 100 different volatile and semi-
volatile compounds, which can be classified into alkanes, alkenes,
aldehydes and their derivatives, carboxylic acids, esters, furans
and epoxides, as presented in a mechanistic study of Ratcliffe
et al. [2020]. This study can open the possibility of finding new
biomarkers of OS using the analysis of volatile organic com-
pounds (VOCs).

Aldehydes originating from lipids exhibit high reactivity,
leading them to readily engage with proteins to create Michael
adducts, commonly referred to as advanced lipoxidation end
products (ALEs) [Frijhoff et al, 2015].To date, the most commonly
analyzed lipid peroxidation products include malonaldehyde
(MDA) and 4-hydroxynonenal (4-HNE). Both these markers can
be measured using enzyme-linked immunosorbent assay (ELISA)
kits as well as deploying the chromatographic methods [Ligor et
al, 2015; Zhang et al, 2019]. MDA, alkenals, and alkadienals col-
lectively form the group known as thiobarbituric acid-reactive
substances (TBARS). These substances can undergo a reaction
with two equivalents of thiobarbituric acid (TBA), resulting
in the formation of a pink adduct complex. This complex can
be conveniently measured using colorimetric or fluorometric
assays [Marrocco et al, 2017]. However, due to its low specific-
ity, this method received a lot of criticism [Frijhoff et al.,, 2015].

The interaction of PUFAs in membrane phospholipids with
free ROS results in the formation of Fy-isoprostanes (F,-IsoPs),
which are chemically stable prostaglandin-like isomers. Initially
generated within lipid membranes as a consequence of OS,
F,-IsoPs are subsequently released in free form through phos-
pholipase action. Notably, their measurement is not influenced
by dietary lipid content [Marrocco et al., 2017]. These molecules
serve as dependable markers for evaluating in vivo OS status
[DreiBigackeretal, 2010; II'yasova et al., 2004]. Analyzing F,-IsoPs
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in biological fluids and exhaled breath condensate provides an
estimation of total body production, while examining F,-IsoPs
esterified in specific tissues offers insights into the localization
and quantification of OS in those areas. It is crucial to consider
that measurements of both MDA and 15(S)-8-iso-prostaglandin
F.q by gas chromatography-mass spectrometry in plasma sam-
ples may be notably compromised in the presence of hemolysis
[DreiBigacker et al, 2010]. As mentioned before, F,-IsoPs can be
measured using chromatographic methods as well as commer-
cially available immunoenzymatic tests.

B Nucleic acid modification products

ROS and RNS are the main sources of induced DNA damages.
This process results in various DNA modifications, including
nucleotide oxidation, strand breakage, loss of bases, and the for-
mation of adducts [Dizdaroglu et al, 2002]. The hydroxy! radi-
cal (HO) is capable of reacting with all purine and pyrimidine
bases, as well as the deoxyribose backbone, yielding diverse
products, the major of which being 7,8-dihydroxy-8-oxo-2'-
-deoxyguanosine (8-oxo-dG) [Marrocco et al., 2017]. As for RNA
damage, the resulting 7,8-dihydro-8-oxo-guanosine is consid-
ered a marker of OS, associated with diabetes and neurodegen-
erative diseases [Broedbaek et al, 2011; Jorgensen et al., 2013].
The markers of nucleic acid oxidation can be measured both
in bloodstream and in urine using chromatographic and im-
munoenzymatic methods [Marrocco et al, 2017].

= Markers of reactive oxygen species generation
Certain enzymes that produce ROS, usually found intracel-
lularly, can also be detected in the bloodstream, regardless
of the mechanism behind their release. Among these enzymes,
xanthine oxidase (XO), myeloperoxidase (MPO) and NADPH
oxidases (NOX) stand out (Figure 2). Elevated circulating levels
of ROS-generating enzymes may potentially lead to an increased
production of ROS. However, this outcome depends on various
factors, including the availability of the substrate and whether
the ROS generated by these enzymes surpass the antioxidant
defense mechanisms [Frijhoff et al, 2015]. In some instances,
the formation of a metabolite or a reaction product is applied
to measure the enzyme activity in vivo.

XO plays a role in the oxidation of xanthine to uric acid, pro-
ducing ROS, specifically H,O, [Nishino et al., 2008], rather than
previously thought superoxide anion (O,*") [Frijhoff et al, 2015].
The recognition of XO involvement in ischemia-reperfusion

X0
Xanthine + H 0 +0, ———————> Uricacid +H,0,

MPO
H,0,+CF ————> H,0 +HCIO

NOX
NADPH +20, ———————> NADP"+20, +H"

Figure 2. The simplified chemical reactions catalyzed by the reactive
oxygen species (ROS)-producing enzymes. XO, xanthine oxidase; MPO,
myeloperoxidase; NOX, NADPH oxidases.

injury has led to clinical trials with XO inhibitors in cardiovascular
disease, prompting investigations into measuring circulating
XO [Yapca et al, 2013]. It is worth noting that XO inhibition not
only impacts ROS production but also has additional effects,
such as reducing hyperuricemia by decreasing uric acid levels,
which could potentially improve cardiovascular diseases. Uric
acid, while acting as an antioxidant, also exhibits proinflam-
matory properties through NALP3 inflammasome activation
[Martinon et al,, 2006]. During OS, XO is converted from xanthine
dehydrogenase (XDH), which then produces ROS. In physiologi-
cal conditions, there is a thermodynamic equilibrium between
XDH and XO [Nishino et al,, 2008]. XDH can transform into XO
through the thiol oxidation, and the formation of a disulfide
bond or proteolysis can then lock the enzyme in the XO form
[Nishino et al., 2008].

Another ROS-inducing enzyme is myeloperoxidase (MPO),
which is a peroxide enzyme containing heme pigment, mainly
expressed in neutrophils, and is the only human enzyme capable
of producing hypochlorous acid (HOCI). The MPO/HOCI system
plays a crucial role in the neutrophil defense system against
the microorganisms [Aratani, 2018]. HOC| is generated from
H,0, and induces the chlorinative stress due to its high oxida-
tive activity, reacting with lipids, proteins and DNA [Chen et al,
2020]. Elevated levels of MPO are implicated in the development
of various cardiovascular diseases [Aratani, 2018; Marrocco et
al, 2017].To use MPO as a marker, the level of specific products
of MPO/HOCI system should be measured, such as 3-chloroty-
rosine [Afshinnia et al., 2017].

NADPH oxidase (NOX) is a group of membrane-bound en-
zymes. Seven distinct NOX isoforms have been identified in hu-
mans (NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2)
[Magnani & Mattevi, 2019]. Alongside the mitochondrial enzymes
of the respiratory chain, NOXs are acknowledged as the primary
contributors to cellular ROS generation. They generate super-
oxide (NOX1-3, NOX5) or hydrogen peroxide (NOX4, DUOX1-2)
through an NADPH-dependent mechanism [Magnani & Mattevi,
2019]. Deficiency in NOX may result in immunosuppression,
absence of otoconogenesis, or hypothyroidism. Conversely,
elevated NOX activity is implicated in numerous pathologies,
notably cardiovascular diseases and neurodegeneration [Bedard
& Krause, 2007]. The measurement of NOX activity has many
limitations; however, some attempts have been made to develop
more reliable assays using, i.a., electron paramagnetic resonance,
as described by Zielonka et al. [2017].

= Markers of antioxidant defense system

B Antioxidant enzymes

Antioxidant enzymes play an important role in protecting cells
from the damaging effects of ROS and OS, thereby maintaining
redox homeostasis. These enzymes neutralize ROS and prevent
oxidative damage to cellular components, including lipids, pro-
teins, and nucleic acids. The main antioxidant enzymes comprise
SOD, CAT, and glutathione-dependent enzymes such as glu-
tathione peroxidase (GPx), glutathione reductase (GR) and glu-
tathione transferase (GST) [Marrocco et al,, 2017].
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High H,0, 2H,0,
LowH,0,  HO,+RH
NADP*

SOD

—_— M2+(H+)+OZ

SOD

—————— M¥+HO,

CAT

——————> HO+0

2 2

CAT

———— 2HO +R

NADPH + H*

D

GR
GSR «———— GSH GSSG
+R
GPx
HO,/LOOH ——— > HO +0,/LOH+H0

Figure 3. The simplified chemical reactions catalyzed by the antioxidant enzymes. SOD, superoxide dismutase; CAT, catalase; GR, glutathione reductase; GPx,
glutathione peroxidase; GST, glutathione transferase; GSH, reduced glutathione; GSSG, oxidized glutathione; GSR, conjugate of GSH with electrophiles; R, electrophile.

SODs constitute a family of enzymes catalyzing the dismu-
tation of O, into oxygen and hydrogen peroxide, subsequently
processed by other enzymes like catalases. Regarded as the most
potent antioxidant enzyme, SOD exhibits a high catalytic rate
and high resistance to physico-chemical stress [Bafana et al.,
2011]. SODs can be categorized into four distinct groups based
on the metal cofactors found in their active sites: copper-zinc-
-SOD (Cu,Zn-SOD), iron SOD (Fe-SOD), manganese SOD
(Mn-SOD), and nickel SOD [Bafana et al, 2011]. These various
forms of SODs can be found in different organisms across biologi-
cal kingdoms and reside in different subcellular compartments.
The metallic cofactor plays a crucial role in SOD activity, as de-
picted in Figure 3. SOD activity can be evaluated by analyzing
the inhibition of the reduction rate of a tetrazolium salt through
the O, generated by a xanthine/XO enzymatic system, pyrogallol
autoxidation, and the commercially available ELISA assays [Karim
etal, 2018; Marrocco et al, 2017].

CAT is an enzyme that converts hydrogen peroxide into
water and oxygen, playing a crucial role in reducing hydrogen
peroxide generated by SOD and other metabolic processes
in peroxisomes, and that exhibits different effects based on
hydrogen peroxide concentrations [Sepasi Tehrani & Moosavi-
Movahedi, 2018]. At high levels, CAT converts two molecules
of hydrogen peroxide in a single reaction due to its catalytic
activity. At lower concentrations, it demonstrates peroxidatic
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activity, oxidizing hydrogen donors, such as alcohols, heavy
metals, and hormones (Figure 3). Its activity can be measured
using spectrophotometric assays [Bartikové et al., 2017; Karim et
al, 2018; Marrocco et al, 2017; Papierska et al., 2022].

Glutathione serves as the primary redox agent in the ma-
jority of aerobic organisms, existing in reduced (GSH) and oxi-
dized (glutathione disulfide, GSSG) states. The ratio between
GSH and GSSG is commonly used to measure the cellular OS
using commercial assays and high-performance liquid chro-
matography [Chatuphonprasert et al, 2019]. GPx oxidizes GSH
to GSSG during reduction of H,O, or organic hydroperoxides to
water and alcohols. Subsequently, GSSG is reduced to GSH via
reaction of GR, utilizing the reducing power of NADPH [Deponte,
2013]. Functioning as an intracellular antioxidant, glutathione
interacts with electrophiles (R) forming GSR compounds through
the enzymatic action of GST. A simplified pathway of glutathione
metabolismis presented in Figure 3. The activity of glutathione-
-dependent enzymes can be measured using the fixed-time
assay measuring H,O, consumption and the continuous moni-
toring of GSSG formation [Marrocco et al., 2017].

= Nonenzymatic antioxidant capacity

Apart from enzymes, there are various nonenzymatic com-
pounds possessing antioxidant capacity, including endog-
enous substances (uric acid, thiols, bilirubin) and exogenous
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compounds derived from the diet, such as polyphenols, ascorbic
acid, tocopherols and others [Marrocco et al., 2017].Various meth-
ods can be deployed to measure antioxidant capacity, expressed
as moles of oxidants neutralized per litre of body fluid. Detailed
information about assays used to measure nonenzymatic anti-
oxidant capacity (NEAC), also known as total antioxidant capacity
(TAC), can be found elsewhere [lalongo, 2017; Pellegrini et al.,
2020]. Therefore, only selected, commonly used methods will be
described below. Two types of methods can be distinguished
based on the possible reactions: (1) hydrogen atom transfer
(HAT), where the quenching capacity of free radicals by hydro-
gen donation is measured, and (2) single electron transfer (SET),
where the reducing capacity toward any molecule by electron
donation is measured. The chemical reaction and examples
of each method are presented in Figure 4.

Oxygen radical absorbance capacity (ORAC) is a method that
measures the oxidative degradation of a fluorescent molecule
(either B-phycoerythrin or fluorescein) in a mixture contain-
ing free radical generators, such as azo-initiator compounds.
The ORAC assay can only measure substances capable of trap-
ping peroxyl-radicals [Fraga et al, 2014]. It has been commonly
used to analyze TAC in biological fluids [Cztapka-Matyasik & Ast,
2014],and to measure the antioxidant potential of food products
[Chitisankul et al., 2022].

Another assay is the total radical-trapping antioxidant param-
eter (TRAP), conducted in aqueous solutions using 2,2'-azobis(2-
-methylpropionamidine) dihydrochloride (AAPH) as a thermo-
labile stoichiometric and water-soluble azoradical generator.
This method has been successfully applied to measure the an-
tioxidant capacity in the plasma collected from patients with
atherosclerosis and hepatitis [Niculescu et al, 2001; Ozenirler
etal,2011].

Cupric ion reducing antioxidant capacity (CUPRAC) was
proposed in 2004 as a method developed to measure the anti-
oxidant capacity of vitamin C and E, and polyphenols [Apak et
al, 2004]. The method involves mixing the analyzed sample with
a copper(ll) chloride solution, a neocuproine alcoholic solution,

and an ammonium acetate aqueous buffer at pH 7, followed
by measuring absorbance at 450 nm after 30 min. This method
has been applied to measure TAC in serum samples [Apak et al,,
2010] and is commonly used for the measurement of TAC in food
products [Karadag et al., 2020].

The photochemiluminescence (PCL) assay involves the syn-
ergistic combination of photochemically generated free radicals
with sensitive detection through chemiluminescence [Pegg et
al., 20071]. It relies on the photo-induced autoxidation inhibi-
tion of luminol by antioxidants, mediated by the radical anion
superoxide. This method is suitable for assessing the radical
scavenging properties of individual antioxidants and more
complex systems in the nanomolar range. Luminol serves as
both a photosensitizer and an oxygen radical detection reagent.
The PCL assay is performed separately for antioxidant capacity
in water (ACW) and in lipids (ACL). ACW represents the TAC
of water-soluble compounds, such as flavonoids and vitamin C,
while ACL measures the activity of lipid-soluble compounds,
including tocopherols and carotenoids. The PCL assay has been
used to measure the TAC in biological fluids after strawberry
consumption in animal study [Zary-Sikorska et al,, 2021] and to
determine the TAC of fortified gluten-free products [Drabiriska
etal, 2018; Krupa-Kozak et al., 2021].

EFFECT OF KETOGENIC DIET ON THE OXIDATIVE
STRESS

Mitochondria play a key role in determining cellular energy
production through oxidative phosphorylation. In this process,
the electron transport chain activity contributes to the synthe-
sis of cellular adenosine triphosphate (ATP). Electrons traverse
these complexes, establishing a transmembrane proton gradient
linked to ATP synthesis through ATP synthase.In many advanced
malignancies, there is an upregulation of glycolysis and glucose
uptake, with a notable diversion of the glycolytic end product
(pyruvate) away from the mitochondrial tricarboxylic acid cycle.
Instead of entering the cycle, pyruvate is preferentially reduced
to form lactate, concurrently generating nicotinamide adenine

R+ AH — RH + A

R+ AH — RH + AH™*

Figure 4. Classification of the methods used for the measurement of total antioxidant capacity (TAC) [lalongo, 2017; Pegg et al,, 2007].
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dinucleotide (NAD+). This metabolic adaptation allows glyco-
lysis to persist even in the presence of normal oxygen levels
(normoxia). Contrary, KD has been found to reduce the produc-
tion of ROS by suppressing glucolysis [Milder & Patel, 2012].
For example, cancer cells, unlike healthy cells, exhibit elevated
glucose metabolism and alterations in mitochondrial oxidative
metabolism, believed to result from persistent metabolic OS
[Alhamzah et al, 2023]. It is theorized that the increased level
of ROS is the primary reason for mitochondrial susceptibility to
mutations. Ketone bodies are exclusively metabolized in the mi-
tochondria; therefore, cells with damaged mitochondria, like
cancer cells, are unable to utilize them to produce energy [Poff
et al, 2013]. Succinyl-CoA: 3-ketoacid CoA-transferase (SCOT)
is not produced by cancer cells, preventing ketone body me-
tabolism and potentially leading to cancer cell death [Sawai
etal,2004]. Consequently, the inhibitory effect of KD on OS has
spurred special interest in auxiliary cancer therapies [Alhamzah
etal, 2023].This section presents a summary of findings obtained
through invitro, in vivo and clinical trials aimed to assess the effect
of KD on OS and mitochondrial functions.

= Invitro studies

In countering OS, B-hydroxybutyrate serves as a natural inhibitor
of class | and class lla histone deacetylases (HDACs) [Shimazu et
al,2013].To confirm that, human embryonic kidney 293 (HEK293)
cells were incubated with varying levels of 3-hydroxybutyrate
for 8 h. The findings from this study revealed that inhibiting
HDACs facilitates the transcription of detoxifying genes, includ-
ing CAT, mitochondrial SOD, and metallothionein, providing
protection against OS. Moreover, HDAC inhibition was associ-
ated with comprehensive alterations in transcription, involving
genes responsible for oxidative stress resistance factors, such as
FOXO3A and MT2.The exposure of cells to -hydroxybutyrate led
to enhanced histone acetylation at the promoters of forkhead
box O3 (Foxo3a) and metallothionein-2 (Mt2), and the activation
of both genes occurred with the selective depletion of HDACT
and HDAC2. In line with heightened FOXO3A and MT2 activity,
mice treated with 3-hydroxybutyrate exhibited significant pro-
tection against OS [Shimazu et al., 2013].

Another cell line, i.e.,, HT-22 cells of the hippocampus, was
exposed to varying doses of 3-hydroxybutyric acid to investi-
gate its neurotropic effects, OS markers, mitochondrial function,
and apoptosis [Majrashi et al, 2021]. At a moderate dose (250 uM),
B-hydroxybutyric acid exhibited a substantial increase in the vi-
ability of hippocampal neurons. Moreover, 3-hydroxybutyric acid
demonstrated antioxidant effects by reducing prooxidant mark-
ers of OS, including ROS and nitrite content, while elevating
glutathione content, resulting in decreased lipid peroxidation.
Additionally, the study revealed that 3-hydroxybutyric acid en-
hanced mitochondrial functions by increasing the activities
of Complex-land Complex-IV. Moreover, it significantly reduced
caspase-1 and caspase-3 activities, indicating a potential protec-
tive effect against apoptosis [Majrashi et al., 2021].

In a study with cortical primary cultures obtained from Wistar
rat embryos treated with a physiological and a non-physiological

100

isomer of 3-hydroxybutyrate, both isomers demonstrated the abil-
ity to reduce ROS production. However, only the physiological
ketone body stimulated ATP production [Julio-Amilpas et al,
2015]. Interestingly, in a dose-dependent evaluation, 10 mmol/L
of B-hydroxybutyrate was found to elicit the highest neuro-
protective effects. Another ketone body, i.e,, acetoacetate, was
addressed in a study of Board et al. [2017]. The authors compared
the utility of acetoacetate and glucose by mesenchymal stem
cells and found that acetoacetate was oxidized 35 times faster
than glucose. Moreover, the production of ROS during oxidation
was 45 times lower in the case of acetoacetate than glucose.

The molecular mechanism behind glucose deficiency-in-
duced cytotoxicity and the protective role of 3-hydroxybutyrate
using SH-SY5Y cells was reported by Lamichhane et al. [2017].
Cell viability significantly decreased under glucose deficien-
cy, accompanied by elevated ROS production and reduced
phosphorylation of extracellular signal-regulated kinase (ERK)
and glycogen synthase 3 (GSK3). Inhibition of ROS reversed
glucose deficiency-induced cytotoxicity and restored the dimin-
ished phosphorylation of ERK and GSK3p. 3-Hydroxybutyrate
reversed cytotoxicity, ROS production, and the decrease in phos-
phorylation of ERK and GSK3 induced by glucose deficiency.
The authors have concluded that glucose deficiency-induced
cytotoxicity involves ERK inhibition through ROS production
and that this process is attenuated by B-hydroxybutyrate [La-
michhane et al., 2017].

The impact of the VLCKD on ROS production and cell viability
was assessed in vitro by exposing Hep-G2 cells to sera obtained
from patients with obesity following VLCKD for 8 weeks [Valen-
zano et al, 2019]. Significant effects on body weight, adiposity,
and blood chemistry parameters were observed in the partici-
pants due to the dietary intervention, with a noticeable reduction
in visceral adipose tissue. The viability of Hep-G2 cells remained
unaffected after 24,48, and 72 h of incubation with patients'sera,
both before and after the VLCKD. Additionally, ROS production
was not significantly affected by the dietary treatment, which
demonstrated that the short-term mild dietary ketosis did not
exhibit cytotoxic effects and had no effect on OS [Valenzano
etal,2019].

= Invivo studies

A KD has been found to elevate hippocampal glutathione
biosynthesis in rats, enhancing mitochondrial antioxidant
capacity [Jarrett et al, 2008]. This effect has been linked to
the activation of NF E2-related factor 2 (Nrf2), a transcription
factor that responds to OS by upregulating genes associated
with antioxidant pathways, including those related to GSH
synthesis and conjugation. Following a 3-week diet, rats on
the KD exhibited Nrf2 nuclear accumulation and enhanced
activity of its target NAD(P)H: quinone oxidoreductase (NQO1),
in the hippocampus [Milder et al., 2010].

In a mouse study, mitochondrial uncoupling protein (UCP)
activity was measured to check whether KD can affect the ROS
production through affecting UCP [Sullivan et al., 2004]. The maxi-
mum rates of mitochondrial respiration were markedly higher
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in animals administered a KD compared to those on a standard
diet, suggesting an augmentation of UCP-mediated proton
conductance capable of reducing ROS production. Western
blots revealed significant or nearly significant increases in protein
levels of UCP2, UCP4, and UCP5, with elevated immunoreactivity
to these three UCP isoforms, particularly observed in the dentate
gyrus of KD-fed mice. Furthermore, they observed a significant
reduction in oligomycin-induced ROS production in KD-fed
mice, which was not observed in the control group. The authors
concluded that the mechanism of reduction of ROS production
is associated with the activation of mitochondrial UCPs [Sullivan
etal, 2004].

The combination of KD with radiation was found to reduce
tumour growth in mice with lung cancer [Allen et al, 2013]. No-
tably, tumors of animals fed with KD exhibited elevated oxidative
damage, predominantly through lipid peroxidation, confirmed
by the presence of 4HNE-modified proteins. Additionally, there
was a reduction in proliferation, as indicated by decreased im-
munoreactive proliferating cell nuclear antigen. It suggests that
KD may enhance the efficacy of radiotherapy in cancer treatment
[Allen et al, 2013].

Significant increases in hippocampal NAD*/NADH ratio
and blood ketone bodies were detected in rats fed with KD
after 2 days and remained elevated at three weeks, indicat-
ing an early and persistent metabolic shift [Elamin et al, 20171].
According to the authors, an increased NAD during ketolytic
metabolism may be a primary mechanism of potential health-
-beneficial effects of KD.

The study by Julio-Amilpas et al. [2015] investigated the effect
of B-hydroxybutyrate on the neuronal death induced by severe
non-coma hypoglycemia in rats. A reduction in ROS production
was noted in distinct cortical areas and subregions of the hip-
pocampus, which resulted in the prevention of neuronal death
in the cortex. The authors have concluded that the protec-
tive effects of ketone bodies stem not only from its metabolic
actions but also from its ability to diminish ROS, positioning
B-hydroxybutyrate as a promising candidate for addressing is-
chemic and traumatic injuries.

Another study analyzed the effect of KD on the OS in rat
with traumatic brain injury [Greco et al., 2016]. Following injury,
OS significantly increased at 6 and 24 h, and this effect was
mitigated by the KD. The KD also induced the expression of an-
tioxidant proteins, including NQO1 and SOD. The authors have
concluded that KD enhance cerebral metabolism post-traumatic
brain injury by providing alternative substrates and exerting anti-
oxidant effects, thereby preventing OS-mediated mitochondrial
dysfunction [Greco et al, 2016]. A study with a spinal cord injury
showed similar effects [Wang et al,, 2017]. Two-week intervention
with KD or other-day fasting resulted in the 31-43% inhibition
of the spinal cord HDAC activity and the enhanced expressions
of acetylated histone AcH3K9 and AcH3K14 and genes associated
with anti-oxidative stress, such as Foxo3a and Mt2. Consequently,
the content of SOD, Foxo3a and CAT proteins increased. Notably,
a reduction in the MDA concentration was noted, which was
suggested to contribute to the neuroprotection of the spinal
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cord against oxidative damage [Wang et al, 2017]. The posi-
tive effect of KD on the elevated OS caused by injury was also
observed in a rat model of carotid artery balloon-injury [Xu et
al, 2023]. The KD suppressed OS caused by the injury. This was
evident in the decreased levels of ROS, MDA, and MPO activity,
with simultaneous increase in the SOD activity [Xu et al,, 2023].

Avery comprehensive study, analyzing the short- and long-
-term effects of KD on the multi-organ OS and mitochondria
functions in rats, was reported by Kephart et al. [2017]. Both KD
and the standard diet supplemented with exogenous ketone
bodies were followed for one week and eight months. The rats
on a short-term KD diet had significantly higher levels of ketones
in their blood, indicating that the diet itself (not ketone bod-
ies supplementation) caused an increase in ketones. In short-
-term, the rats fed with KD and exogenous ketone bodies had
higher liver antioxidant capacity. In the long term, the KD-fed
rats showed higher liver antioxidant capacity and higher expres-
sion of GPx compared to standard diet, as well as the lowest
level of liver protein carbonyls. Contrary, KD negatively affected
skeletal muscle mitochondrial physiology with higher produc-
tion of ROS in the mitochondria of the gastrocnemius muscle
[Kephart et al, 20171.

Arecent study evaluated the effect of KD on OS in young rats
with diet-induced obesity [Drabiriska et al, 2022]. In this study,
rats were fed with a calorie-restrictive KD or a standard diet for
four weeks. At the end of experiment, there was no difference
in AGEs and MDA, while an increase in SOD activity was recorded
in the KD-fed rats. The observed changes were inconclusive
and do not allow to definitely claim about KD effect on OS
[Drabinska et al., 2022]. No effect on the OS was reported in an-
other study with rats following KD or a standard diet throughout
the lifespan [Parry et al, 2018]. The length of life was longer
in the rats fed with KD compared to the control animals (762
vs. 624 days), and the activity of citrate synthase, representing
estimated volume of mitochondria, was higher in the KD-fed rats.
However, no differences were detected in various OS markers,
including SOD, CAT, GPx, 4-HNE and carbonyls [Parry etal., 2018].

The composition of low-carbohydrate diets was evaluated
in a study by Kaburagi et al. [2019]. Diets consisting of lard vs. MCT
oil were compared in non-obese mice fed ad libitum for 13 weeks.
Increased renal weight, glomerular hypertrophy, and enlarge-
ment of intraglomerular small vessels with wall thickening were
observed in both groups. In the kidney, the level of N&-(car-
boxymethyl)lysine was significantly lower in the mice fed a lard-
-based diet. Contrary, the concentration of N*-(carboxyethyl)
lysine was the lowest in the MCT-fed mice [Kaburagi et al,, 2019].
This study underlined the importance of diet composition, not
only the ratio between fat and other nutrients.

A testicular OS was a focus of interest in a recent study
conducted by Ustiindag et al. [2023]. These authors evaluated
the effects of KD and intermittent fasting, separately and togeth-
er, on testicular health. In the KD-fed rats, an increase in body
and testis weight was observed, along with elevated testosterone
and reduced oestradiol levels. KD alone as well as combined with
intermittent fasting exhibited positive effects on OS by lowering
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MDA and MPO levels, while increasing glutathione, CAT, and nitric
oxide in testicular tissue, suggesting that KD may have a positive
effect on the male reproductive system [Ustiindag et al, 2023].

= Clinical trials

The number of clinical trials evaluating the effect of KD on OS is
much lower than of in vitro and in vivo investigations. In a study
with healthy women, KD was applied for 14 days to evaluate
their blood redox status [Nazarewicz et al, 2007]. At the end
of the study, although participants had the body mass index
(BMI) within a normal range, weight loss was observed; however,
without the differences in the fat mass. Moreover, an increase
in TAC, uric acid, and sulfhydryl content was observed, while
the activity of SOD and CAT as well as MDA content remained
unmodified. The authors have concluded that even a short-term
intervention with KD increased the TAC without increasing OS.
It is particularly interesting, since the adaptation of ketosis has
not been achieved in this study and it is surprising that so vivid
changes were observed in healthy subjects.

Another study was performed in a group of 18 Taekwondo
players following KD for three weeks [Rhyu et al, 2014]. There
was no notable difference observed in body composition,
ROS, and SOD levels between the individuals following KD
and the control group. However, the KD group exhibited an
increased high-density lipoprotein (HDL) cholesterol level, while
the control group demonstrated elevated lactate dehydrogenase
and MDA levels after three weeks. The authors have implied that
weight loss due to three weeks of calorie restriction and exercise
may induce OS and that the KD could be beneficial in prevent-
ing it [Rhyu et al, 2014]. However, it has to be kept in mind that
the adaptation to ketosis takes at least 4 weeks; hence, it was
also not achieved in this study.

KD is applied mainly as a therapy for the drug-resistant epi-
lepsy. A recent study evaluated the effect of three-month KD
on the OS and the seizure incidence in 40 pediatric patients
with epilepsy [Poorshiri et al,, 2023]. Out of 40, 34 children com-
pleted the study, and among them, 21 had a 50% reduction
in seizure frequency after KD. The serum levels of OS parameters,
including MDA and 8-oxo-dG, were significantly reduced after
KD implementation. The KD appears to decrease brain OS by
elevating ketosis, which was negatively correlated with OS mark-
ers. The authors have suggested that the reduction of OS can
be responsible for the potential anti-seizure mechanism of KD
[Poorshiri et al., 2023].

The analysis of the clinical trial database (clinicaltrial.gov)
indicated that there are two ongoing studies evaluating the ef-
fect of KD on OS and mitochondrial functions in subjects with
obesity. In the first study, the study protocol of which can be
found in my previous work [Drabinska et al., 2023], the OS mark-
ers, including MDA, uric acid, SOD, F,-IsoPs and 8-oxo-dG, will
be analyzed in samples collected from 80 women following
KD for 8 weeks. The second study will measure mitochondrial
functions and OS in 63 participants with obesity divided into
four groups: (1) KD group; (2) calorie-restricted standard diet
group; (3) intermittent fasting 16/8; and (4) usual diet [U.S.
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National Institutes of Health, 2023]. The intervention will be
followed for one month. Taking into account that the interven-
tion part had been completed in both studies, we can expect
the results in near future.

SUMMARY AND FUTURE PERSPECTIVES

The presented review discussed the significance of redox home-
ostasis and its intricate metabolic pathways. Despite the growth
inknowledge over the last decades, OS remains not fully under-
stood. Numerous studies, conducted in vitro and on animal mod-
els, have shown the potential of the KD in alleviating the adverse
effects of OS, particularly in situations where OS is elevated, such
as injuries. However, the clinical effects of KD and its impact on
redox homeostasis are not yet fully elucidated. More long-term
studies, conducted with larger groups and sufficient sample
sizes, are needed. The adaptation to ketosis, which can last from
4 to 6 weeks, should be considered when planning such studies.
Appropriate adaptation to ketosis may yield different results than
those observed in short-term dietary interventions. Moreover,
considering the multidimensionality of redox balance, studies fo-
cused on OS should analyze multiple markers simultaneously to
observe all the by-products resulting from ROS-mediated modi-
fications. This includes also measuring the activity of enzymes
involved in ROS generation and antioxidant defense, as well as
assessing the antioxidant potential of the organism itself. As
the metabolic effects of KD are not fully understood, it is worth-
while to analyze different enzymes and by-products generated
to determine which group of compounds is most susceptible
to KD interventions. Finally, both the short-term and long-term
effects of KD should be evaluated, especially in cases where KD
is applied for weight reduction, as it is often followed for only
a short period but it may result in the consequences in future.
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