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Phenolic Compounds in Agro-Industrial Waste of Mango Fruit: 
Impact on Health and Prebiotic Effect – a Review

Mayra Nicolás-García1 , Anahí Jobeth Borrás-Enríquez2 , Jorge Luis González-Escobar1* ,  
Oscar de Jesús Calva-Cruz3 , Viridiana Pérez-Pérez1 , Mayra Sánchez-Becerril1 
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�The fruit processing industry generates huge amounts of waste annually, causing severe environmental problems. Mango 
processing produces around 20 million tons of wastes from the non-consumed fraction, mainly peels and seeds, which 
constitute 30–60% of the fruit weight. However, various phytochemicals found in these residues have been implicated in 
preventing cancer and also cardio-metabolic and gastrointestinal diseases. Particularly, phenolic compounds hold a promising 
potential to be utilized as modulatory agents of the human gut microbiota (prebiotics-like actions). This review article mainly 
discusses the effect of phenolics from mango wastes on gut microbiota modulation and its beneficial repercussions for 
human health. Moreover, it also discusses the importance of phenolic compounds of mango peel and seed kernel residues, 
their extraction, identification, and quantification.

Key words:� mango processing, mango wastes, phytochemicals, biological properties, gut health
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ABBREVIATIONS
ABTS, 2,2'-azinobis (3-ethylbenzothiazoline 6-sulfonate); Ace, 
Acetone; AMPK, AMP-activated protein kinase; BHA, Butylhy-
droxy-anisole; BHT, Butylhydroxytoluene; CAA, Cellular antioxi-
dant activity; COX-2, Cyclooxygenase-2; DW, Dry weight; DCM, 
Dichloromethane; DPPH•, 2,2-Diphenyl-1-picrylhydrazyl radical; 
DSS, Dextran sulfate sodium; EC50, Half maximal effective concen-
tration; EtOH, Ethanol; FRAP, Ferric reducing antioxidant power; 
FW, Fresh weight; GC–QTOF-MS, Gas chromatography with 
quadrupole-time-of-flight mass spectrometry; GLUT4, Glucose 
transporter 4; GM-CSF, Granulocyte-macrophage colony-stimu-
lating factor; GRO, Growth-regulated oncogene; HbA1c, Glyco-
sylated hemoglobin levels; HepG2, Hepatocellular carcinoma; 

HPLC, High-performance liquid chromatography; HPLC-DAD- 
-ESI-QTOF-MS, HPLC-DAD coupled to electrospray ionization 
quadrupole-time-of-flight mass spectrometry; HPLC-DAD-MS, 
HPLC-DAD with mass spectrometry; HPTLC, High-performance 
thin layer chromatography; HSP, Hansen’s solubility parameters; 
IC50, Half-maximal inhibitory concentration; iNOS, inudcible ni-
tric oxide synthase; IL-6, Interleukin-6; IL-8, Interleukin-8; ISAPP, 
International Scientific Association of Probiotics and Prebiotics; 
LC-QTOF-MS/MS, Liquid chromatography coupled to quadru-
pole-time-of-flight tandem mass spectrometry; MCP-1, Mono-
cyte chemoattractant protein-1; MCS, Mangiferin calcium salt; 
MeOH, Methanol; NAFLD, Non-alcoholic fatty liver disease; NF-κB, 
Nuclear factor κB; ORAC, Oxygen radical absorbance capacity; 
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PAI-1, Plasminogen Activator Inhibitor-1; PLE, Pressurized liq-
uid extraction; RP-HPLC-ESI-MS, Reversed-phase HPLC coupled 
to electrospray ionization mass spectrometry; SCCAI, Simple 
clinical colitis activity index; SCFAs, Short-chain fatty acids; TNF-α, 
Tumor necrosis factor-α; UHPLC, Ultra high performance liquid 
chromatography; UPLC-DAD-ESI-MS, UHPLC with diode array 
detector coupled to electrospray ionisation mass spectrometry; 
UPLC-ESI-QTOF-MS, UPLC coupled to electrospray ionization 
quadrupole-time-of-flight mass spectrometry. 

INTRODUCTION
The mango (Mangifera indica L.), belonging to the Anacardiaceae 
family, comprises 70 genera and around 1000 varieties that 
differ in the fruit size, shape, color, and composition. This is one 
of the most important tropical fruit crops in the world [Alañón 
et al., 2021a; Ediriweera et al., 2017; Nguyen et al., 2022]. According 
to the Food and Agriculture Organization (FAO) of the United Na-
tions, the leading tropical fruits in 2019 include pineapple (41%), 
avocado (29%), and mango (26%), with a trade of 7.8 million tons 
worldwide. Still, the tropical product with the most significant 
expansion is mango and its export production for 2019 was 
2,042,125 tons worldwide [FAO, 2020]. Mango consumption 
trend is related to its sensory, nutritional, and functional qualities 
[Ballesteros-Vivas et al., 2019a; Borrás-Enríquez et al., 2021; Lim 
et al., 2019]. Many varieties or cultivars from Thailand, Mexico, 
Egypt, the tropical coasts of Spain, North India, Ecuador, China, 
and Colombia provide good-quality fruits of industrial impor-
tance, among which there are Mango Hindi [Abdel-Aty et al., 
2018], Keitt [Abbasi et al., 2017; Alañón et al., 2021a, b; Kim et al., 
2018], Kent [Alañón et al., 2021a, b; Marcillo-Parra et al., 2021], 
Osteen [Alañón et al., 2021a, b; López-Cobo et al., 2017], Halden 

[Castañeda-Valbuena et al., 2021; Marcillo-Parra et al., 2021], Hi-
lacha [Hoyos-Arbeláez et al., 2018], Bombay Green, Dashe Hari, 
Langra and Chausa [Jyotshna et al., 2015], Sensation [Hu et al., 
2018; López-Cobo et al., 2017], Xiangya [Hu et al., 2018], Tommy 
Atkins [Castro-Vargas et al., 2019; Marcillo-Parra et al., 2021], Luzon, 
Narcissus, Royal Mango, Big Tainong, Australian Mango, Thai Man-
go, Samall Tainong and Egg Mango [Abbasi et al., 2017], Manila 
[Gómez-Maldonado et al., 2020; Soria-Lara et al., 2020], Manililla 
[Borrás-Enríquez et al., 2021], and Ataulfo [Anaya-Loyola et al., 
2020; De Ancos et al., 2018; Hernández-Maldonado et al., 2019].

The industrial processing of mangoes entails mainly ex-
tracting juices and producing nectars, concentrates, sauces, 
or jams with a high nutritional value [Anaya-Loyola et al., 2020; 
Castañeda-Valbuena et  al., 2021; Sáyago-Ayerdi et  al., 2019]. 
However, 30–60% of residues are generated during processing, 
including peel (12–20%) and seed (10–25%). Overall, the seed 
accounts for 20 to 60% of the whole fruit, as shown in Figure 1 
[Lim et al., 2019; Mwaurah et al., 2020; Sánchez-Camargo et al., 
2021; Torres-León et  al., 2017]. Unfortunately, around 20 mil-
lion tons of these residues are discarded per year, promoting 
water and air pollution, vegetation damage, and greenhouse 
gas emissions [Castañeda-Valbuena et  al., 2021; Mutua et  al., 
2017; Sáyago-Ayerdi et  al., 2019]. Nonetheless, agro-industrial 
by-products, such as mango peels and seeds, are a source of nu-
trients and bioactive compounds. For instance, the mango seed 
contains carbohydrates (58–80 g/100 g), proteins (6–13 g/100 g) 
with high levels of essential amino acids, and lipids (6–16 g/100 g) 
with oleic and stearic acids [Borrás-Enríquez et al., 2021; Lebaka 
et al., 2021; Torres-León et al., 2016]. On the other hand, mango 
phenolic compounds are one of the most important biologically 
active components [Ballesteros-Vivas et al., 2019a; Torres-León 

Figure 1. (A) Structural components of the mango fruit (M. indica L.); (B) main phenolic compounds in mango agro-industrial residues [De Ancos et al., 2018; 
Ediriweera et al., 2017]. 
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et al., 2021]. Phenolic compounds have recently gained more 
interest due to their beneficial health properties as antioxidants 
and antimicrobials agents. Several studies have reported that 
some compounds in mango (found in peel and seed kernel) 
can prevent diseases related to oxidative stress, such as cancer, 
arthritis, atherosclerosis, type 2 diabetes, cardiovascular diseases 
as well as Alzheimer’s and Parkinson’s diseases [Kim et al., 2018; 
Lin et  al., 2020; Lopez-Martinez et  al., 2022; Torres-León et  al., 
2021]. The high flavonoid content is widely linked to antioxidant 
and antiproliferative activity [Abbasi et al., 2017; Soria-Lara et al., 
2020]. Additionally, the high phenolic compound content has 
been reported to beneficially modify the gut microbiota profile 
[Bento-Silva et al., 2020; Kim et al., 2018]. In this context, the man-
go wastes contain diverse and valuable compounds that offer 
uncountable benefits to human health. Therefore, the main goal 
of this review article was to understand the bioactive potential 
of phenolic compounds from mango by-products, mainly in 
the context of prebiotics-like actions. It also discusses extraction 
methods used for phenolic identification and quantification. 

PHENOLIC COMPOUNDS IN MANGO BY-PRODUCTS
r	 Composition, distribution, extraction, and identifica-

tion
Phenolic compounds from mango residues can be classified 
into phenolic acids, flavonoids, gallates and gallotannins, ella-
gitannins, and others (benzophenones, xanthones, and lignans) 
[Ballesteros-Vivas et al., 2019a; De Ancos et al., 2018; Torres-León 
et al., 2021] as listed in Table 1. These compounds can be found 
in both free and bound forms [Alañón et  al., 2021a; Gómez- 
-Caravaca et  al., 2016; Pacheco-Ordaz et  al., 2018a]. Generally, 
the bound compounds are low molecular weight phenolics 
that may be interacting with macromolecules or cell wall com-
ponents such as dietary fiber; these can be phenolic acids such 
as gallic, p-hydroxybenzoic, vanillic, protocatechuic, p-coumaric, 
ferulic, ellagic, as well as trans and cis-p-coumaric acids [Abbasi 
et  al., 2017; Anaya-Loyola et  al., 2020; Hernández-Maldonado 
et al., 2019]. Gómez-Caravaca et al. [2016] reported ellagic acid 
as the main bound phenolic in the pulp and peel fruit, as well as 
the husk and the seed kernel. The authors have remarked that 
this compound is responsible for 88.7% of the bound phenolics 
in the peel of mango fruit. Nonetheless, the variation of phe-
nolic composition and biological activities in mango depends 
on the plant variety or cultivar, its geographic origin, growing 
conditions, age, fruit harvest time, degree of maturity, process-
ing, and storage conditions [Abdel-Aty et al., 2018; Alañón et al., 
2021a; Marcillo-Parra et  al., 2021; Sáyago-Ayerdi et  al., 2019]. 
For example, fisetin and mangiferin have been found in higher 
contents in the mango peel of the cultivar Xiao Tainong com-
pared to other varieties [Abbasi et  al., 2017]. It has also been 
reported that the Keitt mango peel had a significantly higher 
total phenolic content than the Kent and Osteen varieties; mainly 
due to the presence of galloyl glucose, 5-galloylquinic acid, 
digalloylquinic acid, hexagalloyl glucose, and galloyl glucoside 
[Alañón et  al., 2021a]. Moreover, it was reported that green 
mango peels had about 45% higher content of phenolics than 

ripe mango. This trend has been associated with the mango 
ripening process because physiological, biochemical, and mo-
lecular changes develop, inducing the degradation, synthesis, 
or accumulation of phenolic compounds [Alañón et al., 2021b; 
Hu et al., 2018]. 

Nowadays, phenolics from natural sources are attracting 
increased attention for their bioactivities. For that reason, many 
studies have focused on improving extraction techniques 
and characterization of phenolic profiles. Due to the vast diver-
sity of phenolic compounds, no common global strategy has 
been developed to carry out their extraction and identification. 
They differ in physical and chemical properties, and above all in 
solubility, which is why the efficiency of their extraction process 
depends mainly on the solvents and techniques used. Moreover, 
the source from which they are obtained determines the extrac-
tion process since phenolic compounds can interact with other 
components of the matrix and, as mentioned above, can be 
present in the tissues in free or bound form [Abbasi et al., 2017; 
Alañón et al., 2021a; Pacheco-Ordaz et al., 2018a]. Hence, the need 
arises to develop the optimum and appropriate methods for 
their proper extraction and purification. Essential factors for op-
timal extraction, such as pH, time, and temperature, have been 
considered [Ballesteros-Vivas et al., 2019a; Castañeda-Valbuena 
et  al., 2021; Martínez-Ramos et  al., 2020]. However, the most 
important aspect is the solvent type used (Table 1). The solvents 
used so far in the case of mango by-products included ethanol 
(50, 80, 96, and 100%, v/v) [Azhar et al., 2019; Buelvas-Puello et al., 
2021; Gómez-Maldonado et al., 2020], methanol (50 and 100%, 
v/v) [Castro-Vargas et al., 2019; Hoyos-Arbeláez et al., 2018], ethyl 
acetate [Ballesteros-Vivas et al., 2019a; Torres-León et al., 2021], 
and hexane [Martínez-Ramos et al., 2020; Torres-León et al., 2021]. 

Numerous phenolic compounds have been identified 
and characterized through different approaches. For instance, 
Ballesteros-Vivas et  al. [2019a] identified xanthones, phenolic 
acids, flavonoids, and gallotannins in mango seed kernels. Dif-
ferent contents of mangiferin were determined, depending on 
the solvent type and extraction method used, i.e.: 13.27 mg/g 
when absolute ethanol and pressurized liquid were applied; 
13.60 and 12.34 mg/g when kernels were macerated in 50% 
(v/v) and absolute ethanol, respectively. In turn, Martínez-Ramos 
et al. [2020] reported that the ethanol-to-acetone ratio of the ex-
traction mixture affected the extraction efficiency of phenolic 
compounds from mango peel residues during conventional 
and ultrasound-assisted processes. Furthermore, they showed 
that the composition of solvent mixtures and ultrasonic power 
influenced the solvent-solute interaction. On the other hand, 
Castañeda-Valbuena et al. [2021] established that variations in 
the solvent-solid ratio and solvent concentration used to obtain 
mango peel and seed extracts influenced their antioxidant ca-
pacity evaluated by different methods (DPPH, ABTS, and FRAP as-
says). The conventional and new alternative techniques deployed 
so far for the extraction of phenolic compounds from residues 
mango include: maceration [Ballesteros-Vivas et al., 2019a; Borrás- 
-Enríquez et al., 2021; Safdar et al., 2017], agitation [El-Kady et al., 
2017; Martínez-Ramos et al., 2020], Soxhlet and solvent extraction 
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Table 1. Phenolic compounds identified in mango by-products.

Class/
Subclass Compound

Content
Extraction 

solvent
Analytical 

method References
Peel Seed kernel

Unit 
(based on 

DW)

Phenolic 
acids/Hy-
droxyben-
zoic acids 
and deriva-
tives

Gallic acid
2.30-25.62 2.52-26.08

mg/100 g

80% 
MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016] 

28.60-43.10 nd 70% Ace
HPLC-UV/

Vis
Marcillo-Parra et al. [2021]

p-Hydroxybenzoic acid nd 0.54 mg/g 80% EtOH HPLC
Gómez-Maldonado et al. 
[2020]

p-Hydroxybenzoic acid 
glucoside

0.64-17.24 6.06-11.01 mg/100 g

80% 
MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017] 

p-Hydroxybenzoic acid 
glucoside isomer I

6.34-16.66 nd

µg/100 g López-Cobo et al. [2017]
p-Hydroxybenzoic acid isomer I 968.36-2186.12 835.62-2186.12

p-Hydroxybenzoic acid isomer II 173.97-982.15 729.36-982.15

p-Hydroxybenzoic acid isomer III nd 259.42-846.12

Dihydroxybenzoic acid glucoside 0.30-3 1.13-4.53 mg/100 g Alañón et al. [2021a, b]

Protocatechuic acid 158.44-434.24 295.82-479.05 µg/100 g López-Cobo et al. [2017]

Syringic acid 7.47-24.09 25.44-54.47 mg/100 g
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017]

Vanillic acid
nd 21.6 mg/100 g 80% EtOH HPLC El-Kady et al. [2017]

30.47-48.21 nd µg/100 g

80% 
MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

López-Cobo et al. [2017]

Vanillic acid glucoside 11.6-62.69 6.75-16.86
mg/100 g

Alañón et al. [2021a, b]; 
López-Cobo et al. [2017] 

Ethyl 2,4-dihydroxy-3-(3,4,5- 
-trihydroxybenzoyl)oxybenzoate

7.17 6.29
Gómez-Caravaca et al. 
[2016]

Ellagic acid

nd 2613

mg/100 g

80% EtOH HPLC El-Kady et al. [2017]

0.40-1.30 6.66-614.89
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016] 

Phenolic ac-
ids/Hydrox-
ycinnamic 
acids and 
derivatives

Caffeic acid nd 2.04 mg/g 80% EtOH

HPLC

Gómez-Maldonado et al. 
[2020]

Chlorogenic acid 42.07 nd µg/g
50% 

MeOH
Safdar et al. [2017]

Chlorogenic acid nd 8.50
mg/100 g

80% 
MeOH

Abdel-Aty et al. [2018]
p-Coumaric acid nd 12.50

trans-p-Coumaric acid 107.88-1081.61 107.88-155.55
µg/100 g

80% 
MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
López-Cobo et al. [2017] 

cis-p-Coumaric acid 752.87-861.14 nd

p-Coumaric acid glucoside 0.30-11.58 1.51 mg/100 g

Ferulic acid 80.58-382.81 341.11-382.81 µg/100 g López-Cobo et al. [2017]

Ferulic acid hexoside 1.20-2.10 nd
mg/100 g

Alañón et al. [2021a, b]

Sinapic acid nd 17.63 80% EtOH HPLC El-Kady et al. [2017]

Sinapic acid hexoside 0.80-1.10 nd

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017] 

Sinapic acid hexoside-pentoside 10.40-50.99 nd

Dihydro sinapic acid hexoside-  
-pentoside

4.80-62.59 nd
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Class/
Subclass Compound

Content
Extraction 

solvent
Analytical 

method References
Peel Seed kernel

Unit 
(based on 

DW)

Flavonoids/
Flavanones

Eriodictyol nd 2.98-5.35
mg/100 g

80% 
MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS
López-Cobo et al. [2017]

Hesperidin nd 3000 HPLC Abdel-Aty et al. [2018]

Flavonoids/
Flavanols

Catechin

0.03-0.25 nd mg/100 g 80% Ace
HPLC

Abbasi et al. [2017]

88.50 nd µg/g 50% EtOH Safdar et al. [2017]

6.37-27.87 3.57-25.37 mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]

Epicatechin 9.01-9.24 nd mg/100 g 70% Ace
HPLC-UV/ 

Vis
Marcillo-Parra et al. [2021]

Flavonoids/
Flavonols

Fisetin 1.86-17.49 nd
mg/100 g

80% Ace

HPLC

Abbasi et al. [2017]

Kaempferol nd 4 80% EtOH El-Kady et al. [2017]

Kaempferol 31.73 nd
µg/g 50% EtOH Safdar et al. [2017]

Myricetin 7.05 nd

Myricetin nd 4.92 mg/g 80% EtOH
Gómez-Maldonado et al. 
[2020]

Quercetin

35.20 nd µg/g
50% 

MeOH
Safdar et al. [2017]

nd 3.87 mg/g 80% EtOH
Gómez-Maldonado et al. 
[2020]

2.05-3.32 nd mg/100 g 70% Ace
HPLC-UV/

Vis
Marcillo-Parra et al. [2021]

Quercetin arabinofuranoside 4.19-19.41 nd mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017] 

Quercetin hexoside 1.43 nd
g/kg 50% EtOH HPLC-DAD De Ancos et al. [2018]

Quercetin pentoside 1.72 nd

Quercetin glucoside 19.50-188.69 1.02-2.26

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
López-Cobo et al. [2017] 

Quercetin galactoside 10.90-120.17 0.18

Quercetin pentoside 1.72 nd

Quercetin xyloside 2.70-39.18 nd

Rhamnetin hexoside 5.22-28.03 nd López-Cobo et al. [2017]

Rutin

98.43 nd µg/g
50% 

MeOH
HPLC

Safdar et al. [2017]

nd 2.95 mg/g 80% EtOH
Gómez-Maldonado et al. 
[2020]

26.60-46.50 nd mg/100 g 70% Ace
HPLC-UV/

Vis
Marcillo-Parra et al. [2021]

Apigenin nd 0.53 mg/g 80% EtOH HPLC
Gómez-Maldonado et al. 
[2020]

Flavonoids/
Anthocya-
nins

Cyanidin 3-O-β-d- 
-galactopyranoside

0.138-1.108 nd

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS
López-Cobo et al. [2017]

7-O-Methylcyanidin 3-O-β-d- 
-galactopyranoside

0.58-3.63 nd

Petunidin rutinoside-(p- 
-coumaric acid) gallate

0.38-0.59 0.37-0.46

Table 1. Continued.
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Class/
Subclass Compound

Content
Extraction 

solvent
Analytical 

method References
Peel Seed kernel

Unit 
(based on 

DW)

Gallotan-
nins and 
gallic acid 
derivatives

Tannic acid nd 987

mg/100 g
80% 

MeOH

HPLC Abdel-Aty et al. [2018]

Coumaroyl galloyl glucoside 2.34-19.50 nd

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017]

Coumaroyl galloyl glucoside 
isomer I

4.35- 4.43 nd López-Cobo et al. [2017]

Coumaroyl galloyl glucoside 
pentoside

0.80-2.24 nd
Alañón et al. [2021a]; 
López-Cobo et al. [2017]

Coumaroyl galloyl glucoside 
pentoside isomer I

1.85-1.99 nd López-Cobo et al. [2017]

Galloyl glucoside 0.44-109.60 154-271
Alañón et al. [2021a, b]; 
López-Cobo et al. [2017]

Galloyl glucoside isomer I 59.88-372.97 63.10-101.36

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

López-Cobo et al. [2017]

Galloyl glucoside isomer II 7.56-14.13 nd

Galloyl glucoside isomer III 3.09-5.03 nd

Galloyl glucoside isomer IV 2.53-4.09 nd

Galloylglucose isomer V 1.80-3.78 nd

Galloyl glucose isomer VI 18.91-29.64 nd

Galloyl diglucoside 3.80-51.81 2.54-11.28 Alañón et al. [2021a, b]

Galloyl diglucoside isomer II 1.90-3.90 nd
López-Cobo et al. [2017]

Galloyl diglucoside isomer III 8-16 1.43-5.19

Galloyl diglucoside isomer IV 28.67-63.26 6.33-13.44

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017]

3-Galloylquinic acid 1-3 1.95-2.78 Alañón et al. [2021a, b]

5-Galloylquinic acid 0.20-200.20 3.57-84.46
Alañón et al. [2021a, b]; 
López-Cobo et al. [2017] 

7-O-Galloyltricetiflavan 0.10-2.80 4.90-13.99
Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]

Digallic acid 0.70-10.83 1.04-3.64
Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]

m-Digallic acid methyl ester 2.68 nd g/kg 50% EtOH HPLC-DAD De Ancos et al. [2018]

Digalloyl glucose 20.10-47.28 0.70-4.23

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016] 

Digalloyl glucose isomer I 0.63-3.21 nd López-Cobo et al. [2017]

Digalloylquinic acid 0.50-74.20 1.11 Alañón et al. [2021a, b]

3,5-Digalloylquinic acid 2.69 nd

López-Cobo et al. [2017]

5-(Digalloyl)quinic acid 0.34-10.12 nd

Ethyl 2,4-dihydroxy-3-(3,4,5- 
-trihydroxybenzoyl) oxy)- 
-benzoate

7.17 5.85-11.30

Trigalloyl glucose 6.1-17.70 0.44-3.15
Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016] 

Table 1. Continued.
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Class/
Subclass Compound

Content
Extraction 

solvent
Analytical 

method References
Peel Seed kernel

Unit 
(based on 

DW)

Gallotan-
nins and 
gallic acid 
derivatives

Trigalloyl glucose isomer I 1.22-1.53 nd

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

López-Cobo et al. [2017]

Tetragalloyl glucose 3.4-11.6 23.21-68.98 Alañón et al. [2021a, b]

Tetragalloyl glucose isomer I 1.87-4.71 1.04-3.52

López-Cobo et al. [2017]
Tetragalloyl glucose isomer II 4.54-6.37 2.14-6.78

Tetragalloyl glucose isomer III 1.12-2.37 0.46-0.67

Pentagalloyl glucose 24.02-36.63 92.60-207.41

Hexagalloylglucose 21.03-73.10 61.67-172.99
Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]

Hexagalloylglucose isomer I 17.44-73.81 10.00-46.56

López-Cobo et al. [2017]
Hexagalloylglucose isomer II 11.74-36.26 7.98-29.91

Hexagalloylglucose isomer III 3.33-27.70 0.98-15.54

Hexagalloylglucose isomer IV 0.46-4.60 0.54-10.25

Heptagalloyl glucose 35.10-57.8 6.15 Alañón et al. [2021a, b]

Heptagalloylglucose isomer III 3.71-35.04 nd

López-Cobo et al. [2017]

Heptagalloylglucose isomer IV 7.35-48.18 0.59-2.32

Heptagalloylglucose isomer V 7.80-44.86 2.03-5.24

Heptagalloylglucose isomer VI 5.27-28.43 0.05-1.03

Heptagalloylglucose isomer VII 4.56-23.33 0.02-0.51

Heptagalloylglucose isomer VIII 1.38-7.38 nd

Hydroxybenzoyl galloyl 
glucoside

0.58-2.22 nd

Ethyl gallate 1.38 nd g/kg 50% EtOH HPLC-DAD De Ancos et al. [2018]

Methyl gallate 51.10-167.60 94.43-558.86
mg/100 g

80% 
MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
López-Cobo et al. [2017]; 

Methyl digallate ester 46.73-66.55 19.61-47.65 López-Cobo et al. [2017]

Benzophe-
nones

Iriflophenone glucoside nd 0.61-10.89

mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021b]; 
López-Cobo et al. [2017] 

Maclurin C-glucoside nd 4.38-11.40
Alañón et al. [2021b]; 
Gómez-Caravaca et al. 
[2016]

Maclurin C-glucoside isomer I 1.05-3.64 4.17-11.77
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017]

Maclurin-3-C-β-d-glucoside 0.42 nd

g/kg 50% EtOH HPLC-DAD De Ancos et al. [2018]

Maclurin-3-C-(2-O-galloyl)- β-d- 
-glucoside

1.59 nd

Maclurin-3-C-(2,3-di-O-galloyl)-  
-β-d-glucoside

1.33 nd

Maclurin-3-C-(6'-p- 
-hydroxybenzoyl glucoside

1.21 nd

Maclurin galloyl glucoside 2.36-4.73 0.07-9.63
mg/100 g

80% 
MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017] Maclurin digalloyl glucoside 0.30-1.89 0.47-6.21

Table 1. Continued.
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to be the mixture of ethanol/ethyl acetate (50:50, v/v) at 25°C 
and 1.01 bar, based on Hansen’s solubility parameters (HSP). PLE 
is an alternative technology to reduce environmental pollution 
generated by standard extraction methods. This technique al-
lows for higher extraction yields of bioactive compounds with 
lower solvent consumption and shorter extraction time [Cádiz- 
-Gurrea et al., 2020]. 

Regarding the identification and quantification (Table 1) 
of the phenolic compounds of mango residues, various meth-
ods based on liquid chromatography (HPLC, UPLC) with de-
tection by UV-Vis detector or DAD were used [Buelvas-Puello 
et  al., 2021; Lopez-Martinez et  al., 2022; Sánchez-Camargo 
et  al., 2019]. The techniques combining liquid chromatog-
raphy with mass spectrometry were also often applied: RP-
HPLC-ESI-MS [Torres-León et al., 2017, 2021], HPLC-DAD-MS 
[Hernández-Maldonado et al., 2019], HPLC-DAD-ESI-QTOF-MS 
[Alañón et al., 2021a, b; Gómez-Caravaca et al., 2016; López- 
-Cobo et al., 2017], [UPLC-DAD-ESI-MS [Navarro et al., 2019], 
UPLC-ESI-QTOF-MS [Anaya-Loyola et al., 2020; Hu et al., 2018], 
and LC-QTOF-MS/MS [Ballesteros-Vivas et al., 2019a; Sánchez- 
-Camargo et  al., 2021]. Other chromatographic techniques 
successfully used to identify mango bioactive compounds 
were HPTLC [Jyotshna et al., 2015] and GC-QTOF-MS [López- 
-Cobo et al., 2017].

[Buelvas-Puello et  al., 2021; Castro-Vargas et  al., 2019; Torres- 
-León et  al., 2021], solid-liquid extraction, ultrasound-assisted 
extraction [Borrás-Enríquez et al., 2021; Castañeda-Valbuena et al., 
2021; Lopez-Martinez et al., 2022], microwave-assisted extrac-
tion [Martínez-Ramos et al., 2020; Sánchez-Camargo et al., 2021; 
Torres-León et  al., 2017], extraction assisted by fermentation 
[Torres-León et al., 2021], high hydrostatic pressure [Cádiz-Gurrea 
et al., 2020; Sánchez-Camargo et al., 2021], extraction with su-
percritical fluids [Ballesteros-Vivas et  al., 2019b; Buelvas-Puello 
et al., 2021; Sánchez-Camargo et al., 2019], and extraction with 
pressurized fluids [Santana et al., 2019].

Recent trends in the valorization of agro-industrial wastes 
are focused on minimizing the environmental impact through 
the circular economy model. In this context, green techniques 
are essential to reduce the adverse effects on human health 
and the environment. Thereby, using green solvents in phenolic 
extraction provides more environmentally friendly and sustain-
able processes [Cádiz-Gurrea et al., 2020; Oliver-Simancas et al., 
2021]. Ballesteros-Vivas et al. [2019a] proposed the integrated 
approach of green extraction, based upon sequential pressur-
ized liquid extraction (PLE) to obtain fractions rich in bioac-
tive compounds. The extraction of bioactive components with 
high antioxidant and antiproliferative capacity from residues 
of the mango seeds was optimized; the most efficient proved 

Class/
Subclass Compound

Content
Extraction 

solvent
Analytical 

method References
Peel Seed kernel

Unit 
(based on 

DW)

Xanthones

Lupeol 0.05-0.30 nd mg/100 g
EtOH-Ace 
(7:3, v/v)

HPTLC Jyotshna et al. [2015]

Mangiferin 4.14-29.78 22.48-148.12 mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS

Alañón et al. [2021a, b]; 
Gómez-Caravaca et al. 
[2016]; López-Cobo et al. 
[2017]

Mangiferin-6´-O-gallate 1.57 nd

g/kg 50% EtOH HPLC-DAD De Ancos et al. [2018]
Mangiferin-3-C-(2,3-di-O-galloyl)-  
-β-d-glucoside

1.44 nd

Isomangiferin-6´-O-gallate 1.34 nd

Methoxylmangiferin nd 2.24 - 4.43 mg/100 g
80% 

MeOH

HPLC-DAD- 
-ESI-QTOF- 

-MS
López-Cobo et al. [2017]

Lignans

Pentadecenylresorcinol 3.87-16.50 0.53-0.96

µg/g DCM
GC-QTOF- 

-MS
López-Cobo et al. [2017]

Pentadecylresorcinol 56.58-110.76 0.84-2.96

Heptadecadienylresorcinol 224.77-602.26 0.84-2.96

Heptadecenylresorcinol 271.40-873.99 3.29-14.32

Heptadecylresorcinol 116.9 nd

Nonadecenylresorcinol 4.92-44.61 1.14-7.74

Others
Pyrogallol nd 1337.66

mg/100 g 80% EtOH HPLC El-Kady et al. [2017]
Catechol nd 202

DW, dry weight; EtOH, ethanol; MeOH, methanol; Ace, acetone; DCM, dichloromethane; nd, not detected; HPLC, high-performance liquid chromatography; HPLC-DAD, HPLC with a diode-
array detector; HPLC-UV/Vis, HPLC with UV-vis detection; HPLC-DAD-ESI-QTOF-MS, HPLC-DAD coupled to electrospray ionisation-quadrupole-time-of-flight mass spectrometry (ESI-QTOF- 
-MS); HPTLC, high-performance thin layer chromatography; GC-QTOF-MS, gas chromatography with quadrupole-time-of-flight mass spectrometry.

Table 1. Continued.
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Mango agro-industrial wastes contain xanthonoids in the 
C-glucoside form, such as mangiferin. This polyphenol and some 
of its derivatives, such as methoxymangiferin and isomangiferin, 
have been detected in the peel and kernel residues [Alañón 
et al., 2021a, b; Anaya-Loyola et al., 2020; Marcillo-Parra et al., 
2021]. Mangiferin has been reported to possess numerous 
beneficial properties, such as antioxidant, anti-inflammatory, 
antiviral, antiparasitic, and antimicrobial activities [Anaya-Loyola 
et al., 2020; Hernández-Maldonado et al., 2019; Vazquez-Olivo 
et al., 2019]. Mango residues also contain gallic acid, its numer-
ous derivatives and gallotannins. Gallotannins are hydrolys-
able tannins with a structure of polymeric chains of gallic 
acid esterified with glucose. Gallotannins and their derivatives 
represent 20–28% of the total phenolic content in the mango 
peel. Overall, they are recognized as mango nutraceutical 
components for their pharmacological effects and functional 
properties [Alañón et al., 2021a]. Interestingly, the gallotannins 
identified in the mango seed kernels were considered as an 
indicator of the degree of maturation among multiple mango 
varieties [Alañón et  al., 2021b; Torres-León et  al., 2021]. Yet, 
another study with residues of the Ataulfo variety identified 
47 phenolic compounds by UPLC-ESI-QTOF MS [Anaya-Loyola 
et al., 2020]. Of these, 35 were detected in the extractable frac-
tion and 12 in the fraction after acid hydrolysis. The extractable 
fraction contained gallotannins, such as heptagalloyl hexose, 
hexagalloyl hexose, pentagalloyl hexose, tetragalloyl hexose, 
and some gallic acid derivatives (gallic acid hexoside, gallic 
acid dihexoside, and galloylquinic acid). In contrast, the frac-
tion obtained after hydrolysis contained 59% of ellagic acid 
and 22.4% of gallic acid, and other phenolics, like rhamnetin, 
syringic acid, and vanillic acid. 

r	 Mango peel
Among the mango peel phenolic compounds identified, worthy 
of special attention are mangiferin, gallic acid, quercetin, hydro-
lysable tannins, syringic acid, ferulic acid, and protocatechuic acid 
[Anaya-Loyola et al., 2020; Borrás-Enríquez et al., 2021; Pacheco- 
-Ordaz et al., 2018a; Soria-Lara et al., 2020]. A study conducted by 
Tan et al. [2020] identified 651 secondary metabolites in the peel 
of two mango varieties by the metabolome approach, of which 
257 corresponded to phenolic compounds, including numerous 
anthocyanin proanthocyanidins, and hydrolysable tannins, as 
well as gallocatechin, gallocatechin gallate, epicatechin, epicat-
echin gallate epicatechin 3-O-gallate, protocatechuic aldehyde, 
3,4-dihydroxybenzoic acid, and ellagic acid. Navarro et al. [2019] 
also detected various gallotannins with different degrees of po-
lymerization, including monogalloyl hexose up to undecagal-
loyl hexose. A comparative study of the total phenolic content 
of the mango different tissues demonstrated the peels from fruits 
with commercial maturity had a higher content (59.75 mg gallic 
acid equivalent (GAE)/g) than the pulp (10.73 mg GAE/g). More 
than 100 phenolic compounds (free and bound) were found in 
the peel, including phenolic acids, benzophenones, flavonoids, 
and gallotannins (mono/digalloyl) [Alañón et  al., 2021a]. Mo-
nogalloyl derivatives represented around 34–37% of phenolics, 

with galloyl glucose prevailing. Regarding gallates, the digalloyl 
derivatives accounted for 16–29%, with high contents of digalloyl 
glucose, digalloylquinic acid, digallic acid, and the digallic acid 
methyl ester. The flavonoid fraction (10–19%) included flavonols 
(quercetin and its glycosides with glucosyl, galactosyl, xylo-
syl, arabinopyrosyl, and arabinofurosyl moieties) and flavanols 
(catechin and 7-O-galloyltricetyl flavane). Phenolic acids, like 
vanillic, p-hydroxybenzoic, ellagic, p-coumaric, sinapic, and ferulic 
acid, were also found, accounting for 5–10% of the peel pheno-
lics [Alañón et al., 2021a]. Benzophenones, including maclurin, 
and their derivatives have been also identified in the peel with 
maclurin galloyl glucoside being the most abundant. Among 
xanthones, mangiferin has been found to be one of the major 
compounds in mango peel and recognized currently as one 
of the strongest antioxidants [Hernández-Maldonado et al., 2019; 
Marcillo-Parra et  al., 2021; Navarro et  al., 2019; Vazquez-Olivo 
et al., 2019]. 

r	 Mango seed kernel 
Mango seed is constituted by kernel or embryo (45–75%), 
the shell of fibrous endocarp (29%), and seed coat (3%) (Figure 1). 
Although the mango seed generates a large mass of waste prod-
ucts, little progress has been made on the valorization of these 
by-products since the only recycling strategy has focused on 
converting waste into animal feeds. Notwithstanding, these 
residues are a good source of bioactive compounds. Therefore, 
using this waste appropriately could generate bio-products with 
added value [Ballesteros-Vivas et al., 2019a; Borrás-Enríquez et al., 
2021; Mutua et al., 2017].

The total phenolic content of mango kernel is 28 times 
higher (78–80.5 mg GAE/g) than that of the pulp (2.1–4.2 mg 
GAE/g). Moreover, contents of some individual phenolics, as gal-
lic acid and its derivatives, in mango kernels are higher than in 
other fruits’ seeds, such as longan (Dimocarpus longan Lour.) seed 
[Alañón et al., 2021b]. Phenolic acids (gallic, ellagic, protocatechu-
ic, ferulic, caffeic, coumaric, cinnamic, vanillic, and 4-caffeylquinic 
acid), flavonoids (rhamnetin-3-(6’-2-butenoil-hexoside), querce-
tin, kaempferol, rutin, and anthocyanins), tannins and derivatives 
(ethyl galate and penta-O-galloyl glucoside), xanthones (man-
giferin, isomangiferin, homomangiferin), and benzophenones 
were identified in the phenolic profile in several studies [Lebaka 
et al., 2021; Mwaurah et al., 2020; Torres-León et al., 2017]. Therein, 
penta-O-galloyl glucoside is an important compound linked with 
antimicrobial, anti-inflammatory, antiproliferative, anticancer, 
antidiabetic, and antioxidant properties. Likewise, phenolics have 
been reported with bioactivity in breast, liver, leukemia, cervix, 
prostate, lung, and colon cancer cell lines [Ballesteros-Vivas et al., 
2019a; Castro-Vargas et al., 2019; Kim et al., 2018; Torres-León et al., 
2021]. Hesperidin and compounds with monogalloyl moiety 
(galloyl glucose, galloyl diglucose, 5-galloylquinic acid, 3-gal-
loylquinic acid, methyl galate, and ethyl gallate) have also been 
detected in high contents [Abdel-Aty et al., 2018; Alañón et al., 
2021b; Ballesteros-Vivas et al., 2019a]. Derivatives of digallic acid 
(from gallic acid esterification), including digallic acid, digalloyl 
glucose, digallic acid methyl ester and digallic quinic acid have 
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been detected as well [Alañón et al., 2021a, b; Gómez-Caravaca 
et al., 2016]. 

In the mango seed kernel, various flavan-3-ols have been 
found, like catechin, epicatechin, and epicatechin gallate. 
Quercetin and quercetin glucoside have been identified in lesser 
amounts [Ballesteros-Vivas et al., 2019a; Gómez-Maldonado et al., 
2020]. On the other hand, Alañón et  al. [2021b] found high 
contents of maclurin C-glucoside, digalloylmaclurin glucoside, 
mangiferin, 5-galloylquinic acid, and trigalloyl glucose in the Keitt 
cultivar seed, and mainly hexa- and hepta-gallotannins in the Os-
teen variety. In the same research, iriflophenone glucoside was 
identified, being a characteristic benzophenone from the ker-
nel, since it has not been found either in peel or pulp [Alañón 
et  al., 2021b; Gómez-Caravaca et  al., 2016; López-Cobo et  al., 
2017]. Detection of xanthones in the seed kernel is strongly 
linked to the presence of mangiferin being the major compound 
[Ballesteros-Vivas et al., 2019a; Lim et al., 2019; Torres-León et al., 
2021]. Nonetheless, xanthones with other structures beside 
mangiferin which is C-glycoside, have been identified including 
mangiferin gallate and 3-O-methyl mangiferin (homomangiferin) 
[Ballesteros-Vivas et al., 2019a]. 

r	 Roles of phenolic compounds from mango wastes in 
human health promotion and disease prevention

Phenolic compounds exhibit a wide range of bioactivities ex-
erting beneficial effects on health, such as anti-allergenic, hy-
polipidemic, antidiabetic, antiatherogenic, anti-inflammatory, 
anti-microbial, antiviral, immunomodulatory, antiproliferative, 
anticarcinogenic, antioxidant, anti-thrombotic, cardioprotective, 
and vasodilatory effects, as shown in Table 2. In this context, 
some mechanisms of their action in preventing or reducing 
the risk of various chronic diseases have been discovered [Abbasi 
et al., 2017; Alañón et al., 2021a, b; Kim et al., 2018; Lin et al., 2020].

r	 Antidiabetic effects
Diabetes mellitus is one of the major metabolic diseases 
characterized by hyperglycemia resulting from insufficient 
insulin production or diminished tissue responses to insulin. 
In addition, cardiovascular diseases, renal failure, blindness, 
neurological problems, colon cancer, and others have been 
linked with diabetes. Hence, research about the suppression 
of diabetic complications is very significant. In this sense, sev-
eral efforts have been made in scientific research to elucidate 
possible mechanisms of action of phytochemicals, such as 
phenolic compounds [Azhar et  al., 2019; Fernández-Ochoa 
et al., 2020; Rodríguez-González et al., 2017]. For instance, Rod-
ríguez-González et al. [2017] evaluated antidiabetic properties 
of the mango by-product, which is peel and remnant pulp. A re-
duction in serum glucose in diabetic rats fed mango by-product 
was observed, which was not associated with either intestinal 
absorption of glucose or protection of the islets of Langerhans. 
In addition, polyphenol- and carotenoid-rich extracts caused an 
insulin-mimetic effect on 3T3-L1 adipocyte cells and reduced 
the concentration of triglycerides in the serum. Likewise, dia-
betic nephropathy was improved by the antioxidant activity 

at the renal level. This antidiabetic effect was associated with 
the high soluble fiber content and the presence of phenolic 
compounds, such as ellagic acid, gallic acid, quercetin, and epi-
catechin gallate. In another study, consumption of mango pulp 
for six weeks had a beneficial effect on lean and obese individu-
als [Fang et al., 2018]. The effects were linked to lowering blood 
pressure in lean individuals and reducing levels of proinflam-
matory cytokines (IL-8 and MCP-1) and cardiometabolic risk 
biomarkers (PAI-1 and HbA1c) in obese individuals. Thereby, 
mango consumption reduces the risk of developing chronic 
obesity-related diseases, mainly by metabolite bioactivities, 
such as gallotannin derivatives that modulate inflammation 
and metabolic functions. Other phytochemicals from mango 
fruits and their by-products have also been linked with anti-
diabetic effects. In particular, mangiferin has been reported to 
promote glucose uptake at the cellular level through glucose 
transporter 4 (GLUT4) expression. It has also been linked to gly-
colipid metabolism enhancement, gluconeogenesis inhibition 
in the liver, and reduction of glucose production, blood glucose 
levels, and liver injury [Azhar et al., 2019; Fernández-Ochoa et al., 
2020; Lin et al., 2020; Rodríguez-González et al., 2017; Soria-Lara 
et  al., 2020]. Nonetheless, mangiferin derivatives or isomers 
could exhibit different mechanisms of action to promote health 
effects. For example, Lin et al. [2020] evaluated the effects of oral 
administration of mangiferin and its derivative called mangif-
erin calcium salt (MCS). Here, MCS exhibited better efficiency 
compared to mangiferin not only in the absorption process 
but also in the therapeutic effect in rats with type 2 diabetes 
and NAFLD by regulating glucose and lipid metabolism.

Mango seed kernels have also been reported to exert anti-
diabetic effects (in addition to their anti-tyrosinase, anti-inflam-
matory, anti-obesity, and hepatoprotective activities) [Abdel-Aty 
et al., 2018]. For example, a study by Azhar et al. [2019] disclosed 
a hypoglycemic effect in diabetic rats administrated 200 mg/kg 
of the ethanolic extract of the mango seed. There was an increase 
in insulin production in the pancreas and a decrease in the level 
of glycosylated hemoglobin (HbA1c). These effects were attributed 
to flavonoids and phenolic acids contained in the mango seed. 

r	 Antimicrobial effects 
The phenolic compounds of mango seed have shown antifun-
gal and antibacterial effects against Gram-positive bacteria [Asif 
et al., 2016; Gómez-Maldonado et al., 2020; Mutua et al., 2017]. In 
addition, some studies have demonstrated antimicrobial activity 
of gallotannins and their metabolites. For instance, gallic acid 
inhibited the growth of such pathogens as Clostridium perfringens 
that induces diseases, like e.g. colitis [Hernández-Maldonado et al., 
2019; Kim et al., 2018]. In this setting, Manila mango kernel extract 
with phenolics has shown antimicrobial activity against Colletotri-
chum brevisporum [Gómez-Maldonado et al., 2020]. This in vitro 
study revealed that the extract (3 g/L) caused 100% inhibition 
of mycelial growth after 9 days and 0% spore germination after 
20 h. Thereby, this evidence exposes the potential application 
of the mango kernel extract with phenolics as an antimicrobial 
agent [Gómez-Maldonado et al., 2020].
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Table 2. Biactivities of mango by-product extracts.

Bioactivity Extract Mango 
structure Model Assay Results Reference

Antidiabetic 
activity

Methanol 
extract

Peel In vivo Male Wistar rats

Mango-supplemented diet exerted a 
significant antioxidant effect in the liver 
of diabetic rats, likely due to its phenolic 
compounds, like mangiferin.

Fernández- 
-Ochoa et al. 
[2020]

Aqueous extract
Seed 

kernel
In vivo

Pancreatic lipase inhibition 
activity (Wistar strain male 
albino rats)

Significant reduction in body weights, 
fat pad weights and organ weights of 
treated animals was found. Elevated 
levels of glucose, insulin, leptin and lipid 
profiles were normalized upon treatment 
with the extract. Antioxidant status 
was also brought back to normal upon 
treatment. Pronounced anti-obesity 
activity was demonstrated and this 
effect may be due the pancreatic lipase 
inhibitory activity.

Kumaraswamy 
et al. [2020]

Antioxidant 
activity

Ethyl acetate 
extracts

Peel and 
seed 

kernel
In vitro

DPPH radical scavenging 
activity, ferric ion reducing 
power (FRAP), ABTS radical 
cation scavenging activity, 
and nitric oxide radical 
(NO) scavenging activity.

Mango peel extracts and seed kernel 
extracts exhibited better radical 
scavenging activity compared to pulp 
extracts.

Kuganesan et al. 
[2017]

Water and 
ethanol extracts

Peel In vitro

ABTS radical cation 
scavenging activity and 
DPPH radical scavenging 
activity.

Extracts had high total phenolic content 
and possessed the high DPPH radical and 
ABTS radical cation scavenging activities 

which may be attributed to the high 
contents of p-hydroxybenzoic acid, gallic 
acid, and pyrogallol.

Huang et al. 
[2018]

Antibacterial 
activity

Water and 
ethanol extracts

Peel In vitro
Standard method of 
diffusion disc plates on 
agar.

The extracts exhibited antibacterial 
activities against the five bacteria tested. 
The Gram-negative bacteria (Escherichia 
coli ATCC 11775, Salmonella typhimurium 
ATCC 13311, and Vibrio parahaemolyticus 
ATCC 17802) were more sensitive than 
the Gram-positive ones (Staphylococcus 
aureus ATCC 12600 and Bacillus cereus 
ATCC 14579).

Huang et al. 
[2018]

Aqueous 
extracts

Seed In vitro
Minimum inhibitory 
concentration (MIC) 
method and ROS assay.

Gold nanoparticles with aqueous extract 
efficiently inhibited the growth of 
Escherichia coli and Staphylococcus aureus.

Vimalraj et al. 
[2018]

Anti-
inflammatory 
activity

Ethyl acetate 
extracts

Peel and 
seed 

kernels
In vitro

Human Red Blood Cell 
(HRBC) membrane 
stabilization assay.

The peel and seed kernel extracts 
showed significantly different inhibition 
of hemolysis, ranging from (IC50)  
151 g/mL to 197 µg/mL and from 128 to 
248 µg/mL, respectively.

Kuganesan et al. 
[2017]

Water and 
ethanol extracts

Peel In vitro

Nitrite oxide in 
culture media (Murine 
macrophage cell lines RAW 
264.7).

The results indicate that compressional- 
-puffed ethanol extracthad apparent 
anti-infammatory activity, and thus it may 
have potential as a natural and safe agent 
in the protection of human health by 
modulating the immune system.

Huang et al. 
[2018]

Antiproliferative 
and anticancer 
activity

Ethanolic 
extracts

Peel In vitro

Colorimetric assay based 
on the metabolic use of 
3-(4,5-dimethylthiazol-2- 
-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) by 
viable cells (HT29, Caco-2, 
and HCT116 colon cancer 
cells).

Already after 24 h extract treatment,  
viability of all the analyzed colon cancer 
cells was reduced in a dose-dependent 
manner. The effect started at 180 µg/mL 
of extract, and at 600 µg/mL 
concentration the evaluated residual 
viability amounted to 46%, 35%, and 44% 
in HT29, Caco-2, and in HCT116 cells, 
respectively. This effect further increased 
by prolonging the incubation time of 
cells in the presence of MPE, reaching 
the maximum at 48 h of treatment with 
360 µg/mL dose.

Lauricella et al. 
[2019]
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Bioactivity Extract Mango 
structure Model Assay Results Reference

Antiproliferative 
and anticancer 
activity

Aqueous 
extracts

Seed In vivo
Chorioallantoic membrane 
model (CAM) angiogenesis 
assay.

The result suggests that the gold 
nanoparticles with aqueous extract 
inhibited the angiogenic process by 
down regulating Ang-1/Tie2 pathway.

Vimalraj et al. 
[2018]

Aqueous 
extracts

Seed In vitro Human gastric cancer cell.

Biocompatibility assessment 
indicated the non-toxic nature of gold 
nanoparticles with extract  towards 
mesenchymal stem cells at 25 μg/mL and 
suppressed the growth of human gastric 
cancer cells.

Vimalraj et al. 
[2018]

r	 Antioxidant effects
Mangoes are endowed with considerable antioxidant properties 
because of their phenolic compounds, such as gallic acid, galloyl 
derivatives, flavonol glycosides, and benzophenones [Fang et al., 
2018; Kim et al., 2017]. Notably, antioxidant activity of mango 
phytochemicals has been implicated in treating chronic diseases, 
such as diabetes, hypertension, and dyslipidemia [Mutua et al., 
2017; Torres-León et al., 2021]. However, both phenolic content 
and antioxidant capacity in mango seem to differ across plant 
cultivars, fruit maturity stages, and fruit parts [Hoyos-Arbeláez 
et al., 2018]. Interestingly, higher antioxidant capacity has been 
reported in the mango peel than in the peels of other fruits 
[Sáyago-Ayerdi et al., 2019]. Nonetheless, the mango kernel has 
the highest antioxidant activity owing to gallic acid, a compound 
with high radical scavenging activity [Hoyos-Arbeláez et al., 2018] 
that was found in higher content in kernel residues from the seed 
compared to the peel [Alañón et al., 2021a, b; Ballesteros-Vivas 
et al., 2019a; Torres-León et al., 2021]. 

Several studies have evaluated the antioxidant activity of dif-
ferent fruit constituents, finding exciting results. For example, 
Abassi et al. [2017] evaluated cellular antioxidant activity (CAA) 
of various mango cultivars. They found a higher activity of peel 
residues than mango pulp, which contained a large content 
of flavonoids. Another cultivar, Xiao Tainong, with high CAA 
(2,986 µmol quercetin equivalent (QE)/100 g FW), has been found 
with compounds such as fisteine and mangiferin. Velderrain-
Rodríguez et al. [2018] evaluated the antioxidant activity of three 
fractions of a phenolic extract from mango peel (free, acid, 
and alkaline fraction). The alkaline and acid fractions presented 
higher antioxidant capacity (DPPH/FRAP/ORAC assays) mainly 
attributed to the presence of free gallic acid. Recent studies 
have revealed that seed extracts of a “Haden” mango obtained 
by ultrasound-assisted extraction had a remarkable antioxidant 
capacity measured by DPPH, ABTS, and FRAP assays, and it was 
higer than that of peels. It has also been observed that changes 
in such variables as solvent concentration and solvent:solid 
ratio impact the phenolic content and affected the antioxidant 
capacity evaluated by different methods [Castañeda-Valbuena 
et  al., 2021]. El-Kady et  al. [2017] analyzed antioxidant activ-
ity of ethanolic extracts of seed kernel in which 20 phenolic 
compounds were identified and found a higher DPPH radical 
scavenging activity (96.86%) compared to synthetic antioxidants 

like – butylated hydroxytoluene (BHT) (94.9%) and ascorbic acid 
(91.5%). Moreover, Castro-Vargas et al. [2019] reported a 57% re-
duction in lipid oxidation and a 75% growth of human cancer cell 
lines by the antioxidant effects exerted by the phenolic extracts 
of mango residues, such as seed kernel. The antioxidant effect 
of mangiferin and other phenolic compounds from mango seed 
kernels has also been reported [Ballesteros-Vivas et al., 2019a]. 

r	 Immunomodulation: anti-inflammatory effects
The phenolic compounds of fruits and vegetables are considered 
natural anti-inflammatory substances that inhibit the activation 
of nuclear factor κB (NF-κB). For example, anti-inflammatory 
activity of mango phenolics has been reported which consisted 
in inhibiting inducible nitric oxide synthase (iNOS), cyclooxyge-
nase-2 (COX-2), and the tumor necrosis factor-α (TNF-α) in vitro 
and in vivo [Kim et al., 2017]. In this study, a significantly reduced 
simple clinical colitis activity index (SCCAI) was observed upon 
a daily intake (200-400 g) of mango pulp for eight weeks. In addi-
tion, reduced plasma levels of pro-inflammatory cytokines were 
detected, such as interleukin-8 (IL-8) (16.2%), growth-regulated 
oncogene (GRO) (25%), and granulocyte-macrophage colony- 
-stimulating factor (GM-CSF) (28.6%) [Kim et al., 2020]. 

High methyl gallate content has been found in the kernel 
of the mango seed [Alañón et al., 2021b; Torres-León et al., 2021]. 
Previous studies have evidenced the anti-inflammatory activity 
of methyl gallate on inflammatory bowel disease [Anzoise et al., 
2018]. For example, Anzoise et al. [2018] reported that methyl 
gallate reduced intestinal motility, decreasing peristalsis by 74.5% 
(dose 100 mg/kg) and 58.82% (dose 300 mg/kg), with a greater 
effect observed for the 100 mg/kg dose applied in a colitis model 
to observe the effect on inflammatory bowel disease. Likewise, 
a decrease in inflammatory mediators (COX-2), cytokines such 
as interleukin-6 (IL-6), TNF-α, and the severity of microscopic 
tissue damage induced by acetic acid was detected. In this 
same sense, pyrogallol, a metabolite produced by the microbial 
decarboxylation of the gallic acid present in mango, has been 
reported to exert anti-inflammatory activities in breast cancer 
and obese patients [Fang et al., 2018; Kim et al., 2018]. Likewise, 
the anti-inflammatory effect of mango phenolic compounds has 
been reported in ulcerative colitis in vitro model [Kim et al., 2017].

It is well known that phenolic compounds contribute 
to the modulation of the immune response by reducing 

Table 2. Continued.
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inflammatory bowel disorders [Anzoise et al., 2018]. Some phy-
tochemicals from mango residues have been linked to immu-
nomodulatory activities. For instance, it has been noted that 
the consumption of mango juice by-products in children de-
creased the incidence of gastrointestinal and respiratory diseases, 
remarking the immunomodulatory properties by the modulation 
of immune-related proteins [Anaya-Loyola et al., 2020]. In this 
context, mangiferin from mango agro-industrial wastes has also 
been demonstrated to possess immunomodulatory properties 
[Alañón et al., 2021b; Lin et al., 2020; Vazquez-Olivo et al., 2019]. 

r	 Antiproliferative and anticancer effects
Phenolic compounds have demonstrated antiproliferative 
and chemopreventive effects through modulating the cell cycle, 
metastasis, angiogenesis, and apoptosis. In addition, they have 
also been shown that significantly inhibit colon carcinogenesis 
by reducing oxidative stress and activating Akt and NF-κB signal-
ing intermediates [Ballesteros-Vivas et al., 2019a; Castro-Vargas 
et al., 2019; Kim et al., 2017, 2018]. Several phenolic compounds 
of the mango peel and kernel belonging to phenolic acids, 
flavonoids, xanthones, benzophenones, gallotannins, and gal-
late derivatives have been linked to cancer prevention by anti-
proliferative effects on cell lines, such as leukemia, breast, lung, 
liver, cervix, prostate, and colon [Ballesteros-Vivas et al., 2019a; 
Velderrain-Rodríguez et al., 2018]. However, the biological activity 
of phenolics depends on their molecular structure. For example, 
the anticarcinogenic activity of gallotannins has been associated 
with the number of galloyl groups in the structure [Navarro et al., 
2019]. This activity could be associated with cytotoxicity mecha-
nisms involving apoptosis induction through an increase in Bax/
Bcl-2 protein levels, the arrest of the cell cycle in the S phase, 
and the inhibition of NF-κB activation, with the consequent 
downregulation of inflammatory cytokines [Navarro et al., 2019].

The inhibition of metastasis and proliferation of hepatocel-
lular carcinoma (HepG2) have been evaluated using mango 
peel residues, observing high EC50 values of 2.35 mg/mL [Ab-
basi et al., 2017]. Velderrain-Rodríguez et al. [2018] also assessed 
the antiproliferative and the pro-apoptotic effect of mango peel 
extracts (free, acid, and alkaline fractions) against human colon 
adenocarcinoma cells (LS180) and mouse connective cells (L929). 
The three fractions were moderately effective against LS180 cells 
(IC50=~137 µg/mL), primarily to the cytotoxic effect of quercetin. 
Both free and alkaline fractions inhibited the growth of normal 
L929 cells (IC50=~197 and ~94 µg/mL, respectively). Gallic acid 
was the main antioxidant and responsible for the antiprolifera-
tive effect, followed by mangiferin, quercetin, and syringic acid. 
On the other hand, Sánchez-Camargo et  al. [2021] evaluated 
the antiproliferative effect of the extract from mango peel con-
taining gallic acid and some derivatives, such as galloyl esters, 
as well as mangiferin, gallate derivatives, quercetin, and querce-
tin glycosides. The results showed a high antioxidant capac-
ity and a relevant antiproliferative activity against the human 
colon adenocarcinoma cell line (HT-29) after 24 h of treatment 
(IC50=22.98 μg/mL). In turn, Kim et al. [2018] have noted that gal-
lic acid and pyrogallol from mango reduced cell proliferation by 

37 and 78% in an in vitro model with HT-29 colon cancer cells. Also 
ellagic acid and ethyl gallate have been identified, which have 
been shown to exhibit anticancer capacity on cancer cell lines, as 
HTC116 and Caco-2, by the induction of apoptosis [Ballesteros- 
-Vivas et al., 2019a].

The development of different techniques for the extraction, 
fractionation, and purification of phenolic compounds from 
the mango seed kernel has made it possible to evaluate their 
antiproliferative activity against the human tumor cell lines. 
For instance, Ballesteros-Vivas et al. [2019b] noted a significant 
potentiating effect on the inhibition of cell proliferation (70.51%) 
in the colon cell line HT-29 using an enriched phenolic extract 
obtained by the supercritical antisolvent fractionation (SAF) ap-
proach. Another study carried out by Castro-Vargas et al. [2019] 
evaluated the antiproliferative effect of a methanolic extract 
obtained by the traditional method from mango kernel in human 
cancer cell lines, such as MDA-MB-231 (breast), PC-3 (prostate), 
A-549 (lung), and HT-29 (colon). Surprisingly, a 75% decrease 
in the viability of HT-29, MDA-MB-231, and PC-3 cells was also 
observed. 

POTENTIAL PREBIOTIC EFFECT AND ITS RELATION-
SHIP WITH GUT HEALTH
Few investigations have highlighted mango residues as a po-
tential novel source of prebiotics. Herein, we discuss the ben-
eficial effects of phenolic compounds from mango residues 
on modulating the gut microbiota [Anaya-Loyola et al., 2020; 
Anzoise et  al., 2018; Hernández-Maldonado et  al., 2019; Kim 
et  al., 2018]. Several studies have shown that the consump-
tion of mango and by-products helps prevent gastrointestinal 
diseases and other related. In this context, mechanisms of ac-
tion of the phenolic compounds associated with modulation 
of inflammation and prevention of colon cancer correlate with 
the gut microbiota’s functional composition [Anzoise et al., 2018; 
Hernández-Maldonado et al., 2019; Kim et al., 2018]. Therefore, 
dietary fiber and phenolics of mango residues can be considered 
prebiotics since both modulate the gut microbiome. In addition, 
the International Scientific Association of Probiotics and Prebiot-
ics (ISAPP) recently published that phenolic compounds from 
plants can meet prebiotic criteria. In this sense, the ISAPP de-
fines a prebiotic as a substrate selectively used by the host 
microorganism, conferring a health benefit [Anaya-Loyola et al., 
2020; Hu et al., 2018; Sáyago-Ayerdi et al., 2019]. Currently, there 
is a plentitude of supporting evidence showing that mango 
and by-products consumption helps prevent gastrointestinal 
diseases. In this sense, it has been suggested that phytochemicals 
could play an essential role in the gut microbiota’s modulation 
by both antimicrobial and prebiotic properties.

r	 Bioaccessibility and bioavailability of phenolic com-
pounds

In the case of phenolic compounds, bioaccessibility refers to 
the phenolic fraction released from the food matrix during gas-
trointestinal phase digestion and made available for intestinal 
absorption. In contrast, bioavailability relates to the phenolic 
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fraction or its derivatives that reach the bloodstream by intestinal 
absorption and become available for body functions at the site 
of action [Blancas-Benitez et  al., 2015; Hernández-Maldonado 
et al., 2019; Jamar et al., 2017; Peanparkdee & Iwamoto, 2022]. 

Therefore, the biological contribution of phenolic compounds in 
the human body depends on numerous factors, such as the host 
condition, its gut microbiota, and the chemical and structural 
nature of the molecules. Firstly, the bioaccessibility and bioavail-
ability of different phenolics vary depending on the individual’s 
physical condition, including digestive/absorptive/metabolic/re-
sponse capability and effective dose. After ingestion, the release 
of phenolic compounds begins with the cellular compartmen-
talization and enzymatic hydrolysis of salivary α-amylases. Then, 
in the gastric phase, they interact with endogenous enzymes in-
fluencing the digestibility of the components of the food matrix, 
such as starch (α-amylase), lipids (pancreatic lipase), and proteins 
(pepsin and trypsin) [Peanparkdee & Iwamoto, 2022; Wu et al., 
2017]. Then, multiple enzymes endowed with diverse metabolic 
capacities in the human gut microbiome contribute to the ab-
sorption of phenolics by their transformation or degradation 
[Bento-Silva et al., 2020; Blancas-Benitez et al., 2015; Hernández- 
-Maldonado et al., 2019; Jamar et al., 2017; Pacheco-Ordaz et al., 
2018a; Vazquez-Olivo et  al., 2019; Velderrain-Rodríguez et  al., 
2018]. However, it has been reported that up to 65% of anthocya-
nins present in the diet are not absorbed in the gastrointestinal 
tract [Tian et  al., 2019]. The phenolic compounds’ absorption 
also depends on their molecular structure, composition (free 
form or interacting with another component), and the degree 
of polymerization, which influences their solubility, permeability, 
and molecular stability.

Many authors have focused on knowing the bioaccessibility 
and bioavailability of mango phenolic. For instance, Blancas- 
-Benitez et al. [2015] determined the phenolic bioaccessibility in 
the mango peel using an in vitro digestion system. As a result, 
a relative bioaccessibility of 43.53% was found. The vanillic acid 
and hydroxycinnamic acids were accessible for absorption in 
the small intestine and available to exert beneficial health effects. 
Hernández-Maldonado et al. [2019] found that 54% of the phe-
nolic compounds in a mango-based bar were absorbed dur-
ing the gastrointestinal phase, while 46% were hydrolyzed in 
the colon. Both research results regarding low bioaccessibility 
could be associated with the instability of the compounds that 
tend to degrade during intestinal digestion, such as phenolic 
acids, catechin, quercetin, resveratrol, and rutin [Peanparkdee 
& Iwamoto, 2022; Tian et  al., 2019]. In this same sense, resist-
ant compounds that reach the small intestine have also been 
observed. For example, Velderrain-Rodríguez et al. [2018] deter-
mined the absorption probability of phenolics from the Ataulfo 
mango peel in enterocytesin. They found a wide range of com-
pounds with different relative absorption rates, such as p-cou-
maric and 2-hydroxycinnamic acid (89%), ferulic acid (86%), 
syringic acid (83%), protocatechuic acid (82%), gallic acid (75%), 
catechin (71%), quercetin (64%), ellagic acid (60%), mangiferin 
(40%), and rutin (16%). Herein, gallic acid and derivatives showed 
an absorption percentage higher than 57%, indicating better 

cell permeability. This result could potentially be associated with 
the antiproliferative effect reported for gallic acid. In addition, 
Pacheco-Ordaz et  al. [2018a] evaluated the acid and alkaline 
hydrolysis of Ataulfo mango peel extracts using Caco-2 cell 
monolayers as a model for intestinal epithelial permeability. 
They reported gallic acid from an alkaline fraction presented an 
apparent permeability coefficient of 2.61×10-6 cm/s compared to 
the standard of 2.48×10-6 cm/s. Overall, the results suggest that 
most phenolic compounds (except for rutin) could be considered 
bioaccessible at the intestinal level; and some compounds could 
be even absorbed.

The conjugation of hydroxybenzoic acids limits bioacces-
sibility and bioavailability of some oligomers, such as gallotan-
nins and ellagotannins formed from gallic acid and ellagic acid, 
respectively [Bento-Silva et al., 2020; Velderrain-Rodríguez et al., 
2018]. Under gastrointestinal phase conditions, these compounds 
are hydrolyzed to simple molecules, like gallic acid [Anaya-Loyola 
et al., 2020]. However, branched-chain tannins that are not absorb-
able in their native form can be hydrolyzed and decarboxylated 
by microbial enzymes. The resulting metabolites, such as gallic 
acid and pyrogallol, can be absorbed in the colon [Kim et al., 
2018]. In this same sense, mangiferin also is a compound with 
low absorption and little bioavailability compared to other phe-
nolic components. Thereby, it should form complexes with other 
molecules to improve its solubility, food release, bioavailability, 
and other properties [Lin et al., 2020; Velderrain-Rodríguez et al., 
2018]. However, compounds such as mangiferin gallate can un-
dergo hydrolysis during gastric digestion, which leads to the man-
giferin release [Hernández-Maldonado et al., 2019]. On the contrary, 
hydroxycinnamic acids and kaempferol require intestinal enzymes 
for absorption. In this regard, chlorogenic acid is a compound with 
low intestinal absorption. However, its bioavailability depends 
also on the metabolism of the gut microbiota. It has even been 
reported that it promotes the modulation of the colonic micro-
biota through stimulating the growth of Bifidobacterium spp., 
Clostridium coccoides, and Eubacterium rectale [Coman & Vodnar, 
2020]. Therefore, these scientific works suggest that the mango 
wastes’ phenolic compounds can be modified not only to enhance 
their intestinal absorption but also to achieve their profiles enhanc-
ing the gut microbiota.

Understanding the bioaccessibility and bioavailability of phe-
nolic compounds is crucial to establishing a functional charac-
terization. For that reason, many researchers have focused on 
deciphering these mechanisms through different approaches. 
For instance, a significant effect on the release of phenolic com-
pounds during an in vitro gastrointestinal simulation was ob-
served in a study using a mango product with high total soluble 
phenolic contents. Herein, gastric digestion showed a release rate 
of 9% higher than the intestinal phase [Hernández-Maldonado 
et al., 2019]. These results could be associated with covalent in-
teractions of the phenolic compounds with the polysaccharides 
of the cell wall [Hernández-Maldonado et  al., 2019; Wu et  al., 
2017]. In addition, glycosidic bonds from polyphenols can be 
broken down by acid hydrolysis, causing the release of aglycones 
[Pacheco-Ordaz et al., 2018a].
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In the intestinal section, the release of phenolic compounds 
is affected by pH changes and enzymes activity (mainly pancrea-
tin and α-amylase). Both factors weaken molecular interactions in 
the food matrix, promoting bond hydrolysis. Particularly, intestinal 
esterases hydrolyze ester bonds between carbohydrates linked to 
phenolic compounds and other cell wall components in plants, 
increasing the bioavailability of phenolic compounds. They may 
be then absorbed by the gastrointestinal barrier and get into 
blood circulation. Generally, phenolic compounds are not fully 
absorbed by their structural complexity, and around 90% of these 
compounds reach the colon where they are fermented by intes-
tinal microorganisms. Here, about 2,671 microbial species exist, 
constituting the human gut microbiota [Lagier et al., 2018; Ye 
et al., 2022]. These microorganisms are genetically endowed with 
enzymes such as esterases, lipases, carbohydrates, and proteases. 
Among them, α-l-rhamnosidases, β-d-glucosidase, and β-d- 
-glucuronidases allow the release, absorption, and production 
of metabolites, such as bioactive phenolic acids, including gallic 
acid, protocatechuic acid, syringic acid, and vanillic acid [Bento- 
-Silva et al., 2020; Coman & Vodnar, 2020; Hernández-Maldonado 
et al., 2019; Jamar et al., 2017; Pacheco-Ordaz et al., 2018a; Tian 
et al., 2019].

Interestingly, a recent study evaluated the phenolic com-
pounds’ bioaccessibility in a mango pulp and peel-based bar 
during gastrointestinal phase and after fermentation [Hernán-
dez-Maldonado et al., 2019]. The results of this research identified 
not only phenolic acids (gallic, ferulic, coumaric, and caffeic acid) 
but also flavonoids and xanthones (quercetin, gallocatechin, 
mangiferin, and mangiferin gallate), reporting their 53.78% 
bioaccessibility. Likewise, products after fermentation were 
hydroxyphenolic acids and acetic acids as the primary short-
chain fatty acids. In addition, norathyriol classified as xanthone 
(aglycone) was identified after 12 h of fermentation. Mango 
peel’s total soluble phenolic bioaccessibility has been reported 
at 44%. Soluble and released by hydrolysis phenolics represent 
only 11.46% of the insoluble fiber content. Hence then, non-
bioaccessible and released soluble phenolics can reach the colon 
and potentially be used as substrates by the colonic microbiota 
[Hernández-Maldonado et al., 2019; Sáyago-Ayerdi et al., 2019]. 
Thereby, the insoluble fiber composition can influence micro-
biota composition changes during the fermentation process.

The gut microbiota plays a critical function in the biotrans-
formation of phytochemicals, modulating the phenolic com-
pounds’ bioavailability and promoting gut health [Bento-Silva 
et al., 2020; Hernández-Maldonado et al., 2019; Kim et al., 2018]. 
Therefore, the consumption of probiotics, prebiotics (dietary 
fiber), and phenolic compounds is recommended for better 
gut health, considering that phenolic molecules have the same 
biological effect as prebiotics [Hernández-Maldonado et al., 2019; 
Ye et al., 2022]. 

r	 Gut health and modulation of the gut microbiota
The intake of fruits and vegetables is closely related with gut 
health because their bioactive compounds exert beneficial ef-
fects, such as phenolic compounds that remain bioaccessible 

after the gastrointestinal phase in the non-digestible fraction 
[Hernández-Maldonado et al., 2019; Kim et al., 2020; Pacheco-Or-
daz et al., 2018a]. Hydroxycinnamic acids, gallotannins, and other 
compounds interacting with the fiber have been found therein 
[Hernández-Maldonado et al., 2019; Sáyago-Ayerdi et al., 2019; 
Velderrain-Rodríguez et al., 2018]. Also flavonoids and xanthones 
associated with the insoluble fiber fraction have been identi-
fied in mango, including quercetin, kaempferol, and mangif-
erin. Notably, as shown by assays with the fecal microbiota, this 
flavonoid-xanthone fraction produces compounds that benefit 
gut health, such as hydroxyphenolic acids and other derivatives 
[Hernández-Maldonado et al., 2019; Kim et al., 2018].  

Regarding gastrointestinal infectious diseases, dietary fiber 
intake has been shown to help mitigate disorders, including con-
stipation and diarrhea associated with gut microbiota changes. 
In addition, dietary fiber is related to bioactive components such 
as phenolic compounds, which are bioaccessible once released 
in the digestive tract [Anaya-Loyola et  al., 2020; Hernández- 
-Maldonado et  al., 2019]. Thereby, diarrhea reduction can be 
associated with the content of gallotannins, such as penta-, 
hexa- and heptagalloyl glucose, in mango residues, which inhibit 
the growth of pathogenic microorganisms, like Campylobacter 
jejuni involved in acute diarrhea [Anaya-Loyola et al., 2020; Kim 
et al., 2018; Vazquez-Olivo et al., 2019]. 

In another study, a reduction in flatulence and abdominal 
inflammation was reported in children who consumed a bev-
erage from mango juice residues (peel and pulp), which was 
constituted by dietary fiber with a high content of extractable 
polyphenols (mono- to heptagalloyl hexosides and mangiferin) 
and polyphenols released by hydrolysis [Anaya-Loyola et  al., 
2020]. Methyl gallate has also been demonstrated to exert an-
tidiarrheal, spasmolytic, anti-inflammatory, and antioxidant ef-
fects in preclinical models of intestinal inflammation [Anzoise 
et al., 2018]. The cited authors also showed it reduced intestinal 
motility, decreasing peristalsis by 74.5% (100 mg/kg) and 58.82% 
(300 mg/kg), and observed a greater effect of the 100 mg/kg 
dose applied in a preclinical model with intestinal disorders.

Multiple factors are involved in the gut health, such as a bal-
anced microbial composition, intestinal permeability, healthy 
epithelial barrier, and a vigorous colonic mucosa. Any disorder 
of these factors can cause oxidative stress and induce develop-
ment of intestinal diseases, including obesity, inflammatory 
bowel disease, mucosal ulceration, ulcerative colitis, and Crohn’s 
disease [Hernández-Maldonado et al., 2019; Kim et al., 2020; Ye 
et al., 2022]. Particularly, inflammatory bowel disease is character-
ized by chronic inflammation and dysbiosis, which are the main 
factors for the development of gastrointestinal neoplasms or 
colon cancer. Worthy of mention is that 60% of stomach cancer 
and 43% of colon cancer are attributed to low consumption 
of vegetables [Anzoise et al., 2018; Kim et al., 2018; Navarro et al., 
2019; Vazquez-Olivo et al., 2019].

The gut microbiota plays an important role in food digestion, 
immunity and other metabolic functions. The human intestinal 
microbial communities are defined by host genetics, intesti-
nal dysbiosis, endogenous factors (antibiotics and xenobiotics 
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consumption), and other environmental factors. However, di-
etary components play a crucial role in regulating microbial 
profiles, mainly fiber and phenolic compounds [Bento-Silva et al., 
2020; Kim et  al., 2018]. From this perspective, phenolic com-
pounds have become relevant for health since they can modify 
the gut microbiota, increasing the release of metabolites with 
more significant bioactivity [Hernández-Maldonado et al., 2019; 
Kim et al., 2018]. Moreover, phenolic molecules with a higher 
degree of polymerization, as gallotannins, have been linked 
with substantial anti-inflammatory and anticancer properties 
[Navarro et al., 2019]. For example, Kim et al. [2020] demonstrated 
that gallotannins and gallic acid mitigated intestinal inflamma-
tion and carcinogenesis by intestinal microbiome modulation. 
Mangiferin has also been reported to improve intestinal inflam-
mation in a murine model with induced colitis [Kim et al., 2018; 
Vazquez-Olivo et  al., 2019]. On the other hand, Navarro et  al. 
[2019] identified 71 compounds, including 32 gallates and gal-
lotannins with different degrees of polymerization, 7 hydroxy-
benzophenone derivatives (maclurin and iriflophenone), 6 xan-
thonoids (isomangiferin derivatives and mangiferin), 11 phenolic 
acids, and 8 flavonoids (derived from rhamnetin and quercetin), 
when evaluating the cytotoxic effect of mango peel extracts on 
different human carcinoma cells related to the digestive tract, 
and concluded that gallotannins and xantonoids play an es-
sential role in toxicity against cancer cells. 

The mango’s phenolic compounds and their derivatives have 
also been noted to participate in processes linked to immune 
system regulation by gut microbiota modulation. For instance, 
using a rat model with DSS-induced colitis, Kim et al. [2020] sur-
veyed a mango polyphenol concentrate. They found significant 
changes in the profiles of bacteria belonging to the Firmicutes 
Phylum (Lactobacillus plantarum, Lactococcus lactis, and Clostrid-
ium butyrium). Consequently, the production of short-chain 
fatty acids (SCFAs) was induced as butyrate and valerate. It was 
also observed a suppression of HDAC1 activity and an increase 
of AMPK activity together with levels of autophagy biomarkers; 
thereby, the mango phenolic compounds intake could miti-
gate intestinal inflammation. In addition, other studies have  
demonstrated that quercetin can modify the gut microbiota, 
improving the Bifidobacteria growth and the ratio of Firmicutes 
decreasing to Bacteroidetes. Interestingly, by conducting an 
in vitro gut simulation to evaluate a mango by-product rich in 
polyphenols and dietary fiber, Sayago-Ayerdi et al. [2019] de-
tected an increase in Bifidobacterium relative abundance at 24 h 
and increased microbial genera diversity at 72 h, including mainly 
Lactobacillus, Dorea, and Lactococcus. In this sense, through a hu-
man clinical study, Kim et al. [2018] showed that mango intake 
encouraged the growth of Lactobacillus genera (L. plantarum, 
L. reuteri, and L. lactis), promoting butyrate production. Further-
more, mango consumption mitigated intestinal inflammation 
by decreasing the production of pro-inflammatory cytokines.

APPLICATIONS OF AGRO-INDUSTRIAL WASTES
New research challenges have opened an approach to food ap-
plications of valuable waste products. In this context, functional 

foods or dietary supplements have been designed with mango 
by-products implemented as active ingredients [Alañón et al., 
2021a; Anaya-Loyola et al., 2020; Ballesteros-Vivas et al., 2019a; 
Oliver-Simancas et al., 2021]. Currently, the trend of developing 
new products in various sectors of the food industry, such as 
chicken patties and meat sausages in the meat industry, as well 
as dairy-based drinks and cheeses in the dairy industry, that 
are based among others on industrial by-products has been 
increasing [Gupta et al., 2022; Iuit-González et al., 2019; Oliver- 
-Simancas et al., 2021]. Several products have been reported to 
be developed from mango wastes, such as macaroni, noodles, 
films, yogurt, beverages, and bakery food products, like snacks, 
bread, biscuits, cakes, and mango-based bars [Abbasi et al., 2017; 
Hernández-Maldonado et  al., 2019; Marcillo-Parra et  al., 2021; 
Melo et  al., 2019]. Mango seed kernel has been deployed to 
develop biodegradable films, edible coatings for tomato [Nawab 
et al., 2017] and peach [Torres-León et al., 2018], as packaging in 
chili [Nawab et al., 2018], and to prepare extruded and deep-fried 
pellets [Patiño-Rodríguez et al., 2021]. It has been reported that 
phenolic compounds present in mango by-products preoved 
well as probiotic enhancers that can be applied in yogurts, 
cheeses, olives, sauerkraut and other functional foods [Pacheco- 
-Ordaz et al., 2018b; Tirado-Kulieva et al., 2021]. Pérez-Chabela 
et al. [2022] evaluated the effect of mango peel as a functional 
ingredient in yogurt. They observed that physicochemical char-
acteristics, such as titratable acidity and pH, were accepted by 
consumers. The addition of this mango by-product had an effect 
because it inhibited undesirable microorganisms and promoted 
the proliferation of lactic acid bacteria, indicating that it presents 
prebiotic capacity. On the other hand, Das et al. [2019] incorpo-
rated up to 40% of mango kernel flour in the formulation of cakes 
and compared them with those made with 100% wheat flour. 
They observed that mango kernel flour affected the nutritional 
composition of the cakes. In addition, Iuit-González et al. [2019] 
developed a jam based on mango peel, evaluating the incor-
poration of 20 and 30%, the latter being the most preferred by 
the panelists. They indicated that the mango jam complied with 
the specifications of the Mexican Official Standard No. NOM-130- 
-SSA1-1995 [Norma Oficial Mexicana, 1997]. Mango by-products 
have also been used as vegetable oil stabilizers to prevent oxida-
tion [El-Kady et al., 2017, Sánchez-Camargo et al., 2019]. Thereby 
the synthetic antioxidants linked to harmful health events, such 
as butylhydroxyl anisole and butylated hydroxytoluene, could 
be substituted with antioxidants from natural sources. Another 
significant finding on mango residues is their antimicrobial prop-
erties, which allow their application as antimicrobial agents to 
prevent food poisoning and infections caused by pathogenic 
microorganisms in the food industry [Mutua et al., 2017].

Understanding the underlying mechanisms of bioactive 
components from mango wastes opens new pharmacotherapy 
treatment options to avoid side effects associated with chronic- 
-degenerative diseases [Marcillo-Parra et al., 2021]. On the other 
hand, phenolic extracts from mango residues have also been 
used in combined therapy with conventional drugs to treat 
gastrointestinal diseases due to their potential to reduce levels 
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of inflammatory biomarkers and modulate the gut microbiota 
[Hernández-Maldonado et al., 2019; Kim et al., 2020]. 

Overall, mango residues are a low-cost source of phenolic 
compounds applicable in the food, cosmetic, and pharmaceuti-
cal industries, allowing the increase in the valorization of these 
residues and the reduction of their environmental effects [Alañón 
et al., 2021a; Borrás-Enríquez et al., 2021; Castro-Vargas et al., 2019; 
El-Kady et  al., 2017; Lin et  al., 2020; Marcillo-Parra et  al., 2021; 
Mutua et al., 2017; Torres-León et al., 2021].

CONCLUSION
Mango processing industries bring about a massive volume 
of residues causing environmental problems. Nonetheless, sev-
eral phytochemicals in the peel and seed kernel of the mango 
have been linked to preventing several diseases, such as can-
cer, cardio-metabolic diseases, and gastrointestinal diseases. 
The molecules present in mango waste have been reported to 
be involved in the gut microbiota modulation showing a prebi-
otic effect and improving gut health. These therapeutic effects 
make the mango by-products viable bioactive ingredients for 
use in the design of functional and nutraceutical foods for health 
improvement.
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�The objective of the present study was to evaluate the effects of the ageing period (1, 7, 14, and 21 days) on the quality 
parameters, sensory attributes, and oxidative stability of loins (longissimuss lumborum muscle) obtained from twelve Sim-
mental calves less than 8 months old and slaughtered in a commercial processing plant. After 21 days, the colour of veal 
samples became yellower (increase in b* colour parameter value), and the instrumentally-measured texture improved 
(Warner-Bratzler shear force decreased from 84.61 N to 56.79 N). Ageing time enhanced sensory-evaluated tenderness, ju-
iciness, aroma, and flavour. The amount of the lipid oxidation products determined as thiobarbituric acid reactive substance 
content remained unchanged; in contrast, the amount of protein carbonyls increased, without compromising veal quality. 
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INTRODUCTION
Meat ageing is a common name for many biochemical pro-
cesses, such as enzymatic degradation of proteins and, to 
a lesser extent, enzymatic degradation of lipids. In the process 
of proteolysis, endogenous proteolytic enzymes cause frag-
mentation of the microstructure of muscle fibres, resulting in 
improved tenderness of the meat [Franco et al., 2009; Kemp et al., 
2010]. During the degradation of myofibrillar proteins, peptides 
and amino acids are released that act as water-soluble flavour 
precursors [Koutsidis et al., 2008]. The result is an improvement 
in the aroma and flavour of the meat, which acquires the desired 
gastronomic properties, mainly related to the aroma and flavour 
specific of aged meat [Lee et al., 2021]. The speed and extent 
of ageing depend on several factors, such as the species, age, 
diet, and breed of the animal, as well as the type of muscle. 
The meat of young animals is, in contrast to the meat of older 
animals, generally considered softer and requires less time to 
reach the same degree of tenderness. Veal is the meat of cattle up 

to 8 months old and should be characterised by a tender texture, 
pale pink colour, high water content, and low-fat content [Go
vernment of the Republic of Slovenia Regulation, 2019]. The most 
important factor determining the acceptability of veal and influ-
encing the consumer’s purchase decision is tenderness [Reicks 
et al., 2011]. Although veal is considered tender meat than beef 
and is usually not aged, some studies have confirmed the posi-
tive influence of ageing on its tenderness, juiciness, and overall 
acceptability [Baldi et al., 2015; Revilla & Vivar-Quintana, 2006].

Oxidation is one of the main causes of meat deterioration, 
along with microbial spoilage. Muscle lipids and proteins are 
susceptible to oxidation as a result of internal and external fac-
tors. Meat contains several endogenous initiators of oxidation, 
such as ferrous heme pigments, transition metal ions, and oxi-
dative enzymes. The ageing of meat can enhance oxidative 
degradation. Meat is subjected to oxidation of lipids and pro-
teins, resulting in the formation of various oxidation products, 
including carbonyl groups and lipid oxidation products, such 
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as thiobarbituric acid reactive substances (TBARs). Lipid oxi-
dation is often responsible for quality loss via rancid flavour 
development [Domínguez et al., 2019; Popova et al., 2009]. To 
reduce the unbeneficial effects of oxidation processes on meat 
quality, the meat industry uses vacuum packaging, which exerts 
a strong oxidation-inhibiting effect. Bonny et al. [2017] showed 
that TBAR levels were the lowest in vacuum-packed beef sam-
ples compared to the modified atmosphere-packed (MAP) 
samples. Similar results were observed for carbonyl group con-
tent, where vacuum packaging presented significantly lower 
carbonyl content after 10 days than MAP treatments. The effects 
of lipid oxidation on meat aroma and overall quality have been 
thoroughly studied, while the effects of protein oxidation are 
still poorly understood [Lund et al., 2011]. The formation of car-
bonyl and sulfhydryl groups causes meat to lose functional 
groups, leading to the formation of intra- and/or inter-protein 
disulfide cross-links. These factors have a strong influence on 
the functionality of muscle proteins and, consequently, reduce 
the water-holding capacity. The chemical changes that occur 
during protein oxidation are responsible for changes in protein 
solubility, protein fragmentation, and protein aggregation. 
Protein oxidation can affect eating quality of meat, including 
especially its tenderness, juiciness, flavour, and discoloration 
[Bao & Ertbjerg, 2019].

We are aware that there are many studies on meat ageing, 
but there are few on the topic of veal ageing and practically none 
addressing longer ageing periods. Although veal is considered to 
be more tender than beef, based on promising results of limited 
similar studies, we believe that ageing will result in additional 
improvement in its tenderness, aroma, and flavour. Therefore, 
the objective of the present study was to determine the effects 
of 21-day ageing of veal on its quality parameters and sensory 
attributes. Since the oxidation process in meat is related to its 
quality and consumer acceptance, the extent of lipid and protein 
oxidation of veal was determined as well.

MATERIALS AND METHODS
r	 Experimental design
In the experimental part of the study, twelve calves (Simmental 
breed) were randomly selected and purchased at a local butcher 
(Ljubljana, Slovenia). The calves were from Slovenian breeding 
and rearing and slaughtered on the same day in a commercial 
slaughterhouse at less than 8 months of age. The average cold 
carcass weight was 104±8 kg. The procedures of the preslaughter 
period, slaughter and primary processing of carcasses were con-
ducted according to standard technology [Council Regulation, 
2009; Government of the Republic of Slovenia Regulation, 2018]. 
Carcasses were chilled at 4±1°C for 24 h, and the longissimus lum-
borum (LL) section of the longissimus thoracis et lumborum muscle 
was removed from both the left and the right side of the carcass. 
The muscles were separated from the bone and divided, per-
pendicular to the muscle fibres, into four approximately equal 
parts. Samples were weighed, vacuum-packed in polyvinylidene 
chloride (PVDC) laminate bags (Cryovac, Elmwood Park, NJ, USA), 
and randomly selected for different ageing periods (7, 14, and 21 

days postmortem, pm). Samples in group 1 (24 h pm) were im-
mediately analysed for meat quality parameters.

The ageing period was selected based on the results of sen-
sory analysis of the preliminary study, which included four calves 
(Simmental breed) from Slovenian breeding and rearing. The ex-
perimental design was similar to that of the main experiment, 
with the only difference being the duration of ageing. After 
28 days of ageing, the panelists evaluating sensory attributes 
of meat perceived its off-aroma and off-flavour (aroma/flavour 
associated with meat at the end of shelf life), thus the ageing 
period in the main experiment was 21 days instead of 28 days.  

Ageing took place in a cooling chamber at a constant tem-
perature of 2±1°C. After each ageing period, one part of the sam-
ple was immediately analysed for meat quality parameters, 
and another part of the sample was vacuum-packed and frozen 
at –21±1°C until contents of protein carbonyl and TBARs were 
determined. Before analysis, the meat samples were thawed at 
4±1°C for 24 h.

r	 Analysis of meat quality parameters
After each ageing period, weep loss (expressed as a percentage 
of excreted meat juice during ageing) was determined. Then, 
a 3–4 cm thick slice with core temperature of 2±1°C was cut from 
the corresponding sample, in which the pH value was measured 
directly using a combined glass-gel spear electrode (Type 03, 
Testo Pty Ltd, Croydon South, Australia) with a thermometer 
(Type T, Testo Pty Ltd) connected to a pH metre (Testo 230, Testo 
Pty Ltd). The reading accuracy was 0.01 pH units.

Colour parameters of the meat samples were measured 
using a CR-400 colorimeter (Konica Minolta Optics, Inc., Osaka, 
Japan) with standard illuminant C and 0° viewing angle. The CIE 
L* (lightness), a* (redness), and b* (yellowness) values were de-
termined at four different points on the freshly-cut surface after 
30 min of bloom time at 4±1°C. The surface of meat sample was 
drained of excreted meat juice before measurement. The remain-
ing piece of the raw sample was weighed, and colour and mar-
bling were visually evaluated by a sensory panel.

The samples were then vacuum-packed and heat-treated 
in a combi oven (Rational FRIMA SCC61, Landsberg am Lech, 
Germany) at 75°C for 1 h using the sous-vide (vacuum cooking) 
method. After the heat treatment, cooking loss was determined 
and expressed as a percentage of excreted meat juice during 
heat treatment. The remaining sensory properties (juiciness, 
tenderness, aroma and flavour) were evaluated on the warm 
part of the sample.

To evaluate the sensory qualities, a panel of six panellists 
qualified and experienced in the field of meat products was ap-
pointed. The panel was trained in sensory profiling of veal from 
the Slovenian market in five training sessions. In the first session, 
the panellists were trained on samples of unaged veal (24 h pm). 
In the four following sessions, samples of aged veal (with different 
ageing times: 7, 14, 21, and 28 days) were served. The panellists 
evaluated the sensory characteristics of the veal and agreed on 
descriptors and their definitions. The sensory evaluation of veal 
was conducted under defined, precisely prescribed, controlled 
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and reproducible operating conditions. These included: ar-
rangement of laboratory, samples, accessories and organization 
of assessment [ISO, 2007; ISO, 2012]. Assessment of the coded 
samples took place in a standard sensory laboratory. Regarding 
sensory evaluation, the thermally-treated samples with discarded 
edges were cut into 1 cm3 cubes, and two cubes per panellist 
were wrapped in aluminium foil and randomly presented to 
the panellists for evaluation. To neutralise the taste, the panel 
used the middle dough of white bread and water.

The analytical-descriptive test [Gašperlin et al., 2014] was 
carried out by scoring the sensory attributes according to a non- 
-structured scale from 1 to 7 points, whereby a higher score 
indicated a stronger expression of a particular attribute. The defi-
nitions of the descriptors are listed in Table 1. 

After each ageing period, marbling and colour were visually 
assessed on raw samples. After thermal treatment, the aroma 
and flavour of the samples were assessed immediately after 
un-wrapping the aluminium foil. The juiciness and tenderness 
were assessed by tasting the samples. The samples were served 
and scored in four sessions (after each ageing period), and their 
attributes were recorded individually.

The Warner-Bratzler shear force (WBSF) was measured ac-
cording to the procedure of Campo et al. [2000], with some 
modifications. The analysis was performed using the TAXT plus 
texture analyser (Stable Micro Systems Ltd., Godalming, United 
Kingdom) with a 50 kg load cell. The shear force (N) was meas-
ured perpendicular to the muscle slices (10×10×40 mm) cooled 
to room temperature (20±1°C) in four parallels as the resistance 
of the sample to cutting by blade set consists of guillotine edge 
and a Warner-Bratzler blade (HDP/BS) with the operating con-
ditions: blade speed 50 mm/min, penetration into the muscle 
10.5 mm.

r	 TBAR and protein carbonyl content determination
The extent of lipid oxidation of veal samples was monitored by 
measuring TBAR content as described by Penko et al. [2015]. 
Briefly, to 0.100±0.001 g of a homogenised sample, 1 mL of 35% 
trichloroacetic acid, and 2 mL of 0.36% thiobarbituric acid (in 
0.1 M Na2SO3) were added and mixed intensively for 5 min on an 

orbital shaker (KS260, IKA, Staufen, Germany), followed by the ad-
dition of 1 mL of 0.9% butylated hydroxytoluene in n-hexane. 
The samples were heated at 90°C for 30 min in a thermoblock 
(VLM EC1, Bielefeld, Germany). After cooling to room tempera-
ture, 1 mL of trichloroacetic acid and 2 of mL chloroform were 
added and then centrifuged at 1,500×g, 6 min (5810 centrifuge, 
Eppendorf, Darmstadt, Germany). After centrifugation, the ab-
sorbance in the supernatant was measured at 532 nm with 
a Cary 8454 UV-Vis spectrophotometer (Agilent Technologies, 
Waldbronn, Germany). 1,1,3,3-Tetraethoxypropane was used 
as a standard for the determination of TBARs. Results were ex-
pressed in mg of malondialdehyde equivalents per kg of meat.

A modified spectrophotometric method of Soglia et al. 
[2016] was used to determine protein carbonyl content of meat. 
In brief, 1,000 g of muscle sample was homogenised in 10 mL 
of ice-cold 0.15 M KCl solution. To 100 µL of the homogenate, 
1 mL of 10% trichloroacetic acid was added. A blank was pre-
pared by adding 1 mL of 10% trichloroacetic acid to 100 μL of dis-
tilled water. After centrifugation at 4,000×g for 6 min (Eppendorf 
5810 centrifuge), the supernatant was removed, and 400 μL 
sodium dodecyl sulfate was added to the residue. After heating 
(10 min, 90°C) and sonication (30 min, 40°C) (3510 ultrasonic 
cleaner, Branson, Danbury, CT, USA), the samples were treated 
with 0.8 mL of a 0.3% (w/v) solution of 2,4-dinitrophenylhydra-
zine (DNPH) in 3 M HCl. To the blank, 0.8 mL of 3 M HCl was 
added. After incubation (30 min), 400 μL of 40% trichloroacetic 
acid was added and centrifuged (4,000×g, 6 min). The superna-
tant was removed, and 1 mL ethanol-ethyl acetate mixture (1:1, 
v:v) was added to the residue. After centrifugation (4,000×g, 
10 min), the supernatant was again removed. This procedure 
was repeated three times. To the dried precipitate, 1.5 mL of 6 M 
guanidine hydrochloride in 20 mM sodium phosphate buffer (pH 
6.5) was added. After overnight incubation (4°C), the samples 
were filtered by 0.45 μm Phenex regenerated cellulose (RC) 
syringe filters (Phenomenex, Torrance, CA, USA), and carbonyl 
groups were detected, by reactivity of carbonyl groups with 
DNPH to form protein-bound 2,4-dinitrophenylhydrazones, at 
wavelengths of 370 nm and 280 nm with a Cary 8454 UV-Vis 
spectrophotometer (Agilent Technologies). The protein carbonyl 

Table 1. Definitions of descriptors for the sensory evaluation of veal.

Descriptor Definition Scale

Colour Colour typical for veal (visual evaluation) 1 – too light
4 – pale pink (optimal)
7 – too dark

Marbling The proportion of intramuscular fat (visual evaluation) 1 – absence of marbling
7 – extreme marbling

Juiciness The degree of juiciness perceived after the first three 
chews between the molar teeth

1 – extremely dry
7 – extremely juicy

Tenderness Perception of tenderness after the first three chews 
between the molar teeth

1 – extremely tough
7 – extremely tender

Aroma Aroma associated with cooked veal loin 1 – absence of veal aroma
7 – fully expressed veal aroma

Flavour Flavour associated with cooked veal loin 1 – absence of veal flavour
7 – fully expressed veal flavour
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21 days). The pH value measured after 24 h pm indicated normal 
muscle quality. The pH values in the present study are similar to 
those reported by other authors [Revilla & Vivar-Quintana, 2006]. 

During the 21 days, the veal samples released a noticeable 
amount of meat juice (Table 2). Weep loss during ageing is 
caused by denaturation of muscle proteins and decreased ability 
to bind water [Wiklund et al., 2010]. The highest percentage weep 
loss was observed after 21 days (6.97%), but without statistical dif-
ferences (p>0.05) compared to day 7 (1.17%) and day 14 (3.43%). 
One of the possible explanations is that vacuum packaging 
protects against high water losses. Shi et al. [2020], who inves-
tigated different packaging methods, reported that the lowest 
weep losses occurred in wet-aged beef samples due to vacuum 
packing. Vacuum packaging inhibited evaporation of water, 
so weep losses decreased. In contrast, dry-aged beef samples 
had the highest weep losses compared to beef samples aged 
under various moisture-permeable packages [Laster et al., 2008]. 

The ageing process affected the cooking loss (p<0.001) 
of veal during heat treatment (Table 2). The highest cooking loss 
was determined for meat aged for 14 days (22.63%) and simi-
larly maintained at 21 days pm (21.78%). Mungure et al. [2016] 
found a significant increase in cooking loss in beef samples 
after 21 days of ageing (37.51%) compared to 3-day aged beef. 
The mentioned value was higher than the cooking loss observed 
in our experiment at day 21. Weight loss during heat treatment 
depends on the method, temperature and duration of heat 
treatment, so comparison with other studies is difficult. Longer 
heat treatment and higher temperature affect the increase in 
cooking loss, which could be due to increased myosin denatura-
tion and possible weakening of myofibril structure [Zielbauer 
et al., 2016].

Colour plays an important role in the appearance, pres-
entation, and acceptability of veal [Klont et al., 2000]. Colour 
parameters of meat 24 h pm in our study are shown in Ta-
ble 2. The values of L*, a* and b* were similar to those reported 
by Hulsegge et al. [2001], who performed measurements on 
rectus abdominis muscle. Instrumental colour measurements 
on the rectus abdominis and pectoralis superficialis muscle are 

content, expressed as nmol/mg of protein, was calculated ac-
cording to the following equation:

Content of protein 
carbonyls

A370

22,000 × [A280 – (A370 × 0.43)]
= × 106

	
(1)

where: 22,000 – absorption coefficient of protein-bound 2,4-di-
nitrophenylhydrazones at 370 nm; A370 – absorbance at 370 nm; 
A280 – absorbance at 280 nm; and 0.43 – correction factor.

r	 Statistical analysis
To determine the effects of variability and the characteristics of its 
influence on some physical, chemical, and instrumental parame-
ters of veal, the univariate UNIANOVA test (IBM SPSS Statistics ver-
sion 22.0, Chicago, IL, USA) was used, where the model included 
fixed effects of ageing time (Ai; 1, 7, 14, 21 days) and repetition 
(animal) (Rj; 1–12). The model was represented as equation (2).
  
yijk = μ + Ai + Rj + eijk	  (2)

where: y was the observed parameter, µ – the general mean, 
and e – a residual random term with variance σe

2. The effect of calf 
sex was not observed. The Shapiro-Wilk test for the sensory pa-
rameters did not show a normal distribution of the data (p<0.05), 
so the Kruskal-Wallis test was used to evaluate the influence 
of ageing time on the above traits. Since this non-parametric test 
does not allow us to evaluate the differences between ageing 
days, the UNIANOVA test was also performed and was upgraded 
with a post-hoc multiple comparison least significant difference 
(LSD) test. Sensory trait values were compared at each day with 
a significance level of 0.05.

RESULTS AND DISCUSSION
The results referring to weep loss during ageing, cooking loss 
during heat treatment, pH values, instrumentally-measured col-
our parameters and texture are summarised in Table 2. The pH 
values of the veal samples varied from 5.66 (24 h pm) to 5.72 (after 

Table 2. pH value, weep and cooking losses, as well as instrumentally-measured colour parameters and texture of veal after different ageing periods.

Parameter
Ageing period (day)

pA pR SE Mean across
days pm1 7 14 21

pH 5.66b 5.71a 5.65b 5.72a 0.065 0.653 0.05 	 5.79

Weep loss (%) 0.0 1.17 3.43 6.97 0.153 - 1.3 	 2.9

Cooking loss (%) 16.02b 17.40b 22.63a 21.78a <0.001 - 2.8 	 19.5

Colour parameter

L* 48.36 49.93 50.30 49.12 0.318 0.001 3.33 	 49.43

a* 11.79b 13.32a 12.41ab 13.40a 0.054 <0.001 2.67 	 12.79

b* 2.80c 5.60a 3.29bc 3.77b <0.001 0.025 1.12 	 3.86

Texture parameter, WBSF (N) 84.61a 53.48b 63.47b 56.79b <0.001 0.501 24.14 	 64.59

pm, postmortem; WBSF, Warner-Bratzler shear force; pA, statistical probability of ageing effect; pR, statistical probability of repetition (animal) effect; SE, standard error of mean. Data with 
different superscript letters within a row (differences between days of ageing) differ significantly (p≤0.05).	
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recommended for objective evaluation of veal colour [Horcada 
et al., 2013]. For the results obtained after different ageing pe-
riod (Table 2), there were no significant differences (p>0.05) in 
the L* values, while significant differences were in parameter b* 
with a maximum value observed after 7 days of ageing (5.60, 
p<0.001). Differences observed in parameter a* were mainly 
due to the repetition (animal) effect. A possible explanation for 
increase in parameter b* is in oxidation of myoglobin to met-
myoglobin as a result of dissolved oxygen in the meat [Henriott 
et al., 2020]. An increase in brightness may have a positive effect 
on the appearance of veal, while an increase in redness may be 
a negative factor [Baldi et al., 2015]. Similarly to our results, Vieira 
et al. [2006] found no significant effect of a 14-day ageing period 
on the a* values of beef longissimus thoracis muscle. In contrast, 
Florek et al. [2015] found significantly higher values of L*, a*, 
and b* parameters in LL muscle after 12 days of ageing, regard-
less of the calf slaughter age. Similar findings were observed by 
Vitale et al. [2014], who reported higher baseline values of L*, 
a* and b* in aged beef (3, 6, 8, 14, and 21 days) than in unaged 
beef. These results are consistent with Bruce et al. [2004], who 
demonstrated an increase in L*, a*, and b* values of longissimus 
toracis for 14 days of vacuum-packaged meat compared to un-
aged meat (24 h pm). The differences in L*, a*, and b* values 
between aged and unaged meat could be explained by a higher 
blooming ability of vacuum-aged meat [Oliete et al., 2006].

Ageing had a significant (p<0.001) effect on instrumentally- 
-measured texture of heat-treated meat (Table 2). After 21 days 
of ageing, the WBSF decreased by approximately 33% (from 
84.61 N to 56.79 N), and the lowest value was observed after 
7 days pm (53.48 N), without significant differences (p>0.05) 
compared to day 14 and day 21. A slight increase was observed 
after 14 days, which could be related to a higher cooking loss. 
At this point, it should be noted that the values of measured 
WBSF obtained in our study are very difficult to compare with 
other studies, because different blade sets (e.g., standard blade, 
“V” slot blade, rectangular slot blade) and different dimensions 
and shapes (rectangular or oval) of the sample were used for 
force measurement. For this reason, comparison with other stud-
ies is only possible in relative terms. In this case, our results are in 

agreement with the results of the study by Baldi et al. [2015], who 
reported a decrease in WBSF for longissimus dorsi muscle of veal 
within 8 days, without further improvement in tenderness. Also 
similarly to our findings, Franco et al. [2009] found that beef aged 
for 21 days did not differ in WBSF from beef aged for 8 or 14 days. 
Another difference between our study and some other studies 
was in the storage of the aged veal samples. In our case, we per-
formed the WBSF measurements immediately after each ageing 
period. Some other authors reported that the veal samples were 
frozen before measurements [Baldi et al., 2015; Campo et al., 2000; 
Revilla et al., 2006]. The data in the literature indicate a positive 
effect of freezing on the tenderness of the meat, attributed to 
mechanical damage of the myofibrillar structure of the meat 
by the ice crystals [Cho et al., 2017; Dang et al., 2021; Lagerstedt 
et al., 2008; Vieira et al., 2006]. 

The ageing period affected several sensory attributes 
of veal (Table 3). After 21 days, the juiciness (by 0.46 points), 
tenderness (by 1.33 points), aroma (by 0.32 points), and flavour 
(by 0.41 points) of veal improved significantly (p≤0.05). Similar 
results were obtained in a preliminary study, in which tenderness, 
aroma, and flavour improved (increase in scores) up to 21 days; 
later, at day 28, no further improvement in tenderness, but off- 
-aroma and off-flavour were noted (data not shown). Kaniou 
et al. [2001] reported an increase in the content of biogenic 
amines during the ageing of vacuum-packed beef. The highest 
levels of putrescine and cadaverine were found after 26 days. 
High levels of putrescine and cadaverine are known to enhance 
histamine or tyramine toxicity. This is another reason why we 
decided to use a 21-day ageing period.

The most important quality characteristic of meat is tender-
ness, a highly variable attribute that depends on many intrin-
sic and extrinsic factors and their interactions. According to 
the Government of Republic of Slovenia Regulation [2019], calves 
are slaughtered at less than 8 months of age; consequently, 
consumers expect tender meat. In our study, tenderness was 
rated at 6.51 points (Table 3), which is almost the maximum 
value for this attribute. Both, sensorial and instrumental methods 
confirmed improvement in tenderness of veal, although some 
differences between methods were observed. The lowest WBSF 

Table 3. Sensory attributes of veal after different ageing periods.

Sensory attribute
Ageing period (day)

X2
 pA 

(Kruskal 
Wallis test)

SE Mean across
days pm1 7 14 21

Colour (1–4–7) 4.08a 4.08a 3.69b 3.82b 15.90 0.001 0.47 3.9

Marbling (1–7) 1.65c 1.65c 1.85b 2.06a 8.31 0.040 0.82 1.8

Juiciness (1–7) 5.43b 5.58b 5.53b 5.89a 22.68 <0.001 0.40 5.6

Tenderness (1–7) 5.18d 5.71c 6.18b 6.51a 89.50 <0.001 0.42 5.9

Aroma (1–7) 6.00c 6.00c 6.13b 6.32a 53.20 <0.001 0.17 6.1

Flavour (1–7) 6.08c 6.15c 6.28b 6.49a 47.95 <0.001 0.22 6.3

pm, postmortem, (1–7); scale from 1 to 7 points (a higher score indicates a stronger expression of a particular attribute); pA, statistical probability of ageing effect; SE, standard error of 
mean. Data with different superscript letters within a row (differences between days of ageing) differ significantly (p≤0.05, least significant difference test).
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was measured on day 7, while from a sensory point of view, 
the highest score for tenderness was achieved after 21 days 
of ageing. The reason for this deviation may be in the sensory 
perception of tenderness, which is indirectly related to juici-
ness [Choe et al., 2016]. This coincides with the increase in juici-
ness (the highest value for juiciness was observed after 21 days 
of ageing). The increase in juiciness is the result of the activation 
of calpains during postmortem aging period, which influences 
the increase in the amount of free water in meat [Jaspal et al., 
2021]. Sensory-rated colour scores for the fresh cut veal sample 
decreased significantly during ageing, from 4.08 on the first 
day to 3.69 after 14 days (Table 3). The colour was described as 
brighter, which is desirable for veal and in accordance with an 
increase in parameter b* (yellowness) (p<0.001). Marbling varied 
from 1.65 points to 2.06 points (p=0.040), the differences were 
minimal and probably due to the influence of the individual 
animal in the experiment. It is difficult to compare our results 
directly with other studies because no study has been conducted 
with the same ageing conditions. Revilla & Vivar-Quintana [2006] 
reported that the quality of veal improved during ageing; ten-
derness, colour, and odour were the main attributes affected by 
ageing, and a 7-day ageing period seemed to be sufficient to 
obtain veal of high quality. Baldi et al. [2015] found that during 
a 4-day ageing period, the tenderness and juiciness of longis-
simus dorsi muscle significantly improved (p<0.001), while ageing 
had no effect on aroma and flavour. 

The results regarding the development of oxidation in vacu
um-packed veal samples are presented in Table 4. The ageing 
process had no effect on TBAR formation (p=0.589), indicating 
that the selected ageing conditions were appropriate. Campo 
et al. [2006] related TBAR values to the sensory attributes of beef. 
Higher TBAR values indicate a higher degree of oxidation, but 
not always a change in sensory attributes [Penko et al., 2015]. 
The cut-off point for consumer detection of rancidity is between 
1.0 and 3.0 mg malondialdehyde/kg, according to Campo et al. 
[2006]. In the current study, TBAR values ranged from 0.24 to 
0.27 mg malondialdehyde/kg, well below the critical level at which 
rancidity is detected; hence, the sensory attributes of veal were not 
affected. One of the possible explanations for the minimal forma-
tion of TBARs in our experiment could be in the vacuum packag-
ing of the samples. Both lipid and protein oxidation increased 
during storage due to the high oxygen content in the packaging 
atmosphere [Lund et al., 2007]. Clausen et al. [2009] reported very 
low TBAR values for vacuum-stored samples (23 days pm), while 
a sharp increase in lipid oxidation was observed for samples stored 

6 days after vacuum packaging in MAP. In contrast, Popova et al. 
[2009] reported that 14 days of vacuum storage affected lipid oxi-
dation in beef samples and it was higher than that in nonvacuum-
packed meat, with a significant difference observed in the content 
of TBARs on the first and sixth day of storage. According to Insausti 
et al. [2021], lipid oxidation is directly related to the formation 
of metmyoglobin during meat display; meat with a higher pig-
ment content is more oxidized and therefore less stable in colour. 
Veal is considered a younger animal meat and has less available 
myoglobin for the oxidation process.

The total amount of protein carbonyls in the veal samples 
increased significantly during ageing (3.98 nmol/mg protein at 
day 1 vs. 6.13 nmol/mg protein at day 21) (Table 4). The highest 
increase was observed after 14 days of ageing (6.22 nmol/mg 
protein). Popova et al. [2009] reported that a significantly higher 
amount of carbonyls was formed (20 nmol/mg proteins) after 
6 days of ageing of beef in a vacuum package at a tempera-
ture of 4°C compared to our results. According to the authors, 
during a 10-day storage of bovine LL muscle and diaphragma 
pedialis, the total protein carbonyl content increased from 3.1 
to 5.1 nmol/mg protein and from 4.8 to 6.9 nmol/mg protein. 
Large content variability could be explained by differing age-
ing conditions, especially temperature, muscle type, packaging 
method, and duration [Estévez, 2011]. Oxidation of myofibrillar 
proteins during storage can have a significant effect on muscle 
condition. Under highly oxidative conditions, intermolecular 
cross-links can be formed, affecting proteins that are less suscep-
tible to enzymatic proteolysis and reducing the development 
of tenderness due to proteolysis in meat [Davies, 2005]. In our 
study, a relationship between meat tenderness and the protein 
oxidation process was not found; in contrast, meat tenderness 
improved during ageing. The selected ageing conditions in our 
experiment were suitable to obtain the protein carbonyl content 
at a low level. The process of protein oxidation during storage 
of meat in the refrigerator is probably slower than the process 
of oxidation under conditions where radicals are formed more 
rapidly, such as heat treatment, freezing and thawing, irradiation 
and packaging of meat in an oxygen-rich atmosphere. This is one 
of the current research areas that can help us better understand 
the formation of protein carbonyls related to oxidative changes 
in meat [Estévez et al., 2019].

CONCLUSIONS
According to the current situation of veal on the Slovenian mar-
ket and promising results of limited studies considered ageing 

Table 4. Oxidation parameters of veal after different ageing periods.

Parameter
Ageing period (day)

pA pR SE Mean  across
days pm1 7 14 21

TBARs (mg malondialdehyde/kg) 0.24 0.23 0.23 0.27 0.589 0.630 0.05 0.24

Protein carbonyls (nmol/mg proteins) 3.98b 4.03b 6.22a 6.13a <0.001 0.436 0.99 5.09

pm, postmortem; TBARs, thiobarbituric acid reactive substances; pA, statistical probability of ageing effect; pR, statistical probability of repetition (animal) effect; SE, standard error of 
mean. Data with different superscript letters within a row (differences between days of ageing) differ significantly (p≤0.05).
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as a routine processing of veal to improve meat quality and to 
find the best compromise between the improvement in sensory 
properties and minimising loss of colour, lipid, and protein stabil-
ity, the results obtained in the present study fully confirm that 
21-day pm ageing under vacuum conditions at a temperature 
of 2±1°C reflects improvements of some sensory characteristics, 
especially tenderness, juiciness, aroma, and flavour. The intensity 
of lipid oxidation was low, as the content of TBARs during age-
ing remained below the threshold for the detection of rancid 
odour. In contrast, the duration of ageing affected the forma-
tion of protein carbonyls as their content increased with time 
without compromising meat quality. These results are promising 
for the use of veal ageing in the meat industry and gastronomy.
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Effect of Packaging on Microbial Quality of Edible Flowers During 
Refrigerated Storage
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�Edible flowers are food products that are usually eaten fresh without prior heat treatment. Due to their chemical composition 
and low degree of processing, they can be an excellent breeding ground for microorganisms, and thus a source of infection. 
Methods of their preservation include proper packaging and storage at low temperatures. Therefore the aim of this study was 
to evaluate the effect of type of packaging (vacuum-sealed polyamide/polyethylene bag and polyethylene terephthalate 
box) on the microbial contamination of edible flowers including nasturtium, calendula, and daisy during refrigerated storage. 
The counts of selected pathogenic bacteria, total yeasts and moulds on the day of harvesting and after 1–3 days of refrige-
rated storage were determined. The results showed that the edible flowers did not contain Salmonella sp. or Escherichia coli 
(except nasturtiums), while all flowers contained both yeast and moulds at counts about 4–5 log cfu/g, and Staphylococcus 
aureus at numbers ranging from 1.89 to 2.72 log cfu/g. The differences in the counts of moulds and S. aureus were statistically 
significant depending on the type of flower. Neither the type of packaging nor storage time under refrigerated conditions 
influenced the degree of microbial contamination of the flowers.
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INTRODUCTION
Plants have been a component of human diet since the earliest 
times. Strong passion for consuming plant products is noticeable 
in Asian countries, especially in Japan, Korea, China, and Viet-
nam, where the phenomenon of herbophilia has been observed 
for years [Pinakin et al., 2020]. Also, a common phenomenon is 
the consumption of edible flowers, called florifagia. Edible flow-
ers (EF) are defined as flowers that can be safely consumed by 
humans [Lu et al., 2016; Purohit et al., 2021]. However, despite 
the fairly widespread use of flowers as food, there is still no 
general classification of them into edible and inedible. Edible 
flowers are niche products in Poland, due to their low availability 
(seasonality) and no traditions of their consumption. They are 
still treated as a decorative element of dishes and not as a source 

of nutrients. Nevertheless, in Poland, as in the other European 
countries, consumer interest in EF and dishes based on them 
has increased in recent years. The market for the sale of EF is 
expanding and, accordingly, adequate packaging for transport 
and trade needs to be ensured. The EF are usually packed indi-
vidually and in flower boxes [Fernandes et al., 2020b]. 

The interest in EF is growing mainly due to their aesthetic 
properties: unique flavours, aromas, and colours, as well as their 
nutritional values [Takahashi et al., 2020]. EF are a rich source 
of carbohydrates and proteins, and do not contain excessive li-
pids. They also contain dietary minerals (calcium, iron, potassium, 
magnesium, phosphorous, and zinc) and vitamins [dos Santos 
et al., 2018; Purohit et al., 2021]. Moreover, EF represent a source 
of many biologically active substances, including phenolic 
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compounds [Fernandes et al., 2017; Lu et al., 2016; Mlcek & Rop, 
2011]. Therefore, there are numerous health benefits from EF 
consumption, due to their antianxiety, anticancer, antidiabetic, 
anti-inflammatory, antioxidant, diuretic, anthelmintic, immu-
nomodulatory, and antimicrobial effects [Demasi et al., 2021a; 
Devecchi et al., 2021; Lu et al., 2016; Navarro-González et al., 2015; 
Pinakin et al., 2020; Skrajda-Brdak et al., 2020; Zhao et al., 2021]. 

It should be remembered, however, that in addition to com-
pounds with a health-promoting effect, EF can be a source 
of anti-nutritional and even toxic substances [Klintschar et al., 
1999; Kristanc & Kreft, 2016 ; Lara-Cortés et al., 2013; Sotelo et al., 
2007]. They may contain environmental pollution residues (such 
as heavy metals), as well as substances used in agriculture (pesti-
cides, fertilizers) and various types of pathogenic microorganisms 
[Matyjaszczyk & Śmiechowska, 2019]. Due to the high content 
of water and nutrients, EF provide an excellent medium for 
many species of microorganisms, including yeasts and moulds. 
The EF processing may increase the risk of contamination with, 
among others, contaminants, total aerobic mesophilic bacteria, 
Salmonella sp., Escherichia coli, coliforms, yeasts, and moulds 
[Fernandes et al., 2020a]. Subsequently, the use of contami-
nated EF, as an ingredient in ready-to-eat food, contributes to 
food spoilage and may cause foodborne outbreaks [Matyjasz
czyk & Śmiechowska, 2019; Wilczyńska et al., 2021]. At this point, 
it should be emphasized that there are no requirements for 
the production process and conditions for harvesting and storing 
edible flowers. Legal regulations relating to quality and safe-
ty assurance for EF consumption have not been developed; 
only Regulation (EC) No. 258/97 of the European Parliament 
and of the Council of 27 January 1997 concerning novel foods 
and novel food ingredients, provides some information about 
the safety of EF [Regulation (EC), 1997].

EF are usually consumed either fresh or minimally processed 
[Fernandes et al., 2020b; Takahashi et al., 2020]. Low-temperature 
storage is widely used as an effective preservation method to 
maintain the quality and extend the shelf life of EF [Fernandes 
et al., 2019; Shantamma et al., 2021]. The packaging of EF, as in 
the case of other fresh or minimally processed products, plays 
also an important role in maintaining their quality – it is a barrier 
between the product and the external environment and protects 
them against pollution, mechanical damage, and desiccation 
[Hussein et al., 2015]. The type of packaging materials is an impor-
tant factor in controlling flower deterioration. Therefore, the aim 
of this study was to evaluate the effect of the vacuum-sealed 

polyamide/polyethylene (PA/PE) bag and polyethylene tereph-
thalate (PET) box packaging on the microbial contamination 
of selected edible flowers during refrigerated storage.

MATERIALS AND METHODS
r	 Collection and storage of flowers
The research materials consisted of selected edible flowers: 
nasturtium (Tropaeolum L.), calendula (Calendula officialis L.), 
and daisy (Bellis perennis L.), which were freshly harvested dur-
ing the 2021 harvest season directly from a commercial farm 
– Ogrodnictwo Lawenda, Gdańsk, Poland. The flowers were 
picked by hand while maintaining hygiene rules. Immediately 
after collection, all samples were packed in disposable food 
packaging (PET boxes) and then transported in a portable re-
frigerator to the laboratory, where the flowers were divided into 
three groups. One group was used for microbiological tests 
(day 0); from each type of flowers, 10 g were taken twice in 
order to obtain parallel replicates (n=6). The second group was 
packed in PET boxes (3 boxes of each type of flowers, 50 g 
each), and the third was packed in vacuum-sealed PA/PE bags 
(3 bags of each type of flowers, 50 g each) using a CVP-350/MS 
vacuum packer (CAS, Warsaw, Poland). The packed flowers, 
both in PET boxes and vacuum-sealed PA/PE bags, were kept 
in a refrigerator at 4±0.5°C for 3 days. On each day of storage, 
two parallel samples of 10 g of each type of flowers were taken 
from both PA/PE bags and PET boxes for microbiological tests 
(n=36). The whole experiment was repeated three times, at 
weekly intervals, producing a total of 126 samples that were 
analysed. The appearance of the stored flowers (colour, freshness, 
and wilting) was assessed through a daily visual inspection made 
by the same person.

r	 Microbiological analyses
Microbiological analyses were performed on day 0 (control) and 1, 
2, and 3 days of flower storage according to the methodology 
detailed in our previous article [Wilczyńska et al., 2021]. Ten grams 
of each flower type were collected in a laminar air flow cham-
ber and then homogenised together with 90 mL of a Ringer’s 
solution using a Stomacher lab-blender 400 (Seward, Worthing, 
United Kingdom). Homogenates were subjected to further dilu-
tion. The counts of Staphylococcus aureus, Escherichia coli, yeasts, 
and moulds on the flowers was determined using the pour-plate 
technique. The conditions for carrying out analyses are presented 
in Table 1. The presence of Salmonella sp. was determined using 

Table 1. The conditions of microbiological analyses conducted with the pour-plate technique.

Microorganism Medium Culture conditions

Escherichia coli Coli ID (bioMerieux, Warsaw, Poland) 37°C, 48 h

Staphylococcus aureus Baird-Parker agar + rabbit plasma fibrinogen (Merck, Darmstadt, Germany) 37°C, 48 h

Moulds and yeasts Yeast extract glucose chloramphenicol agar (Merck, Darmstadt, Germany) 25°C, 120 h

Salmonella sp.
Buffered peptone water (Biomaxima, Lublin, Poland) 35°C, 24 h

Brilliance™ Salmonella agar (Oxoid, Hampshire, United Kingdom) 35°C, 48 h
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chromogenic Brilliance™ Salmonella agar for isolation and initial 
differentiation. Salmonella sp. were pre-multiplied in buffered 
peptone water for approx. 24 h at 35°C, and then 0.1 mL was placed 
on the prepared chromogenic medium and incubated at 35°C for 
48 h. The results of these analyses were given as the logarithm 
of colony-forming units per gram of flower (log cfu/g). 

r	 Statistical analysis
The mean and standard deviations were calculated using Statis-
tica v. 13.1 software (StatSoft, Tulsa, OK, USA). One-way and two- 
-way analysis of variance (ANOVA) was conducted to investigate 
the overall effect of packaging type and storage time (days) on 
the extent of EF contamination with individual microorganisms. 
The Tukey test was used to determine significant differences 
between means (p˂0.05).

RESULTS AND DISCUSSION
The visual assessment of the flowers showed that slight changes 
took place during the three-day refrigerated storage of nastur-
tium and calendula. Flowers packed both in PET boxes and vac-
uum-sealed PA/PE bags gently turned brown and withered. Only 
the daisies were unchanged in colour and showed faint signs 
of wilting (Figure 1). However, further sensory analysis should be 

carried out by qualified panellists to check how the appearance 
and condition of flowers will be affected by prolonged storage 
under refrigerated conditions. According to Demasi et al. [2021b], 
the visual appearance of most of the EF (thirteen species out 
of the 17 analysed in their study, including nasturtium and ca-
lendula) should be acceptable for seven days if stored at 4°C. 

The degree of microbiological contamination of the EF on 
the harvesting day is shown in Table 2. None of the flowers was 
contaminated with Salmonella sp., which proves that proper 
agricultural and hygienic practices were followed in EF produc-
tion and harvesting. According to Matyjaszczyk & Śmiechowska 
[2019], all cases of microbial contamination of EF recorded in 
the Rapid Alert System for Food and Feed (RASFF) were associ-
ated with the presence of different Salmonella sp. serotypes. 
Salmonella sp. is a bacterium that is quite common in the envi-
ronment, but the sources of infection are mainly food products 
of animal origin [Ehuwa et al., 2021]. It is an indicator of the hy-
gienic condition of food products. In the case of products of plant 
origin, contamination with this bacterium may occur during 
cultivation and various post-harvest operations. The sources 
of contamination with Salmonella during processing and post- 
-harvest operations may include workers, equipment as well as 
inadequate process management and packaging [Ehuwa et al., 

Figure 1. Flower appearance after 3 days of refrigerated storage; A – nasturtiums in vacuum-sealed polyamide/polyethylene (PA/PE) bags, B – calendula in vacuum- 
-sealed PA/PE bags, C – daisy in vacuum-sealed PA/PE bags, D – nasturtiums in polyethylene terephthalate (PET) box, E – calendula in PET box, F – daisy in PET box.
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study, a similar number of fungi was detected in nasturtium while 
counts of yeasts and moulds in daisies and calendula were lower 
by around 1.5 logarithmic unit. Fernandes et al. [2020a] reported 
average counts of yeasts and moulds in fresh edible flowers at 
the level of 2 log cfu/g, which was much lower than in the pre-
sent study. Additionally, it was found that the low-temperature 
conditions (–18°C) had a protective effect against the growth 
of some spoilage microorganisms and foodborne pathogens, as 
their counts decreased or remained the same after three-month 
storage under these conditions for most of the flowers.

Comparing the present study results with the general guide-
lines for the number of non-pathogenic microorganisms in 
various types of unprocessed vegetables and fruits causing 
spoilage of these products (established for moulds and yeasts 
at ≤103 cfu/g) [Ragaert et al., 2010], it can be concluded that EF 
are heavily contaminated with these microorganisms. EF can be 
contaminated with moulds and yeasts at any stage of their life 
cycle: during cultivation, harvest, transport, and marketing [Tour-
nas, 2005]. High levels of fungi found on flowers may affect their 
nutritional and sensory characteristics. This is because these mi-
croorganisms change and accelerate the aging process of stored 
flowers and can produce volatile compounds responsible for 
off-flavours and texture changes [Rawat, 2015]. The presence 
of moulds and yeasts is also undesirable due to their potential 
adverse effects on human health – some of them (Aspergillus, 
Penicillium, Alternaria or Fusarium) may produce mycotoxins 
and others may cause allergies (Cladosporium, Alternaria) [Habibi 
Najafi & Bahreini, 2012; Kowalska & Szczech, 2022; Tournas, 2005]. 

The types of flowers differed in terms of the count of moulds 
and S. aureus. It is difficult to identify the causes of these dif-
ferences. In the world literature, there are only few articles on 
the microbial contamination of edible flowers. Some species 
of flowers may be resistant to microbiological inoculation due 
to the content of phenolic compounds. It has been proven that 
flavonoids, such as flavanones, flavones and flavonols, inhibit 
the growth of Candida albicans and Aspergillus flavus [Cushnie 
& Lamb, 2005; Prasad et al., 2014; Selma et al., 2009]. Quercetin 
inhibits the development of pathogenic microorganisms, e.g. 
S. aureus, Enterococcus faecalis, Bacillus subtilis, E. coli. Antho-
cyanins, in turn, exert bacteriostatic and bactericidal effects 
against many microorganisms (including Staphylococcus, Kleb-
siella, Helicobacter, Bacillus). Phenolic compounds also elicit an 
inhibitory effect on viruses [Cushnie & Lamb, 2005]. The contents 
of the above-mentioned compounds in the tested flowers vary 
from low to high; therefore, they may have different inhibitory 
effects against microorganisms [Pires et al., 2021].

2021; Popa & Popa, 2021]. A major contributor to foodborne 
illness outbreaks is post-processing contamination [Jung et al., 
2014; Matyjaszczyk & Śmiechowska, 2019]. 

The results indicate that the nasturtium was the only flower 
type contaminated with E. coli (Table 2). Fernandes et al. [2020a] 
reported that counts for total coliforms and E. coli were less 
than 1 log cfu/g in the fresh flowers they analysed. E. coli is one 
of the most common indicators of food contamination, the ab-
sence of E. coli proves that the sanitary conditions or hygiene 
practices during or after food production have been maintained. 
The presence of coliforms on nasturtiums in our study, may be 
due to the fact that they were grown in a site richly fertilized 
with natural manure, which could be a source of contamination.

The count of S. aureus ranged from 1.89 log cfu/g in calendula 
flowers to 2.72 log cfu/g in daisies (Table 2) and was significantly 
higher in daisies (F=328.53, p=0.00004). These contamination 
rates of EF with S. aureus were smaller than contamination rates 
of ready-to-eat salads estimated at an average of 3 log cfu/g by 
Habibi Najafi & Bahreini [2012] and Saifullah et al. [2018]. The pres-
ence of S. aureus is an indicator of poor hygienic conditions, as 
this bacterium is mainly transferred by personnel in contact with 
food [Habibi Najafi & Bahreini, 2012]. According to Microbiological 
Guidelines for Food [2014], the acceptable contamination level 
with S. aureus in ready-to-eat foods should not exceed 20 cfu/g, 
while the level observed in EF (approx. 2 log cfu/g) in the present 
study is defined as borderline. All samples were contaminated with 
S. aureus, which could lead to foodborne infection. 

All flowers were contaminated with moulds at counts ranging 
from 3.90 to 5.06 log cfu/g, and with yeasts at counts ranging from 
4.18 to 4.56 log cfu/g (Table 2). Mould number was significantly 
lower in daisies (F=3.76, p=0.03), while the number of yeasts did not 
differ significantly between the flower types (p≥0.05). Habibi Najafi 
& Bahreini [2012] who tested ready-to-eat salads and fresh herbs 
in Mashhad (Iran), isolated a similar amount of yeasts and moulds 
at levels ranging between 3.85 and 6.7 log cfu/g. Adeyemi et al. 
[2019] reported that the fungal count ranged from 4.22 to 4.46 
log cfu/g in fresh salads. In turn, Kowalska & Szczech [2022] de-
tected moulds in 106 (87%) samples of leafy green vegetables 
and found the highest average count of moulds (5.40 log cfu/g) 
in rocket. In the last mentioned publication, it was also reported 
that almost all the vegetables examined were contaminated with 
yeasts (with the exception of two iceberg lettuce samples and one 
chive sample), and the average yeast count was the highest in 
lamb’s lettuce, parsley, and rocket – 5.94, 5.63, and 5.62 log cfu/g, 
respectively. Lara-Cortés et al. [2016] determined the fungal count 
of about 5.7 log cfu/g on dahlia packaged in PET. In the present 

Table 2. Counts of Escherichia coli, Salmonella sp., Staphylococcus aureus, yeasts, and moulds on flowers (log cfu/g) on harvest day.

Flower Escherichia coli Salmonella Staphylococcus aureus Moulds Yeasts

Nasturtium 1.19±1.48 nd 2.05±0.56b 5.06±0.48a 4.48±0.76a

Calendula nd nd 1.89±0.16b 4.40±1.07a 4.18±1.12a

Daisy nd nd 2.72± 0.32a 3.90±0.26b 4.56±0.59a

nd, not detected in samples. Results are expressed as mean ± standard deviation. Different letters in column show significant differences between means at p<0.05. 
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The counts of S. aureus, yeasts, and moulds on edible flow-
ers on harvesting day and during successive storage at low 
temperature (4°C) are shown in Figure 2. Flowers stored for 
3 days had similar counts of S. aureus, yeasts, and moulds. 

A slight decrease in the number of moulds and yeasts was 
noticed only in the case of  nasturtium flowers (by 1 log cfu/g), 
but it was not a significant (p≥0.05) decrease. Figure 3 shows 
the differences in counts of S. aureus, yeasts, and moulds 
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Figure 2. Counts of Staphylococcus aureus, yeasts, and moulds on edible flowers on harvesting day and after 1–3-day refrigerated storage (4°C); A – nasturtium, 
B – calendula, C – daisy.

Figure 3. Counts of Staphylococcus aureus, yeasts, and moulds on edible flowers packed in polyethylene terephthalate (PET) boxes and vacuum-sealed polyamide/
polyethylene (PA/PE) bags after 3-day refrigerated storage (4°C); A – nasturtium, B – calendula, C – daisy.
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on edible flowers packed in different packagings (PET box 
and vacuum-sealed PA/PE bags) after 3-day storage. The type 
of packaging did not significantly (p≥0.05) affect the number 
of microorganisms either. The counts of S. aureus, moulds, 
and yeasts were slightly lower after three days of refrigerated 
storage in vacuum-sealed PA/PE bags, but these differences 
were not statistically significant (p≥0.05). The two-way analysis 
of variance also showed that the combination of these factors 
(storage time and packaging type) had no significant effect on 
the development of microflora (p≥0.05).

Packaging is the main tool to protect flowers from desic-
cation and to preserve their frail structure. It provides a barrier 
between flowers and the outside environment, thereby mini-
mising their exposure to pathogens and other contaminants 
[Hussein et al., 2015]. Microbes have different growth require-
ments; hence, the use of different packaging methods can 
delay or prevent their growth [Fernandes et al., 2019]. However, 
bacteria and fungi are unpredictable and some of them can 
still grow despite the measures taken, and cause spoilage 
of edible flowers [Rawat, 2015]. Also low-temperature storage 
is one of the easiest and simplest methods of EF preservation. 
It was observed that EF could be satisfactorily stored for 7 to 
14 days at 4°C depending on species [Demasi et al., 2021b]. 
The present study confirmed that combining two methods 
of preservation – storage in proper conditions (time, tempera-
ture) and packaging allowed maintaining an unchanged level 
of microbial contamination: there were no significant changes 
in the number of bacteria and moulds and yeasts after 3 days 
of refrigerated storage. However, there still remains the problem 
of preserving the appearance of the flowers during storage – 
how to store EF so that they retain their freshness and proper 
sensory characteristics as long as possible.

CONCLUSIONS
The present research indicated that the most important fac-
tors influencing the microbiological population on edible 
flowers, and thus the safety of their consumption, are pre- 
-harvest factors. However, proper packaging and refrigerated 
storage for 3 days kept the microbiological contamination 
level unchanged. Neither the type of packaging nor storage 
in refrigerated conditions influenced the extent of microbial 
contamination of flowers. However, further research should 
be carried out into the long-term storage of packaged edible 
flowers under refrigeration conditions. It is also necessary to 
look for other ways to preserve EF. Taking into account results 
shown, it is necessary to inform the flowers suppliers that 
the level of microbiological contamination of flowers depends 
primarily on the growing conditions, but proper post-harvest 
treatment (appropriate harvesting, packaging, and storage) 
prevents cross-contamination and inhibits the further develop-
ment of microorganisms. 
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Effect of UV-C Postharvest Disinfection on the Quality of Fresh-Cut 
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�Mango cv. ‘Tommy Atkins’ is a highly appreciated fruit for its organoleptic characteristics and its resistance to minimal 
processing. However, some operations as peeling and cutting can generate microbial contamination and loss of bioactive 
compounds. Ultraviolet short wave (UV-C) is an alternative technology for fresh-cut products that leads to microbial inacti-
vation and the increase of beneficial compounds. The effect of a UV-C dose of 6 kJ/m2 was evaluated on quality attributes 
of fresh-cut ‘Tommy Atkins’ mango during days 0, 3, 6, 9, and 12 of storage (5°C, relative humidity: 85-90%), and compared 
with a positive control (conventional method by immersion in 10 mg/L sodium hypochlorite solution) and a negative 
control (without treatment). Physicochemical analysis (titratable acidity, pH, total soluble solid content, and firmness), 
superficial color evaluation, determinations of microbial counts, contents of total carotenoids, phenolics and flavonoids, 
and antioxidant capacity assays were performed. The results showed that UV-C treatment allowed to preserve microbial 
safety and superficial color of stored fresh-cut mango, and to increase the content of total carotenoids, which was 19.34 
and 26.50 mg β-carotene/100 g fresh weight (FW) for control and UV-C treated sample at day 12 of storage, respective-
ly. The DPPH• scavenging activity of the UV-C treated mango was also higher (0.60 mM TE/g FW) compared to control 
(0.27 mM TE/g FW) at the end of storage. However, UV-C treatment caused loss of firmness. Some native microorganisms 
of mango adapted to the stress caused by the treatments and the storage.

Key words:� minimal processing, surface color, native microorganisms, predictive microbiology, ultraviolet short wave ir-
radiation
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INTRODUCTION
Mango (Mangifera indica L.) is a tropical fruit with high produc-
tion and consumption in the world due to its attractive sensorial 
attributes and nutritional value [Maldonado-Celis et al., 2019]. It 
is a source of dietary fiber, vitamins, carbohydrates, fatty acids, 

and amino acids as well as presents a considerable biological 
activity by the high content of phenolic compounds, terpe-
noids, sterols, and carotenoids [Kumar et  al., 2021]. The main 
producing regions of mango in the world are Asia (60% of world 
production), Latin America (25%), and Africa (14%) [Santo et al., 
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2018]. There are more than 1,000 mango cultivars in the world, 
but the main cultivars harvested in Latin America for commer-
cialization are ‘Kent’, ‘Keitt’, ‘Ataulfo’, ‘Tommy Atkins’, and ‘Haden’ 
[Kansci et al., 2008]. ‘Tommy Atkins’ cultivar is one of the most 
appreciated as it is characterized by its large size and color, its 
resistance to handling, and its potential for minimal processing 
[Djioua et al., 2010].

Fresh-cut fruits have similar properties to fresh fruits, 
and their consumption is implied to confer multiple benefits 
for human health, including the prevention of different chronic, 
degenerative, and cardiovascular diseases [Artés-Hernández 
et al., 2017]. However, these products are highly susceptible to 
microbial growth because their protective tissue is removed 
and cell contents are released during cutting operation, thereby 
they serve as a substrate for microorganisms that cause decay 
and development of human pathogens [Artés-Hernández et al., 
2021]. Accordingly, it is important to comply with strict hygiene 
and manufacturing practices and to recognize critical control 
points during processing [De Corato, 2020]. For storage, it is 
necessary to ensure low temperatures and a packaging to control 
the fresh-cut fruit metabolic activity and accelerated microbial 
growth. Modified or controlled atmosphere are usually applied 
using polymeric films and containers, which allows to prevent 
the flow of respiratory gases, reduce O2 concentration, and rise 
CO2 concentration in the package headspace [Giannakourou & 
Tsironi, 2021].

With the increase in the consumption of fresh-cut fruits, 
a concern has arisen regarding the effectiveness of disinfection 
methods in reducing microorganisms that cause foodborne 
diseases [Hinojosa et al., 2013]. Different chemical and physical 
methods have been studied for the disinfection of fresh-cut 
fruits. The ultraviolet short wave (UV-C) irradiation is an emerging 
physical technology that inactivates microorganisms and simul-
taneously induces defense mechanisms in plant. This leads to 
the production of phytoalexins after treatment and allows to 
improve the conservation and attributes of minimally-processed 
fruits [Zambrano-Zaragoza et al., 2021]. These effects depend on 
the dose of UV-C, although the beneficial effects are attributed 
to short doses (low dose of radiation or short exposure times).

Different studies have indicated that UV-C treatment pre-
serves quality attributes of fresh-cut mango during storage. 
González-Aguilar et al. [2007] found that irradiation of fresh-cut 
‘Tommy Atkins’ mango for 1 to 10 min induced the accumula-
tion of phenolics and increased antioxidant capacity during 
storage for 15 days at 5°C. UV-C treatment of ‘Kent’ mango slices 
for 30 s had a positive effect on the physicochemical charac-
teristics and produced lower counts of mesophiles, psychro-
philes and molds and yeasts, compared to control samples 
[Márquez-Villacorta et  al., 2011]. Irradiation of fresh-cut ‘Kent’ 
mango with 14 kJ/m2 resulted in lower counts of mesophiles 
and molds and yeasts, and an increment of contents of to-
tal phenolics and flavonoids during 15 days of storage at 5°C 
[Márquez-Villacorta & Pretell-Vásquez, 2013]. However, the treat-
ment doses should be determined empirically for the specific 
research material. In our preliminary studies, an optimal UV-C 

dose of 6 kJ/m2 was estimated for the inactivation of less than 
2 log cfu/g of Escherichia coli O157:H7, Salmonella Typhimurium 
and Listeria monocytogenes on fresh-cut ‘Tommy Atkins’ mango. 
The aim of this research was to evaluate the effects of this UV-C 
dose on the safety and quality attributes of fresh-cut ‘Tommy 
Atkins’ mango during refrigerated storage.

MATERIALS AND METHODS 
r	 Plant material
Mango fruits (Mangifera indica L. cv. ‘Tommy Atkins’) in stage 3 
of maturity were purchased from a Hermosillo (México) local 
market. Stage of maturity was determined according to the total 
soluble solid content for this cultivar [Lopes et al., 2021]. Ten kg 
of fruit with uniform size and maturity were stored at 5°C for 
24 h. Subsequently, mangoes were washed, cleaned for 5 min 
with a 200 mg/L sodium hypochlorite solution, and left to dry 
in the air.

r	 Fresh-cut mango processing
Peel and seed were removed from fruits. Pulp was cut into 
10×60×20 mm spears and divided to three lots. The first lot 
(C, control) consisted of fresh-cut mango without treatment. 
The second lot (H) was immersed in a 10 mg/L sodium hypochlo-
rite (NaClO) solution for 1 min and drained for 2 min [Djioua et al., 
2010]. A UV-C dose of 6 kJ/m2 established by Rodríguez-Mijangos 
et al. [2014] was applied to the third lot (UV-C treatment) in a port-
able disinfection chamber. Groups of three spears were arranged 
in the center of the equipment at 75 mm from the radiation 
source for 26 min and 48 s. Approximately 90 g of fresh-cut fruit 
from each lot were distributed in polyethylene terephthalate 
(PET) containers (12 cm long, 10 cm wide, and 6 cm high). Fifteen 
containers per each lot were used for quality analyses. Fresh-cut 
mango was stored under refrigeration at 5°C with a relative 
humidity (RH) of 85-90% for 12 days.

r	 Analyses of pH, titratable acidity, total soluble solid 
content, and firmness

Titratable acidity (TA), pH, total soluble solid (TSS) content, 
and firmness analyses were performed. pH was measured with 
a potentiometer (STARTER 2100, OHAUS, Nänikon, Switzerland). 
TA was assessed by titration with 0.1 N NaOH (Thermo Fisher 
Scientific, Waltham, MA, USA) considering citric acid as a pre-
dominant organic acid in mango. TSS content was determined 
according to International AOAC 932.12 method using a manual 
refractometer [AOAC, 2012]. Firmness was measured with a tex-
ture analyzer (EZ-S, Shimadzu, Kyoto, Japan) through a Warner- 
-Bratzler shear force test following the methodology proposed by 
Lázaro & De Lorenzo [2015] with some modifications. The mango 
samples were cut crosswise with a 2 mm thick Warner-Bratzler 
steel blade at a test speed of 100 mm/s. Firmness was considered 
as the maximum force applied to break a piece of mango.

r	 Measurements of color parameters
Mango surface color parameters were evaluated with a MiniScan 
XE plus portable colorimeter (HunterLab, Reston, VA, USA) in 
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CIELab tristimulus coordinates: L* (lightness: white(+)/black(–)), 
a* (red(+)/green(–)), and b* (yellow(+)/blue(–)). Equipment was 
calibrated with a reflector plate (X=80.1, Y=85, Z=90.6) consid-
ering a standard illuminant D65 and a 10° observer. Chroma (C*), 
hue angle (h°), and total color difference (∆E) were calculated 
with the following formulas [Pathare et al., 2013]:

C* = (a*2 + b*2)
1
2 	 (1)

h° = tan–1(b* / a*)	 (2)

∆E = (∆ L*2 + ∆a*2 + ∆b*2)
1
2 	 (3)

r	 Microbial count analysis
According to Hinojosa et al. [2013], three randomized samples 
of 15 g for each treatment were individually homogenized in 
135 mL of 0.1% peptone water (Difco, Fisher Scientific, Hampton, 
NH, USA) in a sterile stomacher bag (Nasco, Whirl-Pak, Madison, 
WI, USA) for 2 min. Serial dilutions were prepared with 0.1% 
peptone water. For each dilution, aliquots of 1 and 5 mL were 
plated in triplicate on different mediums (a total of six Petri dishes 
per sample). Plates with plate count agar (Difco) and violet red 
bile agar (BD, Franklin Lakes, NJ, USA) were incubated for ap-
proximately 48 h (Analog Incubator 132000, Boekel Scientific, 
Feasterville, PA, USA) for aerobic mesophilic and total coliform 
counts, respectively. Plates with plate count agar and potato 
dextrose agar (Difco) were incubated for 7 days at 5°C and 22°C to 
count psychrotrophic bacteria and yeast and molds, respectively. 
The results were expressed as log colony forming units (cfu) per 
g of fresh-cut mango. The microbial quality of fresh-cut mango 
was evaluated following Colombian microbial legislation for 
minimally processed fruits [Ministry of Health and Social Protec-
tion of Colombia, 2013].

r	 Inactivation kinetic modelling
A model of inactivation of microorganisms was developed using 
the linear logarithmic equation and Weibull model as a function 
of storage days [van Boekel, 2002] using formulas (4) and (5), 
respectively.

log(N / N0) = –kt / 2.303	 (4)

log(N / N0) = (–1 / 2.303)(t / α)β	 (5)

where: N0 and N are the numbers of initial and surviving microor-
ganisms, respectively, and t corresponds to time of storage (day), 
k is the inactivation rate constant (1/day), α is the characteristic 
time (day), and β is the shape factor. 

The inactivation parameters were estimated with the averag-
es of the logarithmic reductions of the microbial populations dur-
ing the storage time. Linear least squares method and non-linear 
least squares method with the resolution of the Gauss-Newton 
algorithm (maximum number of iterations of 200 and a con-
vergence tolerance of 0.00001) were used to fit the inactivation 
data of microorganisms to the logarithmic linear equation and to 

the Weibull model, respectively. The fit of the models was evalu-
ated by calculating the coefficient of determination (R2), the ad-
justed coefficient of determination (adjusted R2), and the root 
mean square error (RMSE).

r	 Extract preparation
Two grams of mango samples were added to 3 mL of absolute 
ethanol. The solutions were mixed (MX-S vortex mixer, Science 
Med, Helsinki, Finland), sonicated for 30 min (Branson 1800 Digi-
tal Bath, Emerson, St. Louis, MO, USA), and placed in refrigera-
tion and darkness for night. Subsequently, these solutions were 
centrifuged at 257×g for 20 min (Compact II centrifuge, BD). 
The supernatant was used for the quantification of bioactive 
compounds.

r	 Total carotenoid content determination
Following the method proposed by González-Vega et al. [2021], 
300 μL of each extract were added in triplicate to wells of the mi-
croplate, and absorbance was measured at 450 nm in a 96-well 
microplate reader (Multiskan GO, Thermo Fisher Scientific). A cal-
ibration curve was plotted with concentrations between 0.002 
and 0.1 mg/mL of β-carotene standard (Sigma-Aldrich, St. Louis, 
MO, USA) (R2=0.991). Results were reported as mg β-carotene 
equivalents per 100 g of fresh weight (FW) of mango.

r	 Determination of total phenolic and flavonoid 
contents

The total contents of phenolics and flavonoids were determined 
following Pérez-Perez et al. [2021] methodology. For total pheno-
lic content, 10 μL of each extract and 25 μL of 0.2 M Folin-Ciocâl-
teu reagent solution (Sigma-Aldrich) were initially added to each 
well of the microplate. The mixture was left under refrigeration 
for 5 min and subsequently, 25 μL of 20% Na2CO3 and 140 μL 
of distilled water were added. The microplate was put to rest 
for 30 min, and the absorbance was measured at 760 nm on 
the microplate reader. A calibration curve was plotted with 
concentrations between 0.1 and 1 mg/mL of gallic acid stan-
dard (Sigma-Aldrich) (R2=0.992). The results were expressed as 
mg gallic acid equivalents (GAE) per 100 g of FW of mango.

For total flavonoid content determination, 80 µL of each ex-
tract and 80 µL of an ethanolic solution of aluminum trichloride 
(20 g/L) were added to wells of the microplate. The microplate 
was shaken for 30 s and left in the dark for 1 h at 25°C. Subse-
quently, it was shaken once more for 30 s, and the absorbance 
was measured at 415 nm in the microplate reader. The calibration 
curve was plotted with the quercetin standard (Sigma-Aldrich), 
considering concentrations from 0 to 0.08 mg/mL (R2=0.999). 
The results were reported as mg quercetin equivalents (QE) per 
100 g of FW of mango.

r	 Antioxidant capacity assays
Assays were performed following the methodology reported by 
Pérez-Perez et al. [2021] with some modifications. To determine 
the antioxidant capacity by scavenging 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) radical, 1 mg of the DPPH radical (Sigma-Aldrich) 
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phenolics and flavonoids, and antioxidant capacity of fresh-cut 
mango (p<0.05). 

RESULTS AND DISCUSSION
r	 Titratable acidity, pH, total soluble solid content, 

and firmness
The results of determinations of titratable acidity, pH, total 
soluble solid content, and firmness of mango treated with 
UV-C, immersed in sodium hypochlorite solution and without 
treatment during storage are shown in Figure 1. According to 
the two-way ANOVA, the disinfection treatment, the storage 
time, and the interaction between these factors had a sig-
nificant effect on the physicochemical properties of fresh-cut 
mango (p<0.05). Values of pH indicated that fresh-cut mango 
from C (3.88–4.18) and H (3.75–3.95) treatments was enter-
ing the senescence stage. For mango irradiated with UV-C, 
pH started to decrease significantly since day 9 of storage. 
According to Zambrano-Zaragoza et  al. [2021], UV-C treat-
ment allows delaying senescence stage. The content of TSS 
of fresh-cut mango from UV treatment tended to increase 
until day 9 of storage. The increase in TSS content is attributed 
to the hydrolysis of polysaccharides and the accumulation 
of released soluble sugars as a result of fruit ripening during 
storage [George et  al., 2015; Khubone & Mditshwa, 2018]. 
On the other hand, TSS content of C sample remained almost 
constant and its content of H sample decreased slightly only at 
day 6 (14.13 °Brix) of storage (Figure 1). Treatments could affect 
the rate of transpiration, generating slight changes in the con-
tent of water in the fruit [Zambrano-Zaragoza et  al., 2021]. 
The titratable acidity of fresh-cut mango from C treatment 
exhibited an increase up to day 9 of storage (0.48–0.85 g/100 g) 
and then decreased slightly (to 0.76 g/100 g) (Figure 1). The re-
duction in acidity levels can be initially linked to the ripening 
of the fruit when organic acids are degraded [Barreto et al., 
2021]. For the samples from H and UV treatments, TA increased 
until day 3 of storage and then remained almost constant 
(Figure 1). The disinfection treatments and the modified at-
mosphere could slow down the respiration rate, and the uti-
lization rate of the respiratory substrate was minimal through 
the storage period [Razali et al., 2021]. 

The firmness of fresh-cut mango tended to decrease 
during refrigerated storage (Figure 1). According to Barreto 
et al. [2021], the reduction of firmness of minimally processed 
fruits is generated by the cutting operation and the high de-
gree of injury to cellular tissues. The demethylation and depo-
lymerization of pectin, generation of free radicals, enzymatic 
degradation of hemicellulose, solubilization of polyuronides, 
the release of galactose from pectic polymers, cell wall swelling, 
decreased water content and osmotic potential may occur in 
tissues and thus lower the fruit firmness [Barreto et  al., 2021; 
Márquez-Villacorta & Pretell-Vásquez, 2013]. In our study, it was 
found that mango irradiated with UV-C exhibited the lowest 
firmness for most of the storage time (2.10–5.63 N) compared 
to control (3.53–4.46 N) and H-treated (2.03–5.94 N) samples 
(Figure 1). Fruit softening is modulated by cell wall hydrolases, 

was weighed and dissolved in 1 mL of absolute ethanol. From 
this initial solution, 0.75 mL was added to 29.25 mL of ethanol. 
The absorbance of the resulting solution was adjusted to 0.7 at 
a wavelength of 515 nm. Next, 200 µL of the resulting solution 
and 20 µL of the extract were added to wells of the microplate. 
The absorbance was measured at 515 nm in the plate reader 
after 30 min of leaving the microplate to rest. A calibration 
curve was made with Trolox standard (Sigma-Aldrich) consid-
ering concentrations between 0 and 0.2 mg/mL (R2=0.992). 
The results were expressed as mM Trolox equivalents (TE) per 
g of FW of mango.

For determination of the antioxidant capacity by 2,2’-azino- 
-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay, 19.3 mg 
of ABTS were dissolved in 5 mL of distilled water. Separately, 
0.0378 g of potassium persulfate and 1 mL of distilled water 
were mixed. From the second solution, 88 µL were added to 
the first solution, and it was left to rest in the dark for 16 h 
under refrigeration. One mL of this last prepared solution con-
taining generated ABTS radical cations was added to 88 mL 
of ethanol, and the absorbance was adjusted to 0.7 at a wave-
length of 734 nm. For the measurement of the samples, 270 µL 
of the ABTS radical cation solution and 20 µL of each extract were 
taken. The absorbance was measured at 734 nm after 30 min 
of rest. The calibration curve was plotted with Trolox standard 
considering concentrations from 0 to 0.01 mg/mL (R2=0.994). 
The results were expressed as mM TE/g FW.

For ferric reducing antioxidant power (FRAP) determination, 
the stock solutions were prepared: a 300 mM sodium acetate 
buffer at pH 3.6, a 20 mM FeCl3×6H2O solution, and a solution 
of 10 mM 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ; Sigma-Aldrich) 
in 40 mM HCl. The working solution was obtained by adding 
the stock solutions in a 10:1:1 (v/v/v) ratio (buffer, FeCl3×6H2O, 
and TPTZ-HCl, respectively). Then, 280 µL of the working solution 
and 20 µL of each extract were added to each well of the micro-
plate. Absorbance was measured at 638 nm after 30 min of rest. 
The calibration curve was plotted with Trolox standard consider-
ing concentrations between 0 and 0.4 mg/mL (R2=0.999). Results 
were reported as mM TE/g FW.

r	 Statistical analysis
A completely randomized design with two factors and a 3×5 fac-
torial arrangement was used. The first factor (A) was the treat-
ment of disinfection of fresh-cut mango with three levels (with-
out disinfection treatment or control (C), immersion in 10 mg/L 
sodium hypochlorite solution (H), and application of a UV-C 
dose of 6 kJ/m2 (UV)). The second factor (B) corresponded 
to the sampling time during storage of fresh-cut mango in 
refrigeration, comprising five levels (0, 3, 6, 9, and 12 days). 
Fresh-cut mango from the control treatment was considered 
as a negative control, and from the treatment with NaClO as 
a positive control. Results were presented as the mean of three 
replicates. A two-way ANOVA and a Tukey’s test were performed 
to compare mean values between treatments and evaluate 
the effect of factors on pH, TA, TSS content, firmness, color pa-
rameters, microbial counts, contents of total carotenoids, total 



43

A.M. Garzón-García et al.

such as polygalacturonase, cellulase, β-galactose, and expansin, 
and UV-C treatment can alter the expression of genes involved 
in modifying cell wall structure [Kan et al., 2021].

r	 Color parameters
It was found that the disinfection treatment had no significant 
effect on L* coordinate of fresh-cut mango (p≥0.05). However, 
the storage time and the interaction of the factors had a signif-
icant effect on the values of this parameter (p<0.05). In Table 1, 
it is shown that L* color coordinate of mango samples from C 
and UV treatments tended to increase slightly during storage, 
and to decrease for the samples from H treatment. Luminosity is 
considered an indicator of browning. The L* value of the H-treat-
ed fresh-cut mango decreased during the storage possibly due 
to sample browning as a result of oxidation processes induced 
by NaClO. The disinfectants served as oxidizing agents [Hinojosa 
et al., 2013]. In the case of UV-C treatment, inhibition of polyphe-
nol oxidase (PPO) activity by radiation could occur [Barreto et al., 
2021] and result in the reduced browning of the fruits.

The disinfection treatment, the storage time, and the in-
teraction between these factors had a significant effect on all 
other color parameters of fresh-cut mango (p<0.05). Low values 
of a*  coordinate represented tones between green and red. 
The values of a* increased for the control sample, decreased for 
the samples from H treatment, and remained slightly constant for 
the samples from UV treatment during storage (Table 1). The in-
crease in a* coordinate value can be interpreted as the increase 
in orange or red pigments due to fruit ripening, and on the other 
hand, as enzymatic and non-enzymatic browning [Márquez- 
-Villacorta & Pretell-Vásquez, 2013; Nguyen et al., 2022]. Therefore, 
the radiation treatment allowed delaying some adverse pro-
cesses linked to accelerated ripening and browning of the fruit, 
which possibly occurred in mango from C and H treatments, 
respectively. Positive values of b* coordinate indicated yellow 
tones. This coordinate tended to remain constant for the sam-
ples from H and UV treatments during storage (Table 1). During 
mango ripening, green chloroplasts become chromoplasts with 
red and yellow tones. These tones in mango are mainly derived 
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from β-carotene, which is accumulated in the chromoplasts 
in the form of crystalloids [Miguel et al., 2016]. For the control 
mango, b* coordinate value increased throughout cold storage 
(Table 1). According to Rosalie et al. [2018], low temperatures can 
delay or block the accumulation of carotenoids in fruits, since it 
promotes oxidation in tissues. 

The C* value increased during storage for the control sample 
and tended to remain constant for the samples from H and UV 
treatments (Table 1). The increase in C* value for the control 
sample indicated that the color became more saturated due to 
storage. This could stem from the appearance of some brown 
tones [Grasso et  al., 2022]. Values of h° increased significantly 
(p<0.05) after day 9 of storage for mango from H treatment. 
It can be attributed to the accelerated isomerization of carot-
enoids and oxidation by free radicals [Xiang et al., 2020]. In turn, 
the h° values tended to decrease slightly for the control (from 
81.52 to 77.46) and UV-C (from 81.62 to 80.24) treated samples 
throughout the storage (Table 1). A decrease in h° values 
indicates the yellowing of the fruit [Barreto et al., 2021], while 
delay in color development is linked to a reduction in ripening 
and senescence [Khubone & Mditshwa, 2018]. According to 
the classification proposed in literature [Pathare et  al., 2013], 
the total color differences (ΔE) of the stored samples (relative to 

storage day 0) in our study were mostly classified as very different 
(ΔE>3) and different (1.5<ΔE<3). The ΔE increased significantly 
(p<0.05) throughout the storage of the control and H-treated 
samples. The UV-C-treated sample showed the least color change 
(the lowest ΔE value) after 12 days of storage. The irradiation 
of fresh-cut mango allowed to prevent the oxidation reactions 
associated with the activity of peroxidase (POD) and stabilize 
the pigments and color parameters [Zambrano-Zaragoza et al., 
2021].

r	 Results of microbiological analysis
Figure 2 shows a significant increase in the native microbial 
population of fruit during storage. This increase may have been 
due to the handling of the samples during cutting and the high 
surface area/weight ratio of each sample [Artés-Hernández et al., 
2021]. By the two-way ANOVA, it was found that the disinfection 
treatment, the storage time, and their interaction had a signifi-
cant effect on the native microorganisms of fresh-cut mango 
(p<0.05). The initial population of aerobic mesophiles was 1.69, 
1.66, and 1.42 log cfu/g for the samples from C, H and UV treat-
ments, respectively (Figure 2). This population increased notably 
for the samples from C and H treatments during the storage 
time. For UV-C irradiated samples, it remained stable after day 6 

TABLE 1. Color parameters of fresh-cut mango without treatment (control, C), immersed in sodium hypochlorite solution (H), and treated with ultraviolet short 
wave (UV-C, UV) during storage at 5°C for 12 days.

Color 
parameter Treatment

Storage time (days)

0 3 6 9 12

L*

C 	 54.17±0.07defg 	 54.96±0.77cde 	 56.62±0.18bc 	 53.80±0.09defg 	 57.69±0.40ab

H 	 57.54±0.36ab 	 58.72±0.27a 	 53.66±0.39efg 	 52.64±0.06g 	 54.20±0.10defg

UV 	 53.02±0.25fg 	 54.32±0.16defg 	 54.69±0.81def 	 59.03±0.13a 	 55.62±0.13cd

a*

C 	 8.23±0.16f 	 13.51±0.15b 	 11.09±0.15cd 	 11.24±0.03cd 	 15.05±0.18a

H 	 11.51±0.28cd 	 11.93±0.26c 	 8.06±0.09f 	 7.013±0.03g 	 6.78±0.09g

UV 	 9.88±0.21e 	 11.99±0.12c 	 13.58±0.20b 	 10.92±0.07d 	 11.58±0.01cd

b*

C 	 55.25±0.64d 	 61.71±1.85c 	 63.49±0.63bc 	 68.14±0.20a 	 67.65±0.83ab

H 	 62.27±1.11c 	 61.80±0.85c 	 55.40±1.35d 	 60.02±0.17c 	 60.91±0.65c

UV 	 67.06±0.47ab 	 68.88±0.25ª 	 69.98±1.15ª 	 69.11±0.19ª 	 67.38±0.07ab

C*

C 	 55.86±0.66d 	 63.17±1.90c 	 64.45±0.65bc 	 69.06±0.20ª 	 69.30±0.85ª

H 	 63.33±1.14c 	 62.94±0.86c 	 55.98±1.33d 	 60.43±0.17c 	 61.29±0.66c

UV 	 67.78±0.49ab 	 69.92±0.26ª 	 71.29±1.16ª 	 69.97±0.20ª 	 68.37±0.07ab

h°

C 	 81.52±0.04bc 	 77.65±0.10h 	 80.09±0.04ef 	 80.63±0.02de 	 77.46±0.06h

H 	 79.53±0.07fg 	 79.08±0.03g 	 81.71±0.25b 	 83.33±0.05ª 	 83.65±0.05ª

UV 	 81.62±0.12b 	 80.13±0.07e 	 79.01±0.11g 	 81.02±0.03cd 	 80.24±0.01e

ΔE

C 	 – 	 8.50±1.79bcd 	 9.07±0.75b 	 13.24±0.19ª 	 14.59±0.88ª

H 	 – 	 1.83±0.21f 	 8.73±0.97bc 	 7.03±0.08bcd 	 6.01±0.28bcde

UV 	 – 	 2.80±0.25ef 	 5.04±1.31def 	 5.36±0.20cdef 	 2.25±0.09f

Values are mean ± standard error. For each color parameter, means that do not share the same letter are significantly different (p<0.05). L*, lightness; a*, redness; b*, yellowness; C*, chroma; 
h°, hue angle; ∆E, total color difference.
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of storage. The H and UV treatments reduced the population 
of aerobic mesophiles of mango by 0.26 and 0.62 log cfu/g, 
respectively, compared to C treatment at day 12 of refrigerated 
storage. For total coliforms, the initial population was 1.90, 2.23, 
and 2.08 log cfu/g for fresh-cut mango from C, H, and UV treat-
ments, respectively. Total coliform count of the samples tended 
to increase during storage. At the end of storage, the treat-
ments with disinfectant agents promoted a reduction of about 
0.5 log cfu/g of enterobacteria population in contrast to C treat-
ment. The initial population of psychrophiles was 1.47, 1.45, 
and 1.32 log cfu/g for fresh-cut mango from C, H, and UV treat-
ments, respectively. Psychrotropic bacteria increased during 
storage in all samples. At the end of storage, the population 
reduction in the samples from H and UV treatments was 0.18 
and 0.32 log cfu/g, respectively, in contrast to samples from 
C treatment. 

According to Colombian microbiological requirements, 
the population of molds and yeasts limited the quality of fresh- 
-cut mango (3 log cfu/g) [Ministry of Health and Social Protection 

of Colombia, 2013]. The samples from C and H treatments pre-
sented an acceptable level of quality until day 3 and 9 of storage, 
respectively (Figure 2). While the UV-treated samples had an 
acceptable level of quality throughout storage. 

For kinetics inactivation (Table 2), Weibull model explained 
the inactivation of almost all native microorganisms of fresh- 
-cut mango from different treatments. According to van Boekel 
[2002], the shape parameter (β) value lower than 1 indicated 
that some populations of native microorganisms had the ability 
to adapt to the stress applied with the treatments. While β>1 
meant that in other populations, there remained cells that were 
damaged by the applied stress.

r	 Bioactive compound contents
The disinfection treatment, the storage time, and their interac-
tion had a significant effect on the total carotenoid and total 
flavonoid contents of fresh-cut mango (p<0.05). In turn, storage 
time had no effect on the total phenolic content of fresh-cut 
mango (p≥0.05). The content of total carotenoids was 5.77, 
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11.42, and 20.95 mg β-carotene/100 g FW for C, H, and UV 
samples at the beginning of storage, respectively, and 19.34, 
19.04, and 26.50 mg β-carotene/100 g FW at 12 day of storage, 
respectively, with maxima on day 3 of storage for the control 
and H-treated mango, and on day 6 of storage for the fruit from 
UV-C treatment (Figure 3). Accumulation of carotenoids during 
the storage could be influenced by the maturity of the fruit [Ro-
salie et al., 2018]. Samples from control and H treatments which 
showed accelerated ripening and browning could reduce the ac-
cumulation of carotenoids due to metabolic processes. UV-C 
irradiation influenced carotenoid content due to physiological 
stress. UVR8 protein acts as a photoreceptor and interacts with 
another encoding protein COP1 to stimulate the production 
of carotenoids as a photoprotective effect [Castillejo et al., 2022]. 
The increase in the content of total carotenoids is also related to 
the activation of carotene isomerase enzyme and the accumu-
lation of phytoene synthase (PSY) and zeta-carotene desaturase 
(ZDS) gene transcripts [Khubone & Mditshwa, 2018].

The total phenolic content of fresh-cut mango of control 
and UV-C treated fruit was higher than that of the H samples at 
6, 9, and 12 day of storage (Figure 3). This variation in the total 
phenolic content may be attributed to the various reasons. 
The release of phenolic compounds bound to cell wall polysac-
charides and the depolymerization of phenolic polymers such 
as tannins [Xiang et al., 2020] might have occurred. On the other 
hand, phenolics can be used as substrates for enzymes such as 
β-glucosidase, PPO, and POD [Velderrain-Rodríguez et al., 2021]. 
These processes may occur to varying degrees in mango samples 
subjected to various treatments and thus result in different total 
phenolic content.

Fresh-cut mango showed a low content of flavonoids, 
which could be due to the low expression of the flavonol 

synthase in the ripening of the fruit, although the flavonol 
glycoside (quercetin 3-galactoside) is the major flavonoid 
of mango (22.1 mg/kg) [Maldonado-Celis et  al., 2019]. In 
our study, there were maxima in flavonoid content at days 3 
(1.00 mg QE/100 g FW) and 6 (1.14 mg QE/100 g FW) of stor-
age for the samples from C and UV treatments, respectively 
(Figure 3). The UV-C irradiation leads to the regulation of oxida-
tive stress and the biosynthesis of key enzymes in the flavonoid 
biosynthetic pathway, such as phenylalanine ammonium lyase 
(PAL) and chalcone synthase (CHS) [Michailidis et  al., 2019]. 
The stress caused by UV-C can increase the production of re-
active oxygen species (ROS), ROS scavenging compounds, 
and absorbers of UV radiation [Castillejo et al., 2022]. UV-C stress 
can also activate the signaling pathway of the COP1 and UVR8 
photoreception proteins to produce flavonoids [Li et al., 2017].

r	 Antioxidant capacity 
It was established that the disinfection treatment, the storage 
time, and the interaction between the factors had significant 
effects on the antioxidant capacity of fresh-cut mango (p<0.05). 
Except that the storage time had no significant effect on the an-
tioxidant capacity measured by DPPH assay of fresh-cut man-
go (p≥0.05). At the end of storage, DPPH• scavenging activity 
of the control (0.27 mM TE/g FW) was lower compared to both 
treated samples. For the fresh-cut mango treated with UV-C, 
DPPH• scavenging activity was the highest (0.60 mM TE/g of FW). 
It could be due to the increase in the activity of PAL in response 
to external stress caused by fruit irradiation [Prajapati et al., 2021]. 

The antioxidant capacity measured by ABTS assay tended 
to remain constant for the control sample (0.56–0.61 mM 
TE/g FW), and to increase for the samples from H treatment 
(0.39–0.56 mM TE/g FW) throughout storage (Figure 4). In 

TABLE 2. Fitted and inactivation kinetic parameters of native microorganisms of fresh-cut mango without treatment (control, C), immersed in sodium hypochlorite 
solution (H), and treated with ultraviolet short wave (UV-C, UV) during storage at 5°C for 12 days.

Microbial 
population Treatment

Kinetic parameters

Linear logarithmic equation Weibull model

k (1/day) R2 Adjusted R2 RMSE α (day) β R2 Adjusted R2 RMSE

Aerobic 
mesophilic 
bacteria

C 0.267 0.931 0.908 0.290 4.209 1.072 0.861 0.815 0.297

H 0.199 0.900 0.867 0.247 2.509 0.580 0.945 0.926 0.159

UV 0.187 0.750 0.666 0.399 0.551 2.586 0.821 0.761 0.325

Total coliforms

C 0.297 0.893 0.858 0.423 0.967 0.525 0.965 0.954 0.251

H 0.174 0.927 0.903 0.194 3.123 0.576 0.980 0.973 0.093

UV 0.205 0.963 0.951 0.165 3.385 0.736 0.998 0.998 0.122

Yeast 
and molds

C 0.120 0.925 0.900 0.131 6.467 0.645 0.965 0.953 0.105

H 0.151 0.747 0.662 0.361 0.986 0.274 0.927 0.903 0.170

UV 0.141 0.781 0.708 0.308 1.609 0.306 0.945 0.927 0.139

Psychrotrophic 
bacteria

C 0.254 0.994 0.992 0.083 4.523 1.129 0.983 0.978 0.062

H 0.224 0.953 0.938 0.203 5.811 1.354 0.973 0.964 0.159

UV 0.225 0.969 0.958 0.163 6.136 1.430 0.945 0.927 0.105

k, inactivation rate constant; α, characteristic time; β, shape factor; R2, coefficient of determination; RMSE, root mean square error.
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turn, the activity of the samples treated with UV-C remained 
almost constant from day 0 to day 9 (0.58–0.62 mM TE/g FW). 
It is possible that UV-C affected the integrity of the cell struc-
ture and vacuoles, promoting the release of compounds with 
antioxidant activity [Rybak et al., 2021]. At the end of the stor-
age, ABTS•+ scavenging activity of the UV-C treated samples 
decreased (0.48 mM TE/g FW). Miguel et al. [2016] reported 
that the high activity of PPO and the low activity of PAL in 
mango during the beginning of senescence have an impact 
on its ABTS•+ scavenging activity. 

The FRAP exhibited slight maxima on day 6 of storage for 
mango spears from C (0.68 mM TE/g FW) and UV (0.69 mM 
TE/g FW) treatments, and on day 9 of storage for the samples 
from H treatment (0.64 mM TE/g FW) (Figure 4). Low refrigera-
tion temperature and UV-C irradiation stress activated the de-
fense mechanism of enzymes related to the elimination of ROS 

and the biosynthesis of antioxidant compounds [Hinojosa et al., 
2013]. 

CONCLUSIONS
The UV-C treatment of fresh-cut ‘Tommy Atkins’ mango proved 
effective in preserving its quality attributes. The application 
of a UV-C dose of 6 kJ/m2 promoted the conservation of microbial 
safety, the physicochemical properties (pH, TSS, and AT), the color 
parameters (L*, a*, and b*), the contents of total carotenoids, 
total phenolics, total flavonoids, and the antioxidant capac-
ity measured by DPPH assay and as FRAP during fruit storage 
for 12 days at 5°C. However, this treatment promoted the loss 
of fruit firmness. In general, the disinfection treatment of fresh- 
-cut mango with UV-C is a technological alternative to replace 
the conventional disinfection method with sodium hypochlorite 
immersion, since it provides the conservation of the quality 
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FIGURE 3. Contents of total carotenoids, total phenolics, and flavonoids 
of fresh-cut mango without treatment (control, C), immersed in sodium 
hypochlorite solution (H), and treated with ultraviolet short wave (UV-C, UV) 
during storage at 5°C for 12 days. Vertical lines above and below the points 
correspond to standard error. Different lowercase letters (a-d) above bars 
(separatly for control and each treatment) indicate significant differences 
(p<0.05). GAE, gallic acid equivalents; QE, quercetin equivalents; FW, fresh 
weight.

FIGURE 4. Antioxidant capacity determined as DPPH• and ABTS•+ scavenging 
activities and as ferric-reducing antioxidant power (FRAP) of fresh-cut mango 
without treatment (control, C), immersed in sodium hypochlorite solution 
(H), and treated with ultraviolet short wave (UV-C, UV) during storage at 
5°C for 12  days. Vertical lines above and below the points correspond to 
standard error. Different lowercase letters (a-c) above bars (separatly for 
control and each treatment) indicate significant differences (p<0.05). TE, 
Trolox equivalents; FW, fresh weight.
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attributes of fruit, mitigates the adverse impact on the environ-
ment and on the health of consumers by the lack of dangerous 
chemicals applied during minimal processing.
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Use of Cashew Apple Pomace Powder in Pasta Making: Effects 
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�The production of cashew apple juice generates fruit pomace which is rich in dietary fiber and phenolic compounds 
and shows high antioxidant capacity. In this research, the effects of different ratios of cashew apple pomace powder (CAPP) 
in the pasta formulation on the product quality were investigated. Increase in CAPP level in the pasta recipe from 0 to 20% 
enhanced the total dietary fiber and total phenolic content of the product by 4.1 times and 11.8 times, respectively, as 
well as improved the 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity and ferric reducing antioxidant power by 
18.2 times and 28.6 times, respectively. Nevertheless, the increased level of CAPP in the pasta recipe resulted in decreased 
cooking quality, textural properties and overall acceptability of the pasta. Pasta sample with 10% CAPP level in the recipe 
was considered high-fiber food with acceptable sensory quality. Therefore, CAPP may be considered a promising source 
of dietary fiber and antioxidants for the development of healthy food products. 
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INTRODUCTION
A balanced diet helps prevent malnutrition and certain diseases. 
Every day, people need food with sufficient energy content 
and fundamental nutrients including carbohydrates, protein, 
lipid, vitamins, and minerals [Stipanuk, 2019]. In addition, bio-
active compounds are also important for daily diet since they 
have positive effects on human health. Nowadays, healthy food 
products have attracted great attention from consumers due to 
their different health-beneficial components [Bianchi et al., 2021], 
such as dietary fiber and antioxidants.

The addition of dietary fiber and antioxidants to the formula-
tion of conventional foods is a current trend in the development 
of healthy food products. According to Maphosa & Jideani [2016], 
increased consumption of dietary fiber improves the glucose 
and lipid metabolism as well as gut microbiota status, leading 

to the promotion of normal laxation and protective functions 
against colonic disorders and pathogens. Moreover, a high-fiber 
diet supports the treatment of eating disorders, diabetes, obesity, 
certain types of heart disease, and cancer. The recommended 
daily intake of dietary fiber should be about 35 g for an adult 
[Maphosa & Jideani, 2016]. Besides, antioxidants from foods can 
prevent or slow down oxidative damage of cell molecules by 
scavenging free radicals in human body. A diet rich in antioxi-
dants may reduce the risk of various diseases including diabetes, 
cardiovascular diseases, inflammation, dementia, and various 
types of cancer, such as esophagus, stomach, and colon cancer 
[Tan et al., 2018].

Pasta is widely selected for fiber and antioxidant fortification 
since it is an element of everyday diet in many countries and is 
poor in these components [Bianchi et  al., 2021]. Dietary fiber 
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and antioxidants from many sources have been added to pasta 
recipes, such as whole cereal grain flours [Aravind et al., 2012], 
powder from fruits [Bustos et al., 2019], legumes [Wójtowicz & 
Mościcki, 2014], or vegetables [Kaur et al., 2022]. Over the last 
decades, various by-product flours originating from food pro-
cessing industry have been used in pasta formulation. Besides, 
these by-products contain not only dietary fiber and antioxidants 
but also different nutrients, such as protein and minerals, which 
are useful for human health. Nevertheless, the use of high ratio 
of food by-products in the recipe of pasta may decrease its 
textural profile, cooking quality and sensory properties [Bianchi 
et al., 2021]. 

Cashew (Anacardium occidentale L.) trees are grown in tropi-
cal regions; among them Brazil, India, and Vietnam are countries 
with the largest export volume of cashew nuts in the world [Du-
arte et al., 2017]. The cashew apple or cashew fruit is the pseudo- 
-fruit above the cashew nut. After separation of cashew nut, 
the fruit is used to produce some value-added products, such 
as jam, sauce, and cashew apple juice. The obtained juice can 
also be used as the main material to manufacture cashew apple 
cordial, syrup, jelly, vinegar, and fermented beverages [Preethi 
et al., 2021]. The production of cashew apple juice generates a by- 
-product – cashew apple pomace, the predominant compounds 
of which are cellulose and hemicellulose. Polysaccharides of this 
by-product are treated with microbial carbohydrases to produce 
sugars which are subsequently used to obtain different prod-
ucts, such as bioethanol, enzymes, organic acids, and xylitol 
[Jeyavishnu et  al., 2021]. Recently, cashew apple pomace has 
been reported to contain not only phenolic compounds with 
high antioxidant activity but also different nutrients, including 
valuable proteins and minerals and therefore this by-product 
was added to the formulation of cereal extrudates to enhance 
their antioxidant activity and functional properties [Preethi et al., 
2021]. However, the use of cashew apple powder in pasta making 
has not been considered. 

The purpose of this study was to evaluate the effects of cash-
ew apple pomace ratios in pasta formulation on the proximate 
composition, antioxidant activity, physical properties, cooking 
properties, and consumer acceptability of the pasta.

MATERIALS AND METHODS
r	 Materials
Ripe cashew apple (Anacardium occidentale L.) fruits without 
pestilence or damage were collected from a farm in Binh Phuoc 
province, Vietnam. After harvesting, the selected fruits were 
transported to Food Technology laboratory of Ho Chi Minh City 
University of Technology (Vietnam) and used for the preparation 
of cashew apple pomace powder within 24 h.

Durum wheat (Triticum durum) semolina was provided by 
Vietnam Flour Mills Co. (Ba Ria, Vung Tau province, Vietnam). 
Table salt was supplied by the Southern Salt Group Co. (Ho Chi 
Minh City, Vietnam).

Chemical reagents were purchased from Merck (Darmstadt, 
Germany) and they were of analytical grade. Enzyme prepara-
tions with α-amylase, glucoamylase, and protease activities were 

supplied by Novozymes (Bagsværd, Danmark) and used for 
analysis of dietary fiber.

r	 Preparation of cashew apple pomace powder
Firstly, the nuts were manually removed; the fruits were washed 
with tap water, drained for 30 min, and squeezed for juice ex-
traction. The obtained cashew apple pomace was cut into 
3×2×1 cm pieces, which were subsequently blanched in 1% (w/v) 
sodium metabisulphite solution at 95°C for 10 min and drained 
for 10  min. The pomace was then dried at 55°C to less than 
13  g/100 g moisture content, milled in a crusher, and sifted 
through a 70-mesh sieve. The cashew apple pomace powder 
(CAPP) was vacuum packed in polyethylene bags and stored at 
room temperature for experimentation.

r	 Pasta making
A blend of durum wheat semolina and CAPP was used in the pas-
ta recipe. There were five pasta samples in which the CAPP ratio 
was 0 (control), 5, 10, 15, and 20% of the blend weight. 

The blend and table salt (0.5% on blend basis, w/w) were 
mixed in a stand mixer (Model HBD-805, Ukoeo, Zhuhai, China) 
with a paddle attachment for 2 min. To make a dough, distilled 
water at 42°C (47 g water/100 g flour) was added to the mixture 
and mixed at 120 rpm for 5 min. The dough was then kneaded 
using a dough hook at 120 rpm for 20 min before being fed to 
an extruder (Model HR2365/05, Philips Co., Shanghai, China). 
The die diameter was 1.6 mm and the extrusion pressure was 
720 kgf/cm2. The obtained pasta strands were oven-dried at 50°C 
for 8 h to less than 13 g/100 g moisture content. The dried pasta 
was kept at room temperature for 24 h before analysis.

r	 Proximate composition analysis
Protein content was measured by AOAC International  992.23 
method with a nitrogen-to-protein conversion factor of 6.25 
[AOAC, 2000]. Lipid content was determined by AOAC Interna-
tional 920.85 method with diethyl ether solvent [AOAC, 2000]. 
Total starch content was quantified by spectrophotometric 
method, using dinitrosalicylic acid as reagent [Nielsen, 2017]. 
Total, soluble, and insoluble dietary fiber contents were esti-
mated by AOAC International 985.29, 991.42, 993.19 methods, 
respectively [AOAC, 2000]. The moisture content was determined 
by drying at 105°C in a moisture analyzer (Model IR35, A&D Co., 
Tokyo, Japan) [Nielsen, 2017]. 

r	 Determination of total phenolic content and antioxi-
dant capacity

For the extraction of phenolics from durum semolina, CAPP, and un-
cooked pasta, each ground sample (1 g) was mixed with 10 mL 
of a 60% (v/v) acetone solution and left at room temperature for 
30 min. The mixture was then filtered through an ashless filter paper. 
The filtrate was collected, filled to 100 mL with 60% (v/v) acetone 
solution, stored at –4°C away from light, and used within 2 days. 
The obtained extracts were used for determination of total phe-
nolic content as well as 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging activity and ferric reducing antioxidant power (FRAP). 
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Total phenolic content (TPC) was evaluated by spectropho-
tometric method, using Folin‒Ciocalteu reagent; the analytical 
procedure was described by Biney & Beta [2014]. The results 
were shown as mg gallic acid equivalent per 100 g dry weight 
of sample (mg GAE/100 g dw).

The DPPH radical scavenging activity and FRAP were deter-
mined by spectrophotometric method following the procedures 
reported by Nguyen et al. [2020]. The results were expressed as 
μmol Trolox equivalent per 100 g dry weight of sample (μmol 
TE/100 g dw). 

r	 Water and oil holding capacity determination
The water holding capacity (WHC) was measured using the pro-
cedure described by Sangokunle et al. [2020] with some adjust-
ments. About 1 g of the sample was soaked in 10 mL of distilled 
water and vortexed for 1 min. The mixture was left at room tem-
perature for 2 h and then centrifuged at 1064×g (Certomat® BS-1, 
Sigma, Saint Louis, MO, USA) at room temperature for 10 min. 
The supernatant was removed while the sediment was weighed. 
The results were shown as g water/100 g dw.

The oil holding capacity (OHC) was quantified following 
the procedure described by Sangokunle et  al. [2020] with 
some modifications. The sample (1 g) was soaked in 10 mL 
of soya oil and then vortexed for 1 min. The mixture was left at 
room temperature for 2 h and then centrifuged at 1064×g at 
room temperature for 10 min. The supernatant was decanted 
and the pellet was weighed. The results were expressed as 
g oil/100 g dw. 

r	 Cooking quality determination
The optimal cooking time (OCT), cooking loss, water absorption 
index (WAI), and swelling index (SI) were evaluated according 
to the procedure presented by Foschia et al. [2015] with minor 
modifications. The pasta sample (ca. 5 g) was cut into 5-cm 
strands and cooked in 50 mL of boiling distilled water. The OCT 
was recorded when white inner core of pasta just disappeared. 
At the end of cooking, the pasta strands were separated for drain-
ing for 4 min, and weighed (W2). The cooked and drained pasta 
strands were dried at 105°C to constant weight (W3). The cook-
ing water was finally evaporated at 105°C to measure the total 
dry matter. The cooking loss was calculated as the percentage 
of the total dry matter of cooking water to the dry weight of raw 
pasta (W1). 

The SI (%) and WAI (%) were calculated according to Equa-
tions (1) and (2), respectively.

SI = (W2‒W3)/W3 	  (1)

WAI = (W2‒W1)/W1	 (2)

r	 Textural properties analysis
The textural properties of cooked pasta were determined with 
a texture analyzer (TA-XT Plus C, Stable Micro System, Godalming, 
United Kingdom) equipped with a Windows version of Exponent 
Connect Lite 7.0 software (Texture Technologies Co., Hamilton, 

MA, USA). A 70% axial compression of cooked pasta strand was 
done using a 40-mm diameter acrylic probe. The compression 
speed was 1 mm/s. After 1 s of the first compression, the second 
compression cycle was performed. The hardness, adhesiveness, 
springiness, cohesiveness, gumminess, and chewiness of cooked 
pasta samples were obtained from the force-time curve.

In the tensile strength test, cooked pasta strand was wound 
around parallel friction rollers two times (Pasta Tensile Rig, Stable 
Micro Systems). The extension speed was 1 mm/s. The tensile 
strength (TS, g/mm2) and elongation rate (ER, %) were deter-
mined according Equations (3) and (4), respectively.

TS = F/ S	 (3)

where: F is the force at the break point (g), and S is the cross- 
-sectional area of the cooked pasta strand (mm2).

ER = [(D – D0)/ D0] × 100	 (4)

where: D is the distance at the break point (mm), and D0 is 
the initial distance (mm).

r	 Instrumental color measurement	
Color of uncooked and ground pasta samples was determined 
using a Minolta chroma meter CM-3700A (Konica Minolta, Tokyo, 
Japan). The results were shown as L* (lightness), a* (redness), 
and b* (yellowness) values. Color data were the mean of three 
replicate readings. The total color difference (ΔE) was determined 
as follows:

ΔE =   (L*0 – L*)2 + (a*0 – a*)2 + (b*0 – b*)2	 (5)

where: L0*, a0* and b0*are the color values of the control pasta 
sample; and L*, a* and b* are the color values of the CAPP added 
pasta sample.

r	 Overall acceptability evaluation
Pasta samples were cooked for 1 min longer than the estab-
lished optimal cooking time before being evaluated by 60 young 
adults aged from 18 to 25 to assess the overall acceptability, 
using a 9-point hedonic scale (from 1 – extremely dislike to 
9 – extremely like). The evaluators were recruited from the stu-
dents at Ho Chi Minh City University of Technology (Vietnam). 
The evaluators were provided with water to cleanse their palate 
before testing and between pasta samples. Five pasta samples 
were served in random order. The semi-consumer evaluation was 
conducted in a laboratory at ambient temperature.

r	 Statistical analysis
All experiments were done in triplicate. The results were ex-
pressed as mean ± standard deviation. One-way analysis 
of variance (ANOVA), correlation coefficients between variables 
and Duncan’s multiple range test with significance level of p<0.05 
were done using Statgraphics Centurion 18.1.12 software (Stat-
graphics Technologies, Inc., The Plains, VA, USA).

√—————————————



53

T.P.T. Nguyen et al.

IDF and SDF content of the obtained pasta enhanced by 2.1, 2.7 
and 1.3 times, respectively, compared to that of the control pasta 
(Table 2). The greater the CAPP level in the pasta recipe was, 
the higher was the dietary fiber content of the product. Similar 
results were reported when cucumber pomace powder [Saad 
et al., 2021] and grape pomace powder [Balli et al., 2021] were 
added to the pasta formulation. It should be noted that pasta 
with 5% CAPP or higher level can be claimed as high-dietary fiber 
pasta following the labeling guidelines of the European Union, 
in which food with TDF content higher than 6 g/100 g dw is 
considered a product high in fiber [Tolve et al., 2020]. According 
to Oba-Yamamoto et al. [2022], low-starch and high-fiber pasta is 
proven to help control blood glucose levels and to prevent and/
or take part in the treatment of type 2 diabetes.

Increase in CAPP level in the pasta formulation from 0% to 
20% enhanced the IDF:SDF ratio from 1.3:1 to 4.0:1 (w/w). The pas-
ta samples with 5% and 10% CAPP had IDF:SDF ratio close to 
the dietetic recommendations, i.e., 3:1, w/w [Bader Ul Ain et al., 
2018]. The previous studies revealed that the IDF:SDF ratio of pasta 
with 10% wheat bran, tomato peel or coconut residue was 4.0:1 
[Nguyen et al., 2020], 2.2:1 [Padalino et al., 2017] or 1.5:1 (w/w) 
[Sykut‐Domańska et al., 2020], respectively. Therefore, the pasta 

RESULTS AND DISCUSSION
r	 Proximate composition, antioxidant activity, and phy-

sical properties of cashew apple pomace powder 
and durum semolina used for pasta making

The proximate composition, antioxidant activity, and physical 
properties of CAPP and durum semolina used in the study were 
shown in Table 1. The CAPP contained more lipid and ash but 
had lower protein and starch content compared to the durum 
semolina. The total dietary fiber (TDF), insoluble dietary fiber 
(IDF), and soluble dietary fiber (SDF) content of CAPP was 20.1, 
25.2, and 7.7 times, respectively, higher than that of durum 
semolina. The proximate composition of CAPP in this research 
was different to that reported by Duarte et al. [2017] or Preethi 
et al. [2021] due to the difference in cultivars of cashew apple, 
growing conditions of plant as well as cashew apple juice pro-
cessing conditions.

The CAPP was rich in phenolics, the total content of which 
was about 50 times higher than that of durum semolina (Ta-
ble 1). As a result, the DPPH radical scavenging activity, and ferric 
reducing antioxidant power of CAPP were 140 and 229 times, 
respectively, higher than those of durum semolina. Different 
phenolic compounds with high antioxidant activity were iden-
tified in cashew apple pomace, such as gallic acid, myricetin, 
and quercetin [Silveira et  al., 2021]. It can be suggested that 
the addition of CAPP to pasta recipe would improve dietary fiber 
content and antioxidant activity of the product.

Results in Table 1 also reveal that the CAPP was darker (lower 
L* value) than the durum semolina. This can be explained by Mail-
lard reactions between the residual reducing sugars and amino 
acids/proteins in cashew apple pomace (data not shown) during 
the drying process. In addition, the positive a* and b* values 
of CAPP color were recorded probably due to its red and yel-
low pigments, respectively. It is reported that the peel and pulp 
of ripen cashew apple contains carotenoids which exhibit red, 
yellow and other colors [Schweiggert et al., 2016].

The WHC of CAPP was 2.8 times higher than that of semolina 
while their OHC was similar (values were not significantly differ-
ent, p<0.05) (Table 1). The cashew apple fiber mainly consists 
of cellulose, hemicellulose, and lignin [Jeyavishnu et al., 2021]. 
According to Chami Khazraji & Robert [2013], water molecules 
could rapidly interact with cellulose in both interfibrillar spaces 
and amorphous regions. Previous studies showed that red rasp-
berry fruit pomace [Gouw et al., 2017] and apple pomace [Wang 
et al., 2019] with high cellulose content also had high WHC.

r	 Effects of ratios of cashew apple pomace powder on 
proximate composition of pasta

The proximate composition of pasta fortified with CAPP is pre-
sented in Table 2. When the CAPP level in the pasta formulation 
increased from 0 to 20%, the lipid and ash content of the product 
increased by 2.1 times and 1.9 times, respectively, while its pro-
tein and starch content decreased by 48% and 15%, respectively. 
This is due to the increased level of CAPP in the pasta recipe 
and the high lipid and ash content as well as the low starch 
and protein content of CAPP (Table 1). At 5% CAPP level, the TDF, 

Table 1. Proximate composition, antioxidant activity, and physical properties 
of cashew apple pomace powder and durum wheat semolina used for pasta 
making.

Cashew apple 
pomace powder

Durum wheat 
semolina

Protein (g/100 g dw) 	 12.5±0.6b 	 14.9±0.5a

Lipid (g/100 g dw) 	 10.8±0.2a 	 2.8±0.1b

Ash (g/100 g dw) 	 3.4±0.0a 	 0.6±0.0b

Starch (g/100 g dw) 	 19.3±1.0b 	 80.9±0.8a

TDF (g/100 g dw) 	 48.3±2.1a 	 2.4±0.1b

IDF (g/100 g dw) 	 42.9±2.3a 	 1.7±0.1b

SDF (g/100 g dw) 	 5.4±0.7a 	 0.7±0.0b

Total phenolics  
(mg GAE/100 g dw)

	 7101±119a 	 143±3b

Ferric reducing antioxidant 
power (μmol TE/100 g dw)

	 17168±100a 	 75±2b

DPPH radical scavenging  
activity (μmol TE/100 g dw)

	 20154±700a 	 114±7b

L* 	 72.6±0.2b 	 91.2±0.0a

a* 	 3.8±0.1a 	 0.9±0.0b

b* 	 26.8±0.4a 	 10.0±0.0b

ΔE 	 25.2±0.4a 	 0.0±0.0b

Water holding capacity  
(g water/g dw)

	 3.1±0.0a 	 1.1±0.1b

Oil holding capacity  
(g oil/g dw)

	 2.3±0.1a 	 2.2±0.4a

Data are shown as mean ± standard deviation (n=3). Values with different letters in 
the same row are significantly different (p<0.05). dw, dry weight; TDF, total dietary fiber; 
IDF, insoluble dietary fiber; SDF, soluble dietary fiber; GAE, gallic acid equivalent; DPPH 
radical, 2,2-diphenyl-1-picrylhydrazyl radical; TE, Trolox equivalent.
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supplemented with 10% CAPP had a fairly balanced IDF:SDF ratio 
as compared to that fortified with other dietary fiber sources. 

r	 Effects of ratios of cashew apple pomace powder on 
the total phenolic content and antioxidant capacity 
of pasta

Figure 1 presents the TPC and antioxidant capacity of pasta with 
different CAPP levels. Increase in CAPP ratio in the pasta recipe 
from 0 to 20% greatly improved TPC of the product. The TPC 
of pasta fortified with 10% CAPP was 7.6 times higher than that 
of the control pasta. It should be noted that at 10% fiber material 
level, the CAPP-incorporated pasta had much more total phe-
nolics (794 mg GAE/100 g dw) than earlier analyzed grape pom-
ace-supplemented pasta (257 mg GAE/100 g dw) [Tolve et al., 
2020], and olive pomace added pasta (228 mg GAE/100 g dw) 
[Simonato et al., 2019]. 

The pasta with high CAPP level had improved antioxidant 
capacity. The DPPH radical scavenging activity and FRAP of pasta 
with 20% CAPP level increased by 18.2 times and 28.7 times, 
respectively, compared to those of the control pasta (Figure 1B 
and Figure 1C). 

Close significant (p<0.05) correlations were observed for TPC 
and antioxidant capacity of the CAPP pasta samples. The correlation 
coefficients between TPC and DPPH radical scavenging activity as 
well as between TPC and FRAP were 0.955  and 0.980, respectively.

r	 Effects of ratios of cashew apple pomace powder on 
cooking quality of pasta

The cooking quality of pasta with different CAPP levels is shown 
in Table 3. Increase in CAPP ratio in the pasta formulation from 
0 to 20% decreased optimal cooking time of the product from 
13.5 to 6.4 min. Reduction in optimal cooking time was also 
reported by Nguyen et al. [2020] when wheat bran was added to 
pasta recipe. According to these authors, the decrease in gluten 
content and the presence of fiber in pasta result in more channels 
for water diffusion from cooking water into pasta; the optimal 
cooking time of high fiber pasta is therefore reduced. 

Table 2. Proximate composition of pasta with different cashew apple pomace powder (CAPP) levels.

Component
Ratio of CAPP (%)

0 5 10 15 20

Protein (g/100 g dw) 15.2±0.7a 12.9±0.6b 10.3±0.4c 9.1±0.2d 7.9±0.3e

Lipid (g/100 g dw) 1.8±0.2ᶜ 2.2±0.8ᵇᶜ 2.7±0.6ᵃᵇ 3.0±0.8ᵃᵇ 3.7±0.2ᵃ

Ash (g/100 g dw) 0.8±0.1ᶜ 1.2±0.0ᵇ 1.3±0.1ᵇ 1.4±0.1ᵃ 1.5±0.1ᵃ

Starch (g/100 g dw) 80.9±0.8ᵃ 77.8±0.6ᵇ 74.8±0.6ᶜ 71.6±0.5ᵈ 68.6±0.4ᵉ

TDF (g/100 g dw) 3.5±0.1ᵉ 7.3±0.2ᵈ 9.7±0.1ᶜ 12.0±0.4ᵇ 14.2±0.2ᵃ

IDF (g/100 g dw) 2.0±0.1ᵉ 5.3±0.2ᵈ 7.5±0.1ᶜ 9.4±0.4ᵇ 11.4±0.2ᵃ

SDF (g/100 g dw) 1.5±0.2ᵉ 2.0±0.1ᵈ 2.3±0.1ᶜ 2.6±0.1ᵇ 2.8±0.1ᵃ

IDF:SDF 1.3:1±0.1ᵉ 2.6:1±0.1ᵈ 3.3:1±0.2ᶜ 3.6:1±0.3ᵇ 4.0:1±0.1ᵃ

Data are shown as mean ± standard deviation (n=3). Values with different letters in the same row are significantly different (p<0.05). dw, dry weight; TDF, total dietary fiber; IDF, insoluble 
dietary fiber; SDF, soluble dietary fiber.
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Figure 1. Total phenolic content (A), DPPH radical scavenging activity (B) 
and ferric reducing antioxidant power (C) of the pasta supplemented with 
different ratios of cashew apple pomace powder. GAE, gallic acid equivalent; 
dw, dry weight; TE, Trolox equivalent. Data are shown as mean ± standard 
deviation (n=3). Bars with different letters show significantly different values 
(p<0.05).
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The cooking loss of pasta samples with 5–20% CAPP was 
11–65% greater  than that of the control (Table 3) mainly due 
to their decreased gluten content. As a consequence, the gluten 
system was weakened and the diffusion of starch and other com-
ponents from the pasta into the cooking water was enhanced 
[Chusak et al., 2020, Nguyen et al., 2020]. High cooking loss was 
also recorded for pasta samples fortified with gac fruit [Chusak 
et al., 2020] or berry powder [Bustos et al., 2019].

Water absorption index presents the amount of water ab-
sorbed into the product during the cooking process while swell-
ing index shows the change in the volume of cooked pasta com-
pared to uncooked one [Chusak et al., 2020]. Results provided in 
Table 3 reveal that the increase in CAPP ratio in the pasta formu-
lation gradually reduced both WAI and SI. The water absorption 
index and swelling index of pasta with 20% CAPP dropped by 
45% and 40%, respectively, compared to those of the durum 
semolina pasta. Similar trend has recently been observed by 
Chusak et al. [2020] when durum semolina was partially replaced 
by ripe gac fruit powder in the pasta recipe. The increased fiber 
content disrupted the starch-gluten network, allowing starch 
molecules to leak more into cooking water [Aravind et al., 2012]. 

At the same time, dietary fiber has greater hydration dynamic 
than starch; the water is held more loosely by fiber than by starch 
[Wang et  al., 2020], leading to the decreased swelling index 
of the high-fiber pasta samples. 

r	 Effects of ratios of cashew apple pomace powder on 
physical properties of pasta 

Textural properties of pasta samples with different CAPP ratios 
are presented in Table 4. When the CAPP ratio increased from 0 
to 20%, the hardness of pasta rose by 46%. That can be explained 
by high water holding capacity of fiber in the pasta sample, lead-
ing to the prevention of water absorption and swelling of starch 
granules; this phenomenon caused the decrease in swelling 
index and made the cooked pasta become harder [Rakhesh 
et al., 2015]. The increase in hardness of pasta was also recorded 
when tomato pomace powder [Padalino et al., 2017] or soy okara 
powder were added to the product recipe [Kamble et al., 2019].

Adhesiveness is the force required to remove the probe 
from the pasta sample. All pasta samples supplemented with 
CAPP had greater adhesiveness than the control pasta (Table 4). 
Increase in adhesiveness was previously reported when the ratio 

Table 3. Cooking quality of pasta with different cashew apple pomace powder (CAPP) levels.

Cooking property
Ratio of CAPP (%)

0 5 10 15 20

Optimal cooking time (min) 13.5±0.0a 	 11.5±0.3b 9.2±0.2c 8.5±0.1d 6.4±0.1e

Cooking loss (%) 4.6±0.2e 	 5.1±0.2d 6.1±0.2c 7.2±0.2b 7.6±0.2a

Water absorption index 2.2±0.3a 	 1.8±0.2b 1.6±0.1bc 1.4±0.1cd 1.2±0.0d

Swelling index 2.5±0.1a 	 2.1±0b 1.9±0.1c 1.7±0.1cd 1.5±0.1d

Data are shown as mean ± standard deviation (n=3). Values with different letters in the same row are significantly different (p<0.05).

Table 4. Textural properties and instrumental color parameters of pasta with different cashew apple pomace powder (CAPP) levels.

Physical property
Ratio of CAPP (%)

0 5 10 15 20

Hardness (N) 	 1769±128c 	 2068±23b 	 2221±24b 	 2433±167a 	 2584±79a

Adhesiveness 	 33±5c 	 56±5b 	 65±7b 	 80±6a 	 92±12a

Springiness 	 0.94±0.03a 	 0.85±0.03b 	 0.85±0.03b 	 0.80±0.02c 	 0.79±0.02c

Cohesiveness 	 0.53±0.04a 	 0.45±0.02b 	 0.43±0.03b 	 0.40±0.03b 	 0.40±0.00b

Gumminess (g) 	 1042±23a 	 985±29b 	 980±25b 	 909±32c 	 901±27c

Chewiness (g) 	 1001±60a 	 800±51b 	 797±26b 	 641±31c 	 647±30c

Elongation rate (%) 	 192±18a 	 138±7b 	 119±10bc 	 99±9c 	 67±12d

Tensile strength (kPa) 	 3.0±0.3b 	 3.1±0.3b 	 4.0±0.3a 	 4.2±0.2a 	 4.3±0.2a

L* 	 87.1±0.1a 	 82.7±0.6b 	 81.1±0.2c 	 80.0±0.3d 	 78.4±0.1e

a* 	 1.2±0.1d 	 1.6±0.2c 	 1.7±0.0c 	 2.0±0.1b 	 2.2±0.0a

b* 	 7.8±0.2d 	 9.7±0.5c 	 11.1±0.1b 	 12.6±0.3a 	 12.5±0.2a

ΔE 	 0.0±0.0e 	 4.9±0.7d 	 6.9±0.2c 	 8.6±0.5b 	 9.9±0.1a

Data are shown as mean ± standard deviation (n=3). Values with different letters in the same row are significantly different (p<0.05). L*, lightness; a*, redness; b*, yellowness; ΔE, total 
color difference.
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of tomato pomace powder added to the pasta recipe was 15% 
[Padalino et al., 2017]. The presence of fibers in pasta disrupted 
the continuity of its structure [Chusak et al., 2020]. According to 
Bouasla et al. [2017], the change in adhesiveness is related to 
the fiber content and the dissolution of components such as 
starch, protein, soluble fiber in the cooking water. These com-
ponents may form sticky layers on the surface of pasta strands 
[Rakhesh et al., 2015]. 

Springiness represents the ability of pasta to recover its original 
shape after being subjected to an external force. At 20% CAPP ratio, 
the springiness of pasta decreased by 16% in comparison with that 
of the control (Table 4). Reduction in springiness was previously 
observed when apple pomace was added to pasta formulation 
[Xu et al., 2020]. Bustos et al. [2011] explained that the decrease in 
springiness was related to the weak development of the protein-
starch matrix due to the distribution of fiber in the pasta dough.

Cohesiveness measures the ability of pasta to withstand 
external forces before breaking, while gumminess is the force 
required to crush the pasta, and chewiness is the total force 
required to chew and swallow the product. The cohesiveness, 
gumminess, and chewiness of pasta with 20% CAPP decreased 
by 25%, 14%, and 35%, respectively in comparison with those 
of the control (Table 4). Decrease in cohesiveness and chewi-
ness were also recorded for pasta samples supplemented with 
cucumber pomace [Saad et al., 2021]. The presence of insoluble 
fiber in the product reduces the swelling of starch granules 
because of water competition, leading to negative change in 
textural properties [Saad et al., 2021]. On the other hand, the dis-
ruption of the gluten network can also be a reason for the pasta 
to be broken more easily under external forces.

Among the textural properties of CAPP pasta, a close cor-
relation was observed between the hardness as well as adhe-
siveness with the CAPP ratio in the pasta recipe. The CAPP level 
significantly (p<0.05), positively correlated with the hardness 
and adhesiveness and their correlation coefficients were 0.992  
and 0.990, respectively. Similar correlation was reported when 
tomato pomace powder was supplemented to the pasta for-
mulation [Padalino et al., 2017].

A tensile strength test is performed to clarify how much force 
is required to break pasta strands when they are pulled apart. 
Increase in CAPP ratio in the pasta recipe enhanced the tensile 
strength but decreased the elongation rate of pasta (Table 4). 
Shiau et al. [2020] also reported an increased tension strength 
as well as a reduced elongation rate of wheat noodles fortified 
with pitaya peel powder. According to the authors, the rigidity 
of fiber and the decrease in free water in the cooked pasta sam-
ples could cause the rise of tensile strength, while the decrease 
in elongation rate might be due to the weak gluten network 
of the high-fiber pasta. 

Our study showed that the increased CAPP ratio in the pasta 
formulation negatively affected both textural and cooking prop-
erties of the product. Future studies on the interaction of CAPP 
fiber and protein-starch matrix of the blend dough are needed 
to clarify the effects of fiber on textural and cooking properties 
of high-fiber pasta. 

The addition of CAPP to pasta recipe slightly enhanced dark-
ness of the product since the L* value of CAPP was lower than 
that of durum semolina (Table 4). Similar results were reported 
when fruit pomace such as apple pomace [Xu et al., 2020] or 
grape pomace [Tolve et al., 2020] was added to the pasta formu-
lation. The redness (positive a* value) and yellowness (positive 
b* value) were observed for all pasta samples and their values 
varied in narrow ranges. Higher levels of CAPP caused higher 
ΔE value, which proved a greater difference in color between 
the CAPP added pasta and the control pasta.

r	 Effects of ratios of cashew apple pomace powder on 
overall acceptability of pasta

The overall acceptability of all cooked pasta samples is shown in 
Figure 2. Pasta with 5% CAPP had a similar score to the control 
while higher level of CAPP led to the decreased overall accept-
ability. The decrease in sensory score was also recorded when 
adding legume flour [Wójtowicz & Mościcki, 2014] or partially-
deoiled chia flour to the pasta recipe [Aranibar et  al., 2018]. 
It can be explained by the negative change in textural profile 
of cooked pasta. Texture is the key property for the evaluation 
of pasta quality [Poonsri et al., 2019]. The increase in hardness 
may have strong effects on sensory properties of CAPP pasta 
since the customers did not favor pasta with high hardness 
[Prerana & Anupama, 2020]. Furthermore, the color of pasta is 
also a crucial property and is the first to affect the consumer 
acceptability [Sykut‐Domańska et al., 2020]. The pasta samples 
with high CAPP levels had a distinctly darker color compared 
to the control with light yellow color. Pasta sample with 10% 
CAPP had an average liking score of 5.3, which could be con-
sidered acceptable.

CONCLUSIONS
Use of CAPP in the pasta recipe significantly increased the di-
etary fiber and TPC content as well as the antioxidant capac-
ity of the final product. Nevertheless, a high ratio of CAPP in 
the pasta formulation reduced its cooking quality, textural prop-
erties, and overall acceptability. The pasta with CAPP addition 

Figure 2. Overall acceptability of the pasta supplemented with different 
ratios of cashew apple pomace powder. Data are shown as mean ± standard 
deviation (n=60). Bars with different letters show significantly different values 
(p<0.05).
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level of 10% was considered high-fiber food with acceptable 
sensory quality. The interaction of CAPP fiber and protein-starch 
matrix of the blend dough needs to be investigated in the future 
to clarify the effects of fiber on textural properties and cook-
ing quality of high-fiber pasta samples. Based on the present 
study results, CAPP may be found a potential ingredient for 
the development of different food products with high fiber 
and antioxidant content.
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Effect of Different Cooking Methods on Lipid Content and Fatty 
Acid Profile of Red Mullet (Mullus barbatus)
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�This study investigated the effect of five in-house cooking methods (grilling, oven-cooking, frying, microwaving, and boiling) 
on lipid content and fatty acid composition in red mullet (Mullus barbatus). Moreover, the nutritional quality of the lipid fraction 
was evaluated by determining a number of lipid nutritional quality indices (LNQI). Moisture content of red mullet decreased 
after cooking, with the exception of boiled fish, while the lipid content significantly increased after microwave treatment 
and frying. After the latter, a ten-fold increase in lipid content was noted compared to fresh fish (from 2.1 to 21.1 g/100 g wet 
matter). All cooking methods caused significant changes in the fatty acid (FA) profile of M. barbatus. The content of saturat-
ed fatty acids (SFAs) varied significantly between raw and cooked fish with the lowest values determined for fried sample. 
Monounsaturated fatty acid (MUFA) content increased after oven cooking and frying, while polyunsaturated fatty acid (PUFA) 
content showed an opposite trend. The eicosapentaenoic acid (EPA) and docosahexaenoic (DHA) were the dominant fatty 
acids among n3 acids in all samples. EPA+DHA contribution in total FAs was significantly lower in the samples after oven 
cooking (19.6% total FAs) and frying (4.99% total FAs) than in the raw (25.5% of total FAs) fish. The n3/n6 ratio (range 1.25–3.65) 
decreased significantly after cooking; however, it remained above the recommended values for a healthy human nutrition 
(1:5). The PUFA/SFA ratio was between 0.69 in fried and 1.02 in boiled fish, both being greater than those recommended by 
the WHO/FAO [2003]. Atherogenicity index value decreased significantly after the cooking particularly in fried fish. The poly-
ene index (PI), as a measure of PUFA damage, was in the range of 0.42–1.18. Although all cooking methods affected the FA 
profile, based on LNQI, it can be concluded that barbecue-grilling and boiling were the best cooking methods for healthy 
eating, due to their lowest effect on essential FAs.
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INTRODUCTION
Consumed fish represent a precious ally for human health, since 
fish play a keystone role as a source of animal protein, long-
chain n3 polyunsaturated fatty acids (PUFAs), and micronutrients, 
including vitamins and minerals [Wang et al., 2020]. Moreover, 
fish have a relatively low energy value thus are recommended 
in a healthy and balanced diet [Rubio-Rodríguez et al., 2010]. 
It is well known that long-chain n3 PUFAs present in fish lipids 

are associated with beneficial health outcomes. A high con-
sumption of n3 PUFAs, more specifically eicosapentaenoic acid 
(EPA, 20:5n3) and docosahexaenoic acid (DHA, 22:6n3), leads 
to an increase in high-density lipoprotein (HDL) cholesterol 
content and a decrease in total cholesterol content, and in re-
duced levels of inflammatory markers [Asher et al., 2021]. Indeed, 
they play a key beneficial role in anti-inflammatory metabo-
lism, being the substrates in the synthesis of biologically active 
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anti-inflammatory mediators involved in several pathologies 
such as neurodegenerative disorders, cardiovascular diseases, 
cancer, rheumatoid arthritis, and psoriasis [Calder & Yagoob, 2009; 
Chitre et al., 2019; Simopoulos, 2008]. The World Health Organiza-
tion (WHO) and Food and Agriculture Organization of the United 
Nations (FAO) recommend a regular fish consumption of at 
least one-two servings per week with each serving providing 
the equivalent of 250–500 mg of EPA+DHA [WHO/FAO, 2003].

Red mullet, Mullus barbatus (L. 1758), has a widespread geo-
graphical distribution that extends from the eastern Atlantic 
along the European and African coasts to the Mediterranean 
Sea and the Black Sea [Fisher, 1987]. It is one of the most valu-
able components of coastal Mediterranean demersal fisheries 
[Tserpes et al., 2002]. Although there is considerable knowledge 
of red mullet biology, distribution and fishery [Fiorentino et al., 
2008; Tserpes et al., 2002], information on their nutritional value 
is very scarce. They are usually eaten cooked with different meth-
ods including boiling, frying, roasting etc. Cooking processes 
inevitably affect the nutritive value of fish and especially profile 
of flavor compounds as well as contents and quality of proteins, 
lipids and vitamins [Wang et al., 2020; Wei et al., 2023]. Usually 
high temperatures used in these processes degrade nutrients 
through hydrolysis and oxidation. Fatty acids, mainly PUFAs, 
are considered to be especially susceptible to oxidation dur-
ing high-temperature culinary treatments [Bastías et al., 2017; 
Koubaa et al., 2012]. On the other hand, fish protein digestibility 
was reported to increase upon cooking, due to their denatura-
tion. In addition, cooking was shown to improve certain features 
of fillets, for example by developing good odor, appealing look, 
and removal of harmful microorganisms [Abou-Taleb et al., 2021; 
Bognár, 1998; Koubaa et al., 2012].

Several studies have previously investigated the effects of dif-
ferent cooking methods on the nutritional quality of fish [Alexi 
et al., 2019; Biandolino et al., 2021; Costa et al., 2015; Gladyshev 
et al., 2014; Hosseini et al., 2014; Schneedorferová et al., 2015]. Kou-
baa et al. [2012] investigated the effect of four cooking methods 
on the fatty acid profile of red mullet from the sea gulf of Gabes 
(Mediterranean Sea). They reported the best proportion of PUFA 
and n6/n3 ratio in steamed, oven-cooked, and microwaved 
fish as compared with fried red mullet. Garcı́a-Arias et al. [2003] 
have also reported that frying affect the fatty acid composition 
of sardine with decreasing EPA and DHA, while oven-baking 
and grilling minimally affected the fatty acid content. Therefore, 
it is fundamental to inform consumers about the best cooking 
methods that have the least adverse effect on the nutritional 
value of fish. This should be done on the basis of scientific studies 
which examine the effects of different culinary treatments on 
contents of essential compounds and indicators of the nutritional 
values of fish, such as lipid nutritional quality indices (LNQI).

The objective of the present study was to determine the ef-
fect of five in-house cooking processes (barbecue‐grilling, oven 
cooking, frying, microwaving, and boiling) on lipid content 
and fatty acid profile of red mullet Mullus barbatus (L. 1758). 
Moreover, in order to assess the nutritional quality of the lipid 
fraction after cooking, a number of fatty acid-related nutritional 

quality indices, for the first time for red mullet, was determined. 
These would help select the optimal cooking method to be 
recommended to consumers and nutritionists for fish culinary 
preparation.

MATERIALS AND METHODS
r	 Fish origin and preparation
Fresh specimens of Mullus barbatus (L. 1758) were purchased 
from a local market in the city of Taranto (Southern Italy), just 
immediately after being caught from the Ionian Sea (Mediter-
ranean Sea), during spring 2021. Similarly sized fish were selected 
to ensure that any biochemical and chemical differences were 
not size-dependent (length 10.4±0.7 cm, weight 23.6±1.7 g). 
They were immediately stored in icebox at 4°C and transported 
to the laboratory for processing and analysis. Fish were washed 
several times in tap water, and cooked with the whole body after 
being gutted and scaled, without removing the head and skin. 
They were randomly divided into six groups: each group con-
sisted of about 45 individuals, with 15 samples for each replicate 
(n=3). One group was kept fresh-raw and used as control (raw). 
The others were cooked with following methods: barbecuing- 
-grilling (embers, cooking time of about 6–8 min), oven-cooking 
(oven, 200°C for 10–15 min), frying (pan frying with 1 L of olive 
oil at a temperature of about 180°C for 10 min), microwaving 
(Samsung M17-13 microwave oven (Suwon, South Korea), 800 W, 
2,450 MHz, cooked medium-high for 5 min), boiling (on 3 L of tap 
water for 10 min at 90–100°C). Once cooked, fish were gently 
drained for about 5 min on absorbent paper towels. The fresh 
and cooked fish were cut into small pieces, weighed in glass 
containers and frozen at –20°C, to be subsequently freeze-dried 
and homogenized. 

r	 Moisture, total lipid content, and fatty acid profile 
determination

The moisture content of cooked and fresh fish was determined 
by drying the sample in an oven at 105°C until a constant weight 
was obtained according to the AOAC method [AOAC, 2005].

Lipid extraction was performed according to the modified 
Folch method [Folch et al., 1957]. Briefly, the fish samples were 
homogenized using an Ultra-Turrax homogenizer (IKA-Werke 
GmbH & Co., Staufen, Germany). After that, 0.5 g of homogenate 
of each sample was homogenized with 5 mL of a chloroform/ 
/methanol mixture (2:1, v/v), which contained 0.01% butylated 
hydroxytoluene (BHT) as the antioxidant. Next, 2 mL of a 0.88% 
potassium chloride solution was added and mixed thoroughly. 
After phase separation, the chloroform was evaporated until 
dryness. The total lipid content was determined gravimetrically 
and the results were expressed as g per 100 g wet matter (wm).

The content of fatty acids (FAs) in the total lipids of M. bar-
batus were determined as described by Biandolino et al. [2021]. 
FA methyl esters (FAMEs) were analyzed on a gas chromatograph 
(GC) (Hewlett Packard (HP)/Agilent 6890 N, Agilent Technolo-
gies, Inc., Santa Clara, CA, USA) equipped with a flame ioniza-
tion detector (FID) and fitted with an Agilent HP-88 column 
(60 m × 0.25 mm id, 0.2 µm). Helium was used as the carrier 
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gas (1 mL/min). The column temperature program was as fol-
lows: 150 to 250°C at 4°C/min and held at 250°C. The fatty acids 
were identified by comparing retention times of corresponding 
peaks with those of a mixture of fatty acid methyl ester stand-
ards (Supelco 37 component FAME mix, Supelco Inc. Bellefonte, 
PA, USA). Relative quantities were expressed as % of total fatty 
acids. Quantification was made also using the technique of in-
ternal standardization with methyl nonadecanoate (98% purity 
Sigma-Aldrich Chemicals, Saint Louis, MO, USA). The results were 
expressed as mg/100 g wm.

r	 Lipid nutritional quality indices 
The LNQI of both raw and cooked fish were evaluated based on 
the fatty acid compositions of fish lipids. Indices of PUFAs/saturat-
ed fatty acids (SFAs), (MUFAs+PUFAs)/(SFAs–C18:0), n6/n3 and n3/ 
/n6 ratios, EPA+DHA, arachidonic acid (ARA)/DHA and ARA/EPA 
ratios were evaluated. The atherogenic (AI) and thrombogenic 
(TI) indices were estimated according to Equations (1) and (2), 
respectively [Ulbricht & Southgate, 1991], whereas the ratio of hy-
pocholesterolemic/hypercholesterolemic fatty acids (HH) was 
calculated according to Equation (3) [Santos-Silva et al., 2002]. 

AI = C12:0+4×C14:0+C16:0
ΣMUFAs + ΣPUFAs 	 (1)

TI = 
C14:0+C16:0+C18:0

0.5 ΣMUFAs + 0.5 Σn6PUFAs+ 3 Σn3PUFAs + Σn6PUFAs
Σn3PUFAs

	
(2)

HH = C18:1+Σselected PUFAs
C14:0+C16:0 	 (3)

where: selected PUFAs include C18:2n6, C20:4n6, C18:3n3, 
C20:5n3, C22:5n‐3, and C22:6n3.

The Equations (4) and (5) were used to calculate the health- 
-promoting index (HPI) and the unsaturation index (UI), respec-
tively [Chen & Liu, 2020].

  
HPI = ΣUFAs

C12:0+4×C14:0+C16:0 	 (4)

where: UFAs – unsaturated fatty acids.

UI =		1×(% monoenoics)+2×(% dienoics)+3×(% trienoics) 
+4× (% tetraenoics)+5×(% pentaenoics)+ 
6×(% hexaenoics)	 (5)

The polyene index (PI) was estimated based on the Equa-
tion (6) proposed by Pirestani et al. [2010]. 

PI = C20:5n3+22:6n3
C16:0

			   (6)

r	 Statistical analysis
All analyses were performed in triplicate and the results were re-
ported as mean values ± standard deviation (SD). Statistical analy-
sis was performed by using Past software, version 4.03. Data were 
tested for normality of distributions and homogeneity of variances 

by means of the Kolmogorov-Smirnov test and the Levene test, 
respectively. Mean values were compared by one-way ANOVA 
to test the difference in nutrients between raw and cooked 
samples. When significant differences were found, a post hoc 
Tukey test (p<0.05) was applied. When requirements for normal-
ity were not met, the non-parametric Kruskal-Wallis test on ranks 
was applied (p<0.05). Hierarchical clustering analysis was used 
to graphically represent differences in the nutritional quality 
of the raw and cooked fish studied. 

RESULTS AND DISCUSSION
r	 Moisture and total lipids
In raw fish, the moisture content was 78.3 g/100 g of the total 
tissue weight and lipid content was 2.1 g/100 g wm (Figure 1). 
Previous studies reported slightly different data for the same 
species, in a range of 72–78 g/100 g for moisture content 
and 1.82–10.9 g/100 g wm for lipid content [Di Lena et al., 2016; 
Kocatepe & Turan, 2012; Prato & Biandolino, 2012; Roncarati et al., 
2012]. Indeed, the chemical composition of fish varies greatly 
among species but also within the same species, depending on 
many variables, such as season and time of fishing, geographical 
area of fish life, feeding availability, age, sex, and physiological 
condition [Prato & Biandolino 2012]. 

The moisture content of red mullet showed a significant 
(p<0.05) decrease as a result of cooking treatments (except with 
boiling), reaching the minimum value after frying (61.2 g/100 g) 
(Figure 1). The lipid content significantly (p<0.05) increased 
after frying, which  resulted in its about ten times higher value 
(21.1 g/100 g wm) compared to that determined for the raw 
fish (2.1 g/100 g wm). A significant (p<0.05) increase was also 
observed for microwaved fish (3.4 g/100 g wm). These results are 

Figure 1. (A) Moisture content and (B) total lipid content based on wet matter 
(wm) of raw and cooked Mullus barbatus. Identical letters over bars show not 
significant differences (p≥0.05).
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considered and compared among the different cooking treat-
ments. Quantitatively, the raw fish showed a profile of fatty acids fa-
vorable to consumer health with PUFAs (552 mg/100 g wm, 38.0% 
total FAs) as dominant FA group followed by SFAs (530 mg/100 g 
wm, 36.4% total FAs), and MUFAs. The latter showing the lowest 
value (372 mg/100 g wm, 25.6% total FAs). Lower PUFAs content 
compared to SFAs and MUFAs has been reported by Kocatepe & 
Turan [2012] and Koubaa et al. [2012] for Mullus barbatus. In our 
study, the raw fish contained palmitic acid (C16:0) as the main 
FA, followed by oleic (C18:1n9), DHA (C22:6n3), EPA (C20:5n3), 
palmitoleic (C16:1n7), and stearic (C18:0) acids. It is important to 
highlight the high content of oleic acid (C18:1n9) (14.0% total 
FAs) contributing approximately to 55.6% of total MUFAs. These 
results were similar to those reported by Merdzhanova et al. [2012] 
and Koubaa et al. [2012] for the same fish species.

Significant differences (p<0.05) were found between cooking 
methods, in terms of contents of total and individual saturated 
and unsaturated FAs (Table 1 and Table 2). It is noteworthy to 
consider that the variations in the fatty acid contents reflect 
the lipid content (Figure 1). For this reason, the fried and micro-
waved products showed significantly (p<0.05) higher contents 

in accordance with the findings reported by Weber et al. [2008], 
Naseri et al. [2013], Gokoglu et al. [2004], and Biandolino et al. 
[2021], in studies on fish and molluscs bivalves, which showed 
a significant lipid increase after cooking, which might be mainly 
due to moisture loss via evaporation inducing the concentra-
tion of fat in the final product and to the absorption of frying 
oil by the fish [Sampels, 2015]. Moreover, Quaglia & Bucarelli 
[2001] stated that, during frying, the exchange between lipids 
and water occurred through the pores opened during the water 
evaporation. It has also been found that lean fish tend to absorb 
higher quantities of frying oils than the fatty ones [Alexi et al., 
2019; Kalogeropoulos et al., 2004]. The fish samples analyzed in 
this study were relatively lean, which suggests high oil absorp-
tion and explains the high oil content of the fried red mullet. 

r	 Fatty acid composition
The compositions of the most important fatty acids of lipids of raw 
and cooked red mullet and quantities of these fatty acids ex-
pressed as % of total FAs and as mg per 100 g of wm are shown 
in Table 1 and Table 2, respectively. The fatty acids exceeding 
a minimum of 0.1% total FAs in a minimum of one sample were 

Table 1. Fatty acid (FA) profile (% of total FAs) of lipids extracted from raw and cooked Mullus barbatus. 

FA Raw Grilled Oven-cooked Fried Microwaved Boiled

C14:0 3.98±0.20a 3.62±0.24ab 2.75±0.18c 0.54± 0.06d 3.22±0.44bc 3.00±0.53c

C15:0 1.62±0.25c 3.12±0.15a 2.22±0.25b 0.45±0.02d 3.03±0.13a 2.25±0.29b

C16:0 20.7±0.7b 22.3±1.5a 21.9±0.8ab 11.9±0.1c 20.7±0.4b 21.9±1.0ab

C17:0 1.56±0.06c 1.75±0.23c 2.57±0.09b 0.60±0.09d 3.19±0.42a 3.32±0.26a

C18:0 8.60±0.09a 8.74±0.40a 7.13±1.15b 5.39±0.08c 9.35±0.43a 9.31±0.58a

∑SFAs 36.4±1.1b 39.5±1.5a 36.6±0.5b 18.9±0.3c 39.5±1.0a 39.8±0.7a

C16:1 9.08±0.06a 7.40±0.24b 5.95±0.27d 1.61±0.02f 6.62±0.76c 5.14±0.30e

C17:1 1.21±0.15d 2.00±0.09c 2.23±0.09bc nd 2.82±0.11a 2.50±0.49ab

C18:1n9c 14.0±0.5c 10.2±0.9d 21.5±0.7b 66.6±1.4a 13.2±0.2c 9.92±1.63d

C20:1n9 1.29±0.10b 1.24±0.13b 1.13±0.32b nd 1.01±0.10b 1.90±0.16a

∑MUFAs 25.6±0.4c 20.8±0.7e 30.9±0.6b 68.2±1.4a 23.7±0.9d 19.5±0.7e

C18:2n6c 2.05±0.23b 2.13±0.25b 2.04±0.18b 4.31±0.09a 1.69±0.14c 1.65±0.24c

C18:3n3 2.62±0.08a 2.11±0.26b 1.83±0.35b 1.02±0.45c 1.00±0.08c 2.09±0.15b 

C22:0+C20:3n6 0.22±0.02b 0.27±0.03b 0.87±0.22a nd 0.24±0.03b 0.27±0.02b

C20:3n3+C22:1 0.39±0.07c 0.45±0.08c 1.03±0.02a nd 0.70±0.09b 0.34±0.05c 

C20:4n6 4.68±0.13c 6.14±0.20b 5.07±0.04c 1.45±0.03d 6.09±0.74b 8.02±0.14a

C20:5n3 (EPA) 12.2±0.7a 10.6±1.7bc 9.25±0.32c 2.04±0.21d 10.8±0.8ab 9.91±0.23bc

C22:5n3 2.47±0.27ab 2.78±0.97ab 2.10±0.23bc 1.18±0.33c 2.76±0.31ab 3.28±0.69a 

C22:6n3 (DHA) 13.4±0.5b 15.2±0.9a 10.4±0.9c 2.95±0.36d 13.6±1.1b 15.1±0.8a 

∑PUFAs 38.0±1.5bc 39.7±1.3ab 32.6±1.1d 13.0±1.1e 36.9±1.9c 40.7±0.6a

n3 31.0±1.4ab 31.1±1.6a 24.6±1.0c 7.20±1.2d 28.9±1.3b 30.8±0.7ab

n6 6.94±0.23c 8.55±0.44b 7.98±0.05b 5.76±0.07d 8.02±0.78b 9.95±0.24a

Values are means ± standard deviations of three separate replicates. Means with different letters (a–f ) within each raw indicate significant differences (p<0.05). SFAs, saturated fatty acids; 
MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; nd, not detected; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
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of most of individual fatty acids (Table 2). When referring to 
the values based on the total FAs, the comparison of the raw 
sample with cooked ones revealed a significant (p<0.05) in-
crease in the proportion of SFAs after most treatments, with 
the exception of frying (decrease from 36.4 to 18.8% total FAs, 
p<0.05), and oven-cooking (insignificant difference, p≥0.05). 
Palmitic and stearic acids were the dominant SFAs in the total FAs 
of cooked fish lipids, although with considerably lower values in 
the fried product (11.9% and 5.39% total FAs, respectively). Similar 
results were found by other authors for the same and other fish 
species [Kalogeropoulos et al., 2004; Koubaa et al., 2012; Weber 
et al., 2008]. SFAs are traditionally considered as unhealthy com-
ponents because the favor the increase in plasma concentration 
of cholesterol and low-density lipoprotein (LDL) cholesterol 
linked to cardiovascular disease (CVD), although conclusions 
from recent meta-analyses have not supported this association 
[Zhuang et  al., 2019]. Certainly, among SFAs, stearic acid has 
a neutral effect on cholesterol concentrations and thus on CVD 
risk, and this may be due to desaturation that rapidly converts it 
to oleic acid in the liver [Micha & Mozaffarian, 2010].

Cooking methods induced variations in the proportion of MU-
FAs (% total FAs), with the following order boiling=grilling<micro
waving<raw<oven-cooking<frying (Table 1). Fried fish lipids 
showed the highest MUFA contribution in total FAs (68.2% total 
FAs), more than 2.5 fold higher than the raw sample (25.6% total 
FAs). The exchange between the frying oil and the fish lipids 
with the MUFA absorption from frying oil resulted in modifica-
tion of the fish lipid FA profile [Hosseini et al., 2014]. In our study, 
this resulted in a significant (p<0.05) increase of contribution 
of the fatty acid characteristic of olive oil (oleic acid, C18:1n9) 
in frying fish lipids, by about 4.7 times (66.6% total FAs), when 
compared to the raw sample (14.0% total FAs). A similar in-
crease was reported by Al-Saghir et al. [2004] for fried salmon 
as compared to the raw one, by Kalogeropoulos et  al. [2004] 
in a study on the effect of pan-frying in virgin olive oil on fatty 
acids of seafood, and by Zotos et al. [2013] for anchovies fried 
in olive oil. Oleic acid was the most represented MUFA in fish 
FAs after all cooking treatments, and in addition to frying, its 
contribution in the total FAs showed a significant increase after 
oven cooking (21.5% total FAs) (Table 1). However, a significant 

Table 2. Content of fatty acids (FAs) (mg/100 g wm) of lipids extracted from raw and cooked Mullus barbatus. 

FA Raw Grilled Oven-cooked Fried Microwaved Boiled

C14:0 	 57.9±2.9b  	 47.1±3.1bc 	 32.7±2.1c 	 83.3±8.8a 	 76.4±10.4a 	 31.2±5.5c 

C15:0 	 23.5 ±3.6c 	 40.7 ±1.9b 	 26.4 ±2.9c 	 70.1±3.9a 	 71.9±3.1a 	 23.4±3.1c

C16:0 	 301±11c 	 290±19c 	 260±10d 	 1825±11a 	 492±10b 	 228±11e

C17:0 	 21.7±0.8c 	 22.8±3.0c 	 30.6±1.1c 	 92.3±11.3a 	 75.7±10.2b 	 34.5±2.7c

C18:0 	 125±1c 	 114±5cd 	 84.7±8.6e 	 830±12a 	 222±10b 	 96.8±6.1de

∑SFAs 	 530±16c 	 515 ±20c 	 435±6d 	 2902±47a 	 938±24b 	 414±7d

C16:1 	 132±1c 	 96.3±3.2d 	 70.7±3.2ed 	 249±3a 	 157±18b 	 53.5±3.1e

C17:1 	 17.6±2.3c 	 26.0±1.2b 	 26.5±1.1b nd 	 67.1±2.6a 	 26.0±5.1b

C18:1n9c 	 204±7b 	 133±11c 	 256±8b 	 10247±214a 	 313±5b 	 103±14c

C20:1n9 	 18.7±2bc 	 16.2±1.3bc 	 13.4±3.7c nd 	 24.0±2.3a 	 19.7±1.7b 

∑MUFAs 	 372± 6c 	 271±10cd 	 366±8b 	 10496±212a 	 562±21b 	 202±7d

C18:2n6c 	 29.8±3.3c 	 27.7±3.3cd 	 24.2±2.1cd 	 664±14a 	 40.1±3.2b 	 17.2±2.5d

C18:3n3 	 38.1±1.2b 	 27.4±3.4b 	 21.7±3.2a 	 158±39a 	 23.9±2.0b 	 21. 8±1.6b

C22:0+C20:3n6 	 3.18±0.28c 	 3.6 ±0.27c 	 10.4±2.0a nd 	 5.76±0.72b 	 2.85±0.23c

C20:3n3+C22:1 	 5.63±0.84c 	 5.89±1.0c 	 12.28±0.19b nd 	 16.6±2.1a 	 3.57±0.49c 

C20:4n6 	 68.0±1.9c 	 80.0±2.5c 	 60.3±0.5c 	 223±5a 	 145±18b 	 83.4±1.5c 

C20:5n3 (EPA) 	 177±10c 	 138±23cd 	 110±4d 	 315±32a 	 257± 12b 	 103±2d

C22:5n3 	 36±3.9c 	 36.3±8.7c 	 24.9±2.8c 	 182±41a 	 65.6±7.3b 	 34.2±7.1c

C22:6n3 (DHA) 	 195±8c 	 198±11c 	 123±11d 	 454±56a 	 323±27b 	 157±8.5cd 

∑PUFAs 	 552±21c 	 516±16cd 	 387±13d 	 1995±175a 	 876±44b 	 423±6cd

n3 	 451±20c 	 405±21cd 	 292±12d 	 1108±187a 	 686±30b 	 320±8cd

n6 	 101±3c 	 111±6c 	 94.8±0.6c 	 887±12a 	 191±19b 	 103±3c 

Values are means ± standard deviations of three separate replicates. Means with different letters (a–e) within each row indicate significant differences (p<0.05). SFAs, saturated fatty acids; 
MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; nd, not detected; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; wm, wet matter.
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decrease of oleic acid contribution in the total FAs was observed 
in lipids of grilled and boiled fish (p<0.05). Palmitoleic acid was 
the second most abundant MUFA for all cooking treatments, with 
values ranging from 1.61 to 7.40% of the total FAs and signifi-
cantly lower compared to raw sample (9.08% total FAs) (p<0.05). 
Literature data reported that MUFAs and especially oleic acid 
had positive impact on various tissues in general and a benefi-
cial effect on the cardiovascular system, with decreasing LDL 
cholesterol concentration in serum, the myocardial infarction 
rate, and platelet aggregation [Karacor & Cam, 2015]. Moreover, 
high oleic acid consumption has contributed to the prevention 
of the risk of developing inflammatory diseases by increasing 
leukotriene A3 levels, which is an inhibitor of pro-inflammatory 
LTB4 [Piccinin et al., 2019]. 

Fish are a major source of marine-derived n3 PUFAs for 
the human diet. In recent years, the interest in n3 PUFAs in-
creased because of their health beneficial effects and disease risk 
reduction, representing an incentive for the consumption of fish. 
However, fish is mainly consumed cooked; therefore, there is con-
cern about the use of high-temperature processing, which may 
lead to the reduction of labile n3 PUFAs, resulting in a decrease 
of the nutritional value of the fish. Concerning the changes in 
the PUFAs before and after cooking, some important remarks can 
be made. In our study, a significant (p<0.05) decrease in PUFA 
proportion in the total FAs occurred after oven-cooking and fry-
ing treatments and a significant increase after boiling, while no 
significant (p≥0.05) differences were found between the other 
cooking methods and the control (Table 1). In particular, contri-
bution of PUFAs in the total FAs drastically decreased in olive oil 
fried samples when compared to raw sample, i.e. from 38.0% to 
13.0% of the total FAs. Decrease of more than half was reported 
in literature [Kalogeropoulos et al., 2004; Yazdan et al., 2009; Zotos 
et al., 2013]. However, previous studies have shown contradictory 
results regarding changes in the content of PUFAs of aquatic 
species during storage and cooking; according to some authors 
the PUFA contents tended to decrease [Saldanha & Bragag-
nolo, 2008], while other authors [Gladyshev et al., 2007] have 
reported that cooking methods (boiling, frying, etc.) would not 
have the same effect on the PUFA content in many fish species.

Among PUFAs, the contribution of beneficial n3 fatty acids, 
including EPA and DHA, in the total FAs remained at satisfactory 
levels in cooked fish, although significantly (p<0.05) different 
than in the raw sample, except for microwaved fish, for which EPA 
and DHA remained unchanged (p≥0.05) compared to the control 
(Table 1). Both acids reached the lowest (p<0.05) proportion in 
the fried product, with 2.04 and 2.95% for EPA and DHA, respec-
tively. These values were consistent with literature data [Asghari 
et al., 2013; Gladyshev et al., 2007; Kalogeropoulos et al., 2004; 
Weber et al., 2008; Zhang et al., 2011; Zotos et al., 2013]. The con-
tent of EPA and DHA of fried red mullet expressed as g/100 g wm 
was higher than of the raw fish (Table 2). This increase can be 
explained by moisture loss and lipid increase during frying, but 
can also be due to the absorption of the fatty acids from the cu-
linary fat used for this cooking method. Gladyshev et al. [2007] 
reported that among the different cooking methods (boiling, 

frying and roasting) used for humpback salmon processing, 
only frying significantly reduced EPA and DHA levels, attributing 
the PUFA decrease to the long duration of frying (15–20 min). 
In this study, the frying time was 10 min. Probably, this shorter 
frying time limited the oxidation and subsequent loss of PUFAs. 
ARA was the most abundant n6 PUFA in raw and grilled, oven- 
-cooked, microwaved, and boiled fish followed by linoleic acid 
(C18:2n6) (Table 2). On the contrary, fried fish showed linoleic 
acid as the major n6 PUFA. The content of ARA increased signifi-
cantly (p<0.05) after grilling, microwaving, and boiling compared 
with the raw fish. 

Contribution of n3 and n6 PUFAs in the total FAs of raw 
red mullet lipids were 31.0% (absolute content of 451 g/100 g 
wm) and 6.94% (absolute content of 101 g/100 g ww) of total 
FAs, respectively (Table 1 and Table 2). Kocatepe & Turan [2012] 
found lower values than those with 11.6% for n3 and 1.49% for 
n6 FAs. In turn, Koubaa et  al. [2012] reported 2.29 and 1.75% 
of the total FAs for n3 and n6, respectively. Both n3 and n6 PUFAs 
are fundamental for the formation of important structural lipids 
and elements of cell membranes. In addition, these PUFAs are 
precursors of eicosanoids, which influence the inflammation 
process and immune reactions [Simopoulos, 2008].

Cooking influenced n3 FAs proportion in the total FAs of red 
mullet lipids, showing a significant (p<0.05) decrease after oven-
cooking (24.6% total FAs corresponding to 292 mg/100 g wm), 
but especially after frying with a decrease from 31.0% in the raw 
to 7.2% in the fried fish (Table 1 and Table 2). In the case of the ab-
solute amounts (mg/100 g mw), as already explained above, 
the very high content reflects the high lipid content of the fried 
samples. The other cooking methods did not significantly 
(p≥0.05) affect n3 PUFAs (Table 1). As regards the n6 PUFAs, 
a relative significant increase was observed with all cooking 
methods (p<0.05), except for frying. Despite all, the level of n3 
FAs determined in raw and cooked samples was high and ad-
vantageous for human health because it prevents cardiovascular 
disease risk factors, while the low level of n6 FAs is required by 
the human body [Simopoulos, 2008].

r	 Lipid nutritional quality indices (LNQI)
The dietary fish oil intake is associated with the prevention 
and treatment of different diseases, and this aspect has stimu-
lated the need to define lipid nutritional quality indices to un-
derstand the lipids quality in fish. Among them, n3/n6 and PUFA/
SFA ratios, AI, TI, and HH are useful to assess the impact of dietary 
lipid intake on cardiovascular health [Chen & Liu, 2020; Ulbricht 
& Southgate, 1991], while the HPI, UI, and EPA+DHA are useful 
to evaluate the content of high-quality PUFAs [Chen & Liu, 2020]. 
PUFAs of n3 and n6 families differ in their antithrombogenic 
and anti-inflammatory activity, which is most pronounced in 
the n3 family, particularly EPA and DHA. Therefore, these PUFAs 
are useful in the prevention and treatment of several diseases, 
such as CVD, hypertension, type 2 diabetes, rheumatoid arthri-
tis, psychiatric disorders, obesity, and several cancers [Calder, 
2006; Ulbricht & Southgate, 1991]. These findings are important 
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and should be taken into account when making dietary recom-
mendations.

From a health point of view, it is important to consider a bal-
anced n3/n6 ratio (1:1), although, in recent decades, developed 
countries have radically modified their dietary habits, by making 
their diets rich in SFAs and n6 PUFAs, which has resulted in an 
unhealthy n3/n6 ratio. The recommended ratio differs between 
authors but it is always superior to 1 [Chow, 2008]. A ratio in 
favor of n6 PUFAs promotes the pathogenesis of many diseases, 
including CVD, atherosclerosis, obesity, cancer, and inflammatory 
and autoimmune diseases [Djuricic & Calder, 2021]. WHO/FAO 
[2003] recommend an n3/n6 ratio in the range of 1:8 and 1:5, as 
an ideal ratio, because five times higher levels of n6 FAs do not 
affect the conversion of n3 PUFA α-linolenic acid (18:3n3, ALA) 
to n3 highly unsaturated fatty acids (HUFA). The n3/n6 ratio 
of raw red mullet lipids was very favorable to human health, 
with a value of 4.47 (Table 3), and even though the n3/n6 ratio 
decreased for all cooking fishes (p<0.05), and in particular after 
frying (1.25), it was better than the above recommended stand-
ards. The significant decrease of this ratio after frying indicates 
that this cooking method has a high impact in the lipid quality 
of red mullet, suggesting a reduction of its nutritional value. 
Similar findings were reported by Kalogeropoulos et al. [2004] 
who observed an increase in the n6/n3 ratio in M. barbatus from 
0.43 in raw to 1.23 in the fried sample.

The PUFA/SFA ratio assumes a great importance in the evalu-
ation of the lipid quality because dietary recommendations 
and policies have shown that reducing SFA intake can pre-
vent chronic diseases [Te Morenga & Montez, 2017]. In fact, it 
is known that the dietary PUFAs are involved in the reduction 
of LDH cholesterol, and in keeping serum cholesterol at lower 
levels, unlike SFAs. However, just as not all PUFAs exert a positive 

influence on cardiovascular prevention, not all SFAs negatively 
affect serum cholesterol. In general, a ratio of PUFA/SFA greater 
than 0.45 and at no less than 0.1 is recommended in human diets 
[Department of Health, 1994]. All values obtained in this study, 
both for raw (1.04) and cooked fish samples, were always well 
above the recommended value, although, a clear decrease was 
recorded for the fried (0.69) and oven-cooked (0.89) red mullet 
compared to the fresh fish (Table 3). Our results were in line 
with previous studies on Mediterranean species [Durmuş et al., 
2019; Özogul et al., 2009]. However, the PUFA/SFA index does not 
take into account the important metabolic function of MUFAs 
in lowering LDL cholesterol levels in the blood and lowering 
the risk of heart disease and stroke. Similarly, it does not consider 
stearic acid as a SFA which does not cause the increase of plasma 
cholesterol [Djuricic & Calder, 2021]. For these reasons, another 
index was applied in which MUFAs were added and stearic acid 
was removed from the SFAs. The (MUFAs+PUFAs)/(SFAs–C18:0) 
value significantly (p<0.05) increased after frying and decreased 
after grilling compared to the raw samples (Table 3). For re-
maining cooking methods, this index did not differ significantly 
(p≥0.05) from the raw sample. Biandolino et al. [2021] reported 
a significant increase of this index with all cooking methods used 
in their study for mussel (Mytilus galloprovincialis). 

As regards the n6 PUFAs, ARA can be converted into ei-
cosanoids, a group of lipid mediators, such as prostaglandins, 
thromboxanes, leukotrienes, hydroxy fatty acids, which exert 
essentially pro-inflammatory effects [Djuricic & Calder, 2021]. 
When the ARA/EPA ratio is between 1:1 and 5–10:1, both FAs 
are incorporated into membrane phospholipids, while when 
the ratio is higher, the incorporation of ARA is preferred [Whelan, 
1996], determining the increases of pro-inflammatory and pro- 
-aggregatory eicosanoids. Therefore, ARA/EPA and ARA/DHA 

Table 3. Lipid nutritional quality indices of raw and cooked Mullus barbatus.

FA Raw Grilled Oven-cooked Fried Microwaved Boiled

EPA+DHA (% total FAs) 	 25.5±1.1a 	 25.8±2.5a 	 19.6±1.2b 	 4.99±0.63c 	 24.4±1.6a 	 25.0±1.0a

n3/n6 ratio 	 4.47±0.18a 	 3.65±0.43b 	 3.08±0.14c 	 1.25±0.21d 	 3.61±0.29b 	 3.09±0.12c

PUFAs/SFAs 	 1.04±0.08a 	 1.00±0.09ab 	 0.89±0.03c 	 0.69±0.04d 	 0.93±0.13bc 	 1.02±0.02ab

(MUFAs+PUFAs)/
(SFAs–C18:0) 

	 2.29±0.08b 	 1.97±0.11c 	 2.19±0.04bc 	 6.03±0.12a 	 2.01±0.10c 	 1.97±0.03c

ARA/DHA 	 0.35±0.02d 	 0.41±0.02cd 	 0.49±0.04ab 	 0.50±0.04ab 	 0.45±0.05cd 	 0.53±0.02a

ARA/EPA 	 0.38±0.02d 	 0.59±0.10c 	 0.55±0.04c 	 0.71±0.10b 	 0.56±0.02c 	 0.81±0.01a

AI 	 0.58±0.02ab 	 0.61±0.02a 	 0.52±0.02c 	 0.17±0.04d 	 0.55±0.02bc 	 0.56±0.04abc

TI 	 0.29±0.01b 	 0.31±0.01ab 	 0.33±0.02a 	 0.30±0.03b 	 0.31±0.01ab 	 0.31±0.02ab

HH 	 2.09±0.12bc 	 1.90±0.16c 	 2.12±0.04b 	 6.41±0.12a 	 2.06±0.10bc 	 2.00±0.12bc

HPI 	 1.74±0.12bc 	 1.64±0.12c 	 1.93±0.02b 	 5.79±0.10a 	 1.81±0.22bc 	 1.75±0.13bc

UI 	 212±8ab 	 216±8ab 	 185±6c 	 119±4d 	 207±9b 	 220±4a

PI 	 1.24±0.10a 	 1.16±0.16a 	 0.89±0.02b 	 0.42±0.10c 	 1.18±0.10a 	 1.14±0.10a

Values are means ± standard deviations of three separate replicates. Means with different letters (a–e) within each row indicate significant differences (p<0.05). SFAs, saturated fatty 
acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; EPAs, eicosapentaenoic acid; DHA, docosahexaenoic acids; ARA, arachidonic acid; AI, atherogenic index;  
TI, thrombogenicity index; HH, hypocholesterolaemic/hypercholesterolaemic fatty acid ratio; HPI, health-promoting index; UI, unsaturation index; PI, polyene index.
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ratios are both important, simple, rapid, and reliable indices for 
determining n3 FA status. In this study, all cooking methods 
significantly (p<0.05) increased the values of both indices of red 
mullet lipids, with the exception of the ARA/DHA ratio (p≥0.05) 
as a result of grilling (Table 3).

In order to characterize the atherogenic and thrombogenic 
potential of food and to overcome the weaknesses of the PUFA/
SFA ratio, considered too general, Ulbricht & Southgate [1991] 
developed AI and TI indices. Contrary to most indices, their lower 
value indicate a better food lipid nutritional quality. AI and TI 
less than 1.0 and 0.5, respectively, are recommended in the diet. 
Also for these indices, the raw and cooked red mullet showed 
very advantageous values. AI ranged from 0.17 (fried fish) to 
0.61 (grilled fish), while TI ranged from 0.29 (raw fish) to 0.33 
(oven-cooked fish) (Table 3). AI and TI of raw and cooked red 
mullet showed values within the ranges reported in literature 
for other fish, with 0.21 (Sparus aurata) to 1.41 (Kutum roach) for 
AI and 0.14 (Sparus aurata) to 0.87 (Oreochromis niloticus) for TI 
[Chen & Liu, 2020].

The ratio between hypocholesterolemic and hypercholes-
terolemic fatty acids (HH index) indicates the effects of specific 
fatty acids on cholesterol metabolism [Santos-Silva et al., 2002]. 
The positive effects of HH have been ascribed to HH values 
around 2.40 and higher values are more beneficial [Ivanova & 
Hadzhinikolova, 2015]. The HH indices obtained in the present 
study ranged from 1.90 (grilled fish) to 6.41 (fried fish) (Table 3). 
The HH of raw fish was 2.09. In a previous study, Prato et al. [2020] 
indicated a lower value (1.25) for the raw red mullet probably 
due to the different sampling time, physiological state, and size 
of fish. However, the results fall within the range found by Rincón-
Cervera et al. [2020] who reported HH for fish and shellfish species 
from South Pacific at 2.14 for yellowtail amberjack, 2.10 for palm 
ruff, 1.86 for croaker, 2.00 for mackerel, 2.23 for Chilean hake, 1.73 
for jack mackerel, and 1.54 for Chilean sandperch.

The major change of AI (significantly higher decrease) 
and HH (significantly higher increase) in our study, occurred 
only after frying, that was due to the absorption of oleic acid 
from the frying media. 

The health-promoting index (HPI) is the inverse of the AI 
and estimates the nutritional value of dietary lipids, providing 
information on the effect of FA composition on CVD [Chen & 
Liu, 2020]. Higher the HPI is, the more the lipids are beneficial 
to human health [Chen & Liu, 2020]. The results obtained for 
raw and cooked M. barbatus showed HPI between 1.64 (grilled 
fish) and 5.79 (fried fish) (Table 3). The level of the latter was 
determined by the high content of MUFAs of lipids, not the high 
content of PUFAs. HPI values of red mullet were much higher than 
the values of 0.16–0.68 reported by Chen & Liu [2020] for dairy 
products; thereby confirming that eating fish is more beneficial 
for human health compared to dairy products. 

UI is used to evaluate the content of high-quality PUFAs in 
lipids. In this index, a different weight is attributed to the differ-
ent unsaturated fatty acids, so a high value means a high degree 
of total unsaturation of lipids, favorable to maintain the lipid 
membrane fluidity [Pekkoh et al., 2022]. In this study, UI of fried 

sample was the lowest (120), while these determined for boiled, 
grilled, and raw ones were the highest (220, 216, and 211, respec-
tively) (p<0.05, Table 3). The UI values determined in this study 
for raw and cooked red mullet were generally higher than those 
found in other food products. Chen & Liu [2020] reported UI in 
ranges from 45 to 369 for macroalgae, from 125 to 155 for crops, 
from 73 to 124 for meat, and from 86 to 126 for dairy products.

The polyene index (PI) provides a measure of PUFA dam-
age [Lubis & Buckle, 1990]. For red mullet, PI showed the lowest 
value for the fried red mullet (0.42) (Table 3), due to the lower 
EPA+DHA level compared to fish cooked with the other methods. 
All PI values, except that for the fried fish, were higher than those 
reported in the literature for other fish, i.e., golden grey mullet 
(0.32–0.55) and gold band goatfish (0.50–0.56) [Küçükgülmez 
et al., 2018]. In a study on the effect of cooking methods on fatty 
acid profile in rainbow trout, Asghari et al. [2013] reported values 
of PI lower than those presented in this study, but with similar 
trend, with fried fish showing the lowest value (0.27). 

Hierarchical clustering analysis highlights graphically differ-
ences in the nutritional quality of M. barbatus, based on the fatty 
acid profiles (SFAs, MUFAs, PUFAs, n3 PUFAs, n6 PUFAs, EPA+DHA) 
and nutritional quality indices (n3/n6 ratio, PUFAs/SFAs ratio, HPI, 
UI, PI) (Figure 2). The fried and oven-cooked fish were clustered 
together because they were characterized by the lowest nutri-
tional value, while fish cooked with the other methods formed 
second cluster – they were more desirable for human consump-
tion for their beneficial lipids.

The EPA+DHA content is commonly used to assess the nu-
tritional quality of marine animal products. The cooking of red 
mullet did not cause a significant (p<0.05) decrease in the rela-
tive EPA+DHA content when compared to the raw sample, ex-
cept for oven-cooking and frying (Table 3). Indeed, after frying 
in olive oil, EPA+DHA decreased by about 5 times from 25.5% 
(raw fish) to 4.99% (fried fish) of the total FAs. This strong reduc-
tion was due to the olive oil uptake by fish during frying, which 
completely changed the fatty acid proportions. Similar results 
were reported by Asghari et al. [2013], Gladyshev et al. [2007], 
Hosseini et al. [2014], and Alexi et al. [2019]. Since the main ben-
efits of fish consumption are mainly due to the intake of EPA 

Figure 2. Hierarchical clustering analysis of Mullus barbatus, raw and cooked 
with five methods.
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and DHA, the sum of EPA+DHA represents a globally accepted 
index to evaluate the quality of fish. Dieticians and nutritionists 
are very interested in knowing the EPA and DHA content in fish 
to advice consumers on the optimal range of fish portion ensur-
ing their adequate dietary intake. In this study, EPA+DHA content 
significantly decreased in the oven-cooked and boiled fish (p<0.05) 
when compared with the raw ones (371 mg/100 g mw) (Table 4). 
On the contrary, a significant increase of EPA+DHA was observed 
with frying and microwave cooking, due to highest lipid content. 
This fact was due to the higher total lipid triggered by these two 
cooking methods. Several health scientific agencies and national 
and international organizations have developed a series of guide-
lines to provide recommendations for the optimal dietary intake 
of EPA+DHA. The WHO/FAO [2003] and the European Food Safety 
Authority [EFSA Scientific Committee, 2015] recommend an intake 
of EPA+DHA of 250 mg for adults, with the addition of another 
100–200 mg/day for women during pregnancy or lactation. Ac-
cording to the present study results, in order to obtain the daily 
intake of EPA+DHA (250–500 mg per day), it is necessary to con-
sume a portion of only 32.5–65.1 g of fried red mullet. For the other 
cooking methods, a greater portion is needed to meet the daily 
requirement (Table 4). In a study on the effect of cooking meth-
ods on fatty acids in rainbow trout, Asghari et al. [2013] reported 
a portion of 154.8 g of microwaved, 234.3 g of fried, and 357.4 g 
of boiled trout, to ensure 1 g of EPA+DHA per day.

CONCLUSIONS
The lipid content and quality and fatty acid profile of the red 
mullet (Mullus barbatus) were affected by five different cooking 
methods examined in this study. Frying was the one that most 
of all affected lipid quality. Frying in olive oil markedly increased 
the content of oleic acid and, even if less, also of linoleic acids, 
while it decreased the contents of most of the other fatty acids. 
Based on the LNQI values, we can state that frying and oven- 
-cooking worsened the lipid quality of red mullet, although this 
latter less drastically. The remaining cooking treatments, in gener-
al, caused slight changes in the fatty acid profile remaining valu-
able and healthier, in particular grilling and boiling appeared to 
be the most beneficial. Finally, for the most of cooking methods, 

it is sufficient to consume small portions to cover the daily intake 
recommended by the WHO/FAO for n3 fatty acids.
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INTRODUCTION
Ginseng (Panax ginseng C.A. Mey) root is a renowned medicine 
and component of functional food with numerous bioactivities, 
which are attributed to compounds contained in it, including 
ginsenosides, ginseng polysaccharides, polyacetylenic alcohols, 
peptides and fatty acids [Attele et al., 1999]. Among these com-
pounds, ginseng polysaccharides have aroused widespread 
concerns and showed numerous biological activities, such as 
anti-inflammatory, anti-tumor, immunoregulatory, anti-diabetic, 
and anti-fatigue effects [Huang et al., 2021; Li et al., 2018; Wang J. 
et al., 2010; Wang K. et al., 2020; Zhou et al., 2020]. 

Various approaches are used to purify and characterize 
ginseng polysaccharides. Zhang et al. [2009] fractionated wa-
ter-soluble ginseng polysaccharides into two neutral fractions 

and six acidic fractions by a combination of ethanol precipitation, 
ion-exchange and gel permeation chromatography. The neutral 
polysaccharides were starch-like glucan or a mixture of starch- 
-like glucan and arabinogalactan. The acidic fractions were 
composed of neutral sugar, acidic sugar and/or galacturonic 
acid. Using α-amylase-assisted extraction method and anion 
exchange and gel permeation chromatography, Sun et al. [2015] 
fractionated the Panax ginseng root polysaccharides into sev-
eral neutral and pectic fractions. The neutral fraction contained 
both amylopectin and amylose, and pectic polysaccharide frac-
tion contained arabinogalactan, type-I rhamnogalacturonan 
and homogalacturonan-type pectin. These results revealed that 
water-soluble and insoluble polysaccharides were mainly com-
posed of starch-like neutral polysaccharides. 
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The molecular weight (MW) of water-soluble ginseng 
polysaccharides ranged from 3.5 to 110 kDa and those of in-
soluble ginseng polysaccharides extracted with α-amylase-
assisted methods ranged from 5.5 to 430 kDa [Sun et al., 2015; 
Zhang et al., 2009]. To date, most studies on neutral ginseng 
polysaccharides focused on starch-like high MW polysaccha-
rides. However, further studies revealed that partial hydrolysis 
of type-I rhamnogalacturonan pectin fraction from ginseng 
polysaccharides, which decreased the MW from 110 kDa to 
22 kDa, did not appreciably affected the ability of hydrolysate 
to enhance macrophage phagocytosis in comparison with 
parent pectin [Zhang et  al., 2012]. Also, it was reported that 
polysaccharides from the leaves of Magnolia kwangsiensis Figlar 
& Noot with low MW showed much higher antitumor activities 
than those with high MW [Zheng et al., 2016]. In turn, polysac-
charides extracted from Ulva pertusa Kjellman with low MW had 
stronger antioxidant activity compared with those of high MW 
[Shi, 2016]. A neutral polysaccharide isolated from American 
ginseng roots with the MW of 3.1 kDa showed significant anti-
inflammatory effect [Wang et al., 2015]. These findings indicated 
that low MW polysaccharides might exhibit high bioactivities. 
Although there have been a large number of studies on gin-
seng polysaccharides, understanding the character of low MW 
polysaccharide is inadequate.

The aim of our study was to establish a novel extraction, frac-
tionation, and purification approach for the exploration of non- 
-starch water-soluble ginseng polysaccharides. The novel neutral 
polysaccharide was obtained and further characterized using 
scanning electron microscopy (SEM), gel permeation chroma-
tography (GPC), X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FT-IR), gas chromatography-mass spectrometry 
(GC-MS), gas chromatography with flame ionization detection 
(GC-FID), and one-dimensional and two-dimensional nuclear 
magnetic resonance (NMR). The results could lay the founda-
tion for the improvement of ginseng polysaccharide extraction 
and structure analysis.

MATERIALS AND METHODS
r	 Chemicals, reagents and materials
Dried ginseng roots were obtained from Beijing Tong Ren Tang 
Co. (Beijing, China), and identified by Prof. Jianzhong Wang (Bei-
jing Forestry University, Beijing, China). DEAE-52 was purchased 
from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China). 
Sephadex G-100 was purchased from Pharmacia Co. (Stockholm, 
Sweden). Papain, Coomassie brilliant blue G-250, α-amylase 
and bovine serum albumin were purchased from Sigma Chemi-
cal Co. (Saint Louis, MO, USA). Ethanol (95%, v/v), phenol and sul-
furic acid were purchased from Beijing Chemical Co., Ltd (Bei-
jing, China). Reference monosaccharide standards (d-glucose 
(d-Glc), d-galactose (d-Gal), d-xylose (d-Xyl), d-mannose (d-Man), 
and d-arabinose (d-Ara), trifluoroacetic acid and hexamethyl disila-
zane (HMDS) were purchased from Sinopharm Chemical Reagent 
Beijing Co., Ltd (Beijing, China). Trimethylchlorosilane (TMCS) 
and pyridine were purchased from J&K Scientific Co., Ltd (Beijing, 
China). All reagents used in experiments were of analytical grade.

r	 Extraction of ginseng polysaccharides
Ginseng roots were extracted with hot water according to 
the method reported by Yu et al. [2017] with slight modifica-
tions. In detail, 50 g of ginseng root powders were defatted with 
500 mL of 80% (v/v) ethanol two times at room temperature for 
24 h each time. Residues were then extracted with 1000 mL 
of distilled water three times at 80°C for 3 h each time. The hot 
water extracts were collected and concentrated with a rotary 
evaporator (EYELA, Shanghai, China) to a final volume of about 
100 mL. The concentrated extracts were precipitated with a five-
fold volume of 95% (v/v) ethanol and left to stand overnight at 
4°C. Finally, the precipitate was separated by filtration and dis-
solved in 100 mL of distilled water for further use.

r	 Enzymatic hydrolysis of ginseng polysaccharides
To hydrolyse proteins of the crude extract, 20 U of papain were 
added to 100 mL of the extract solution, and the mixture was in-
cubated at room temperature for 2 h [Yu et al., 2017]. Then, it was 
heated at 100°C for 5 min to denature enzyme and stop the reac-
tion, after which the precipitate was removed via centrifugation 
(2,100×g, 5 min). To further eliminate the starch from crude 
polysaccharide extract, α-amylase hydrolysis was performed as 
described by Sun et al. [2015]. Briefly, 80 U of α-amylase were 
added to 100 mL of the extract and incubated in a water bath 
at 50°C for 30 min. Following hydrolysis, the mixture was heated 
to 100°C and kept for 5 min to stop the reaction. The mixture 
was centrifuged at 2,100×g for 5 min after being cooled down 
to room temperature. Finally, supernatants were collected, lyo-
philized, and 4.66 g of crude polysaccharides (GP) were obtained 
for further fractionation.

r	 Ion-exchange and gel permeation chromatography 
analysis

The GP was subsequently fractionated by anion exchange col-
umn chromatography according to a previous study with slight 
modifications [Zhang et al., 2009]. Specifically, 600 mg of GP were 
dissolved in 20 mL distilled water and centrifuged at 4,200×g 
for 5 min. The supernatant was passed through a 0.45 μm filter 
and subsequently loaded onto a pre-treated chromatography 
column packed with DEAE-52 cellulose (1.6×40 cm). The GP 
was sequentially eluted from DEAE-52 column with distilled 
water (160 mL), followed by 80 mL of 0.1 M and 0.2 M NaCl 
solutions, respectively, at a flow rate of 1 mL/min. The eluate 
was collected at 8.0 mL per tube using an automatic collec-
tor (BSZ-100, Shanghai Jiapeng Technology Co., Ltd, Shanghai, 
China) and assayed for the distribution of the total sugars with 
phenol-sulfuric acid method [DuBois et al., 1956]. The appropriate 
fractions were combined, concentrated, dialyzed against distilled 
water, and lyophilized to obtain one neutral fraction (132 mg, 
GP1) and two acidic fractions (GP2 and GP3). A 100-mg portion 
of GP1 was then dissolved in distilled water, loaded onto a Sepha-
dex G-100 column (1.6×40 cm), and eluted with distilled water 
with a flow rate of 1.0 mL/min. The eluate (4.0 mL per tube) was 
collected and assayed for total sugar contents. The appropriate 
fractions were combined as GP1A, concentrated, and lyophilized 
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for further analysis. The original picture of the GP1A sample was 
shown in Figure 1.

r	 Chemical composition analysis
The total sugar content was determined by phenol-sulfuric acid 
assay according to the literature, and the calculation was based 
on a calibration curve of glucose standard solution in the range 
of 10–50 μg/mL [DuBois et al., 1956]. The total protein content 
was determined by Bradford assay, and calculated based on 
a calibration curve of a bovine serum albumin solution [Comp-
ton & Jones, 1985]. The total starch content was determined 
by measuring the absorbance at 620 nm using I2-KI assay with 
amylose as a standard [McGrance et al., 1998].

r	 Characterizations of ginseng polysaccharides
The micro-structure and surface morphology of polysaccharides 
were observed using a scanning electron microscope (Quanta 
FEG 250, FEI Company, Hillsboro, OR, USA). Briefly, lyophilized 
polysaccharides were fixed on a silicon wafer, coated with gold, 
and then examined at 10 kV accelerating voltage under high 
vacuum. The micrographs were taken at ×1,000; ×2,000; ×10,000; 
and ×50,000 magnifications.

The homogeneity and MW distribution of ginseng polysac-
charides were determined by the GPC system (Dawn Helios-II, 
Wyatt Technology, Santa Barbara, CA, USA). Appropriate amounts 
of GP1A were dissolved in distilled water and passed through 
a 0.45 μm filter membrane. An aliquot of 20 μL of the sample was 
loaded onto the column and then eluted with distilled water at 
a flow rate of 0.5 mL/min. The chromatogram was recorded with 
a differential refractive index detector (Shodex SB-806M, Showa 
Denko K. K, Tokyo, Japan) at 40°C. The MW of the fraction was 
calculated by comparing it with a calibration curve plotted for 
different MWs of dextran standards (MW of 1.0, 5.0, 12, 25, 50, 
80, 150, 200, 500 kDa). 

The crystallinity of ginseng polysaccharides was determined 
using the D8 Advance X-ray diffractometer (Bruker, Billerica, MA, 
USA). Under the high voltage of 40 kV, the sample was placed 

in a dish and scanned in the 2θ angle range of 5° to 60° at room 
temperature. 

The FT-IR spectra were acquired on a Spectrum GX FT-IR 
spectrometer (PerkinElmer, Inc, Waltham, MA, USA). In detail, 
10 mg of the sample powder were dried for 48 h at 50°C in a blast 
oven (GZX-9070MBE, Boxun Co., Ltd, Shanghai, China) and then 
mixed with spectroscopic-grade potassium bromide powders. 
The mixture was pressed into a 1 mm dish and measured using 
the deuterated triglycine sulfate (DTGS) detector in the range 
of 4000–400 cm–1.

r	 Monosaccharide composition analysis
GC-MS and GC-FID techniques were used to identify and quan-
tify monosaccharides of GP1A, respectively, after polysaccha-
ride hydrolysis and derivatization of the product of hydrolysis. 
The hydrolysis of GP1A was performed according to a method 
reported by Yu et al. [2017] with slight modifications. In detail, 
5 mg of the lyophilized sample were dissolved in 4.0 mL of 3 M 
trifluoroacetic acid (TFA) at 110°C for 4 h. After cooling down to 
room temperature, the excess reactants were removed by evapo-
ration. The derivatization of degraded ginseng polysaccharides 
was performed using trimethylsilylation reagents according to 
a modified method described by Ruiz-Matute et al. [2011]. Briefly, 
2 mg of degraded sample were dissolved in 1.0 mL of anhydrous 
pyridine. Then, 0.6 mL of HMDS and 0.3 mL of TMCS were added, 
and the mixture was heated at 50°C and kept for 30 min. After 
cooling down to room temperature, the derivatized sample was 
centrifuged at 4,200×g for 5 min. Then, 2 mg of each monosac-
charide standards (d-Glc, d-Gal, d-Xyl, d-Man, and d-Ara) were 
derivatized with the same steps, respectively. For both, sample 
and standards, supernatants were collected and further analyzed 
by GC-MS and GC-FID under the same protocol. 

Agilent 7890A and Agilent 5975C systems (Agilent Tech-
nologies, Inc., Santa Clara, CA, USA) were employed for GC-MS 
and GC-FID analyses, respectively. The injection and detection 
temperatures were 250°C and 280°C, respectively. The column 
(DB 5ms Ultra Inert, 30 m × 0.25 mm, film thickness 0.25 μm, 
Agilent Technologies, Inc.) temperature was programmed to in-
crease from 180°C (maintained for 20 min) to 280°C (maintained 
for 10 min) at a rate of 20°C/min. Helium was used as the car-
rier gas and maintained at 1.0 mL/min. The volume of sample 
injection was 2.0 μL. The identification of monosaccharides was 
founded by comparing their mass spectra with the National 
Institute of Standards and Technology (NIST) library databases. 
Quantification was based on monosaccharide standards by 
comparing their peak areas with those of the samples (GC-FID 
separations). The results were shown as the percentage mono-
saccharide content of GP1A.

r	 Primary structure analysis
All NMR spectra, including 1H NMR, 13C NMR, H–H correlation spec-
trometry (COSY), heteronuclear single-quantum coherence (HSQC) 
and heteronuclear multiple bond correlation (HMBC) spectra were 
recorded on an Avance III HD NMR spectrometer (Bruker), operating 
at 500 MHz and 25°C. After deuterium exchange in D2O and double Figure 1. The original picture of GP1A sample.
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(Figure 3A) revealed that GP1A was intensively concentrated 
and presented as irregular and lamellar shape. When magnified at 
×2,000 (Figure 3B), GP1A showed representative honeycomb-like 
morphology with some small fragments on the surface, which 
was similar in the morphology of a neutral fraction of WPS-1 
isolated from American ginseng [Yu et al., 2017]. Further enlarged 
SEM images clearly presented smooth and compact structure, 
indicating that interactions among multiple molecules in GP1A 
were close and tight (Figures 3C and 3D). Obviously, the SEM 
observation demonstrated that the lyophilized GP1A powder 
was amorphous.

r	 Homogeneity and MW distribution
The homogeneity and MW distribution of GP1A were assessed 
by GPC analysis. The GPC profile showed a single and sharp 
peak indicating that GP1A was homogeneous with high purity 
(Figure 4). The average MW of GP1A was 1.03 kDa, which was 
similar to a neutral polysaccharide PPQN (3.3 kDa) isolated 
from American ginseng, but far lower than those of other 
water-eluted polysaccharide fractions obtained from ginseng 
[Luo & Fang, 2008; Wang et al., 2015]. In previous studies, low 
MW polysaccharides were usually discarded during the frac-
tionation process, which is a huge waste of resources [Zheng 
et al., 2016].

r	 Crystallinity
The crystallinity of polysaccharides directly influences their physi-
cal properties such as solubility, flexibility and swelling ability 

lyophilization, 20 mg of the sample were dissolved in 0.5 mL of 99.9% 
D2O, and the spectra were recorded under 500 MHz. Data collation 
was implemented using standard MestReNova software (Mestrelab 
Research SL, Santiago de Compostela, Spain).

r	 Statistical analysis
All experiments were carried out in triplicate. All figures were 
drawn with the Origin software 10.4 (Origin Lab Corporation, 
Northampton, United Kingdom). 

RESULTS AND DISCUSSION 
r	 Extraction and enzymatic hydrolysis of ginseng 

polysaccharides
In the preliminary step of ginseng root polysaccharides purifi-
cation, the ethanol-soluble impurities were removed from root 
powder by ethanol (80%, v/v) extraction. Then starch, non-starch 
polysaccharides, and proteins remained in the residues were ex-
tracted with hot water (80°C) and precipitated by 95% (v/v) ethanol. 
After dissolving the precipitation in distilled water, starch and pro-
teins in the solution were hydrolyzed with α-amylase and papain, 
which led to obvious decrease of starch and protein content from 
9.18±0.13% and 1.53±0.04% to less than 0.01% (w/w), respectively. 
The extraction yield of enzymatically hydrolyzed crude ginseng 
polysaccharides (GP) reached about 9.32% (w/w).

r	 Fractionation and purification of ginseng polysaccha-
rides

For further fractionation and purification of ginseng polysac-
charides, anion exchange chromatography and gel column 
chromatography were applied. Anion exchange column chro-
matography is the most commonly applied method for bulky 
polysaccharides purification at first, because the separation 
mechanism is not only ion-exchange but also adsorption-des-
orption. Anion exchange column chromatography is suitable for 
the separation of neutral and acidic polysaccharides by eluting 
with different ionic strength buffers [Yu et  al., 2017]. Because 
of the open framework and weak adsorption to polysaccharide, 
DEAE-cellulose was usually the first choice as an anion exchanger 
[Wang et al., 2022]. In the present study, GP was fractionated into 
three fractions, GP1, GP2 and GP3 on a DEAE-52 anion exchange 
column chromatograph, as shown in Figure 2A. GP1 was eluted 
out by water, whereas GP2 and GP3 were obtained by elution 
with 0.1 M and 0.2 M NaCl solutions. GP1, GP2 and GP3 accounted 
for about 21.95%, 3.91% and 3.22% (w/w) of the total samples 
loaded, respectively. GP1, the major fraction was then purified 
using Sepharose G-100 gel column chromatography, which 
was commonly used to separate polysaccharides according to 
their size and shape [Kang et al., 2019; Wang et al., 2018]. Finally, 
GP1A was obtained by water elution, corresponding to a single 
and narrow peak as shown in Figure 2B, with a yield of 7.3% (w/w).

r	 Characterization of ginseng polysaccharide fraction
r	 Surface morphology
The surface morphology and microstructure of GP1A revealed by 
SEM were shown in Figure 3. The SEM image magnified at ×1,000 
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Figure 2. Chromatographic separation of crude polysaccharides of ginseng 
root on DEAE-52 anion exchange column by elution with different concen-
trations of NaCl (0.0 M, 0.1 M, and 0.2 M) (A) and GP1 on Sephadex G-100 
column by elution with water (B).
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[Mazeau & Rinaudo, 2004]. XRD is a powerful technique for 
crystallinity analysis of polysaccharides [Park et al., 2010]. The XRD 
pattern of GP1A was recorded between 5° and 60° (Figure 5), 
which suggested that GP1A was an amorphous polymer with 
low overall relative crystallinity (28.3%). The crystalline region 
of GP1A was realized at the angle (2θ) 19.05°, which was similar 
to that of water-soluble polysaccharides isolated from chickpea 
flour (19.6°) [Mokni Ghribi et al., 2015]. Moreover, the XRD data 
was consistent with the SEM observation, both showed that 
GP1A occurred as amorphous powders.

r	 Identification of molecular structures by FT-IR
The FT-IR spectrum of GP1A at range of 4,000–400 cm–1 
(Figure  6) was recorded for qualitative analysis of functional 
groups. The spectrum showed no absorption at 1,650 cm–1 
and 1,736 cm–1, which corresponded to the stretching vibra-
tions of C–O bonds in the acylamino group and the ester car-
bonyl group (C=O) in protonated carboxylic acid, indicating 
the absence of proteins and alduronic acids in GP1A [Jeddou 
et al., 2016; Wang et al., 2012]. The detected broad and strong 
absorption band at 3,379 cm–1 and the shoulder absorption 
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Figure 3. Scanning electron microscope images of ginseng polysaccharide GP1A at ×1,000 (A), ×2,000 (B), ×10,000 (C), and ×50,000 (D) magnification.
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Figure 4. Gel permeation chromatography separation of ginseng polysac-
charide GP1A for molecular weight determination.
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Figure 5. X-ray diffraction pattern of ginseng polysaccharide GP1A.
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band at around 2,927 cm–1 were characteristic as absorption 
bands of polysaccharides and attributed to stretching vibrations 
of O–H and C–H, respectively [DuBois et  al., 1951]. The spec-
trum bands at around 1,664 cm–1 were assigned to the bound 
water [Zhao et al., 2005]. The recorded band at 1410 cm–1 was 

reported to be the bending vibration of C–H [Romdhane et al., 
2017]. The specific bands in the 1,200–1,000 cm–1 region were 
ascribed to ring vibrations overlapped with the stretching vibra-
tions of C–O–H side groups and the C–O–C glycosidic vibrations 
[Fan et al., 2009]. The absorption peaks at 1,027 cm–1; 1,078 cm–1; 
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Figure 6. Fourier transform infrared spectrum of ginseng polysaccharide GP1A.
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and 1,153 cm–1 indicated a pyranose form of polysaccharides [Luo 
et al., 2010]. In general, the spectrum over the frequency range 
960–730 cm–1 was assigned to either α- or β-d-glucopyranose, 
disregarding being reducing sugar, methyl glucosides, or poly-
saccharides. Specifically, α-anomers absorbed at 844±8 cm–1, 
and β-anomers at 891±7 cm–1. In the FT-IR spectrum of GP1A, 
no absorption band was observed at around 891 cm–1, while an 
obvious band at 848 cm–1s occurred, indicating the existence 
of α-d-glucopyranose. In summary, the FT-IR indicated that GP1A 
was a neutral polysaccharide without protein contaminants 
and suggested the existence of α-d-glucopyranose.

r	 Monosaccharide composition
Total ion GC-MS chromatogram of main silyl monosaccharide 
derivatives identified in the hydrolyzed GP1A is shown in Figure 7. 
Comparing with NIST library database, the derivatives of d-xylose, 
d-galactose, d-arabinose, d-mannose, and d-glucose, containing 
α- and β-anomer were found (Table 1).

According to the GC-FID separations of standards and GP1A 
after hydrolysis and silylation (data not shown), GP1A was 

composed of d-glucose, d-galactose, d-mannose, d-xylose and 
d-arabinose in a molar ratio of 90.62:2.01:7.14:1.05:0.20. The neural 
polysaccharide fraction WGPN, isolated from ginseng by Zhang 
et al. [2009] was composed of glucose, galactose, arabinose with 
a molar ratio of 73.31:2.54:1.8 Another neutral ginseng polysac-
charide WGPE-N isolated from hot water-extracted ginseng 
residues with the assistance of α-amylase was revealed to be 
composed of glucose, arabinose and galactose with a molar ratio 
of 94.8:2.9:2.3 [Sun et al., 2015]. The homogeneous neutral polysac-
charides PGPW with high MW of 350 kDa, isolated from ginseng 
roots, was reported to be composed of glucose, galactose, man-
nose, and arabinose with a molar ratio of 3.3:1.2:0.5:3.3 [Li et al., 
2012]. By comparing our results with those of ginseng polysac-
charides reported previously, the present non-starch neutral poly-
saccharide was distinguished in monosaccharide composition.

r	 The primary structure analysis
The 1H NMR spectrum of GP1A is shown in Figure 8A. The 1H 
signals at δ 5.0–5.4 ppm were assigned as anomeric protons 
of the α-glycosidic configuration and δ 4.4–5.0 ppm were 

Table 1. Main silyl derivatives of monosaccharides identified in hydrolyzed ginseng root polysaccharide GP1A by gas chromatography–mass spectrometry analysis.

Monosaccharide derivative Retention time (min) Chemical formula Sugar residue 

1,2,3,4-Tetrakis-O-(trimethylsilyl)-β-d-xylopyranose 	 5.233 C17H42O5Si4 Xylose

1,2,3,5,6-Pentakis-O-(trimethylsilyl)-α-d-galactofuranose 	 7.694 C21H52O6Si5 Galactose

1,2,3,5-Tetrakis-O-(trimethylsilyl)-β-d-arabinofuranose 	 7.804 C17H42O5Si4 Arabinose

2,3,4,5,6-Pentakis-O-(trimethylsilyl)-β-d-mannose 	 10.03 C21H52O6Si5 Mannose

1,2,3,4,6-Pentakis-O-(trimethylsilyl)-α-d-glucose 	 14.27 C21H52O6Si5 Glucose
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the β-glycosidic configuration [Wang et al., 2017]. The 1H signal 
at around δ 4.70 ppm was the solvent peak of D2O. Five anomeric 
proton signals at δ 5.31, 5.14, 4.88, 4.58 and 4.56 ppm were pre-
sent in the 1H-NMR spectrum, indicating that GP1A was gener-
ally composed of five types of sugar residues. These results are 
consistent with that obtained from GC-MS analysis. The 13C-NMR 
spectrum contained signals for five anomeric signals at δ 100.38, 
99.60, 98.25, 95.76 and 95.75 ppm (Figure 8B). Combined with 
the HSQC (Figure 8C) and H-H COSY (Figure 8D) spectrum data 
and data in references, the anomeric proton and carbon sig-
nals at δ 5.31/99.60 ppm, 5.14/100.38 ppm, 4.88/98.25 ppm, 
4.58/95.76 ppm and 4.56/95.76 ppm were assigned to α-d-Glc, 
α-d-Gal, β-d-Xyl, β-d-Man and β-d-Ara, respectively [Li et al., 2012; 
Guo et al., 2015; Meng et al., 2017]. The signals of other sugar 
ring protons existed in the region of δ 3.40–4.40 ppm, whose 
corresponding carbons existed in the region of δ 60–80 ppm. 
The lack of carbon signals in the region δ 82–84 ppm was evident 
of the absence of furanosidic residues [Guo et al., 2015]. The pro-
ton and carbon chemical shifts of sugar resides derived from 
the 1D and 2D NMR spectra were assigned in detail and sum-
marized in Table 2.

The glycosyl sequence and linkage sites among residues 
were confirmed by the long-range 1H-13C correlations obtained 
from the HMBC spectrum (Figure 8E). Cross-peaks were found 
between α-d-Glc H1 (δ 5.31 ppm) and β-d-Man C6 (δ 72.29 ppm), 
α-d-Gal H3(δ 3.32 ppm) and α-d-Glc C6(δ  60.5  ppm), α-d-Gal 
H1(δ  5.14 ppm) and α-d-Glc C3(δ 71.90 ppm), β-d-Xyl H2 
(δ  3.18  ppm) and β-d-Man C1 (δ 95.78 ppm), β-d-Man H2 
(δ  3.83 ppm) and β-d-Ara C2 (δ 74.31 ppm) [He et  al., 2017; 
Yao et al., 2021]. Above all, the GP1A ginseng polysaccharides 
were composed of five types of monosaccharides, and the main 
sequence was: α-d-Glcp-(6→3)-α-d-Galp-(1→1)-α-d-Glcp-(3→4)- 
-β-d-Manp-(2→2)-β-d-Arap, with the branch chains of α-d-Glcp 
substituted at α-d-Galp and β-d-Xylp substituted at β-D-Manp. 
The deduced primary structure and the chemical structure 
of GP1A are shown in Figure 9. 

CONCLUSION
By a combination of removal of ethanol-soluble compounds, hot 
water extraction, ethanol precipitation, α-amylase and papain 
enzymatic hydrolysis, ion-exchange and gel permeation chro-
matography fractionation, a polysaccharide fraction GP1A was 
obtained from ginseng roots. GPC analysis revealed that GP1A 
was a homogenous polymer, with an average MW of 1.03 kDa, 
which was significantly lower than those of various polysac-
charides reported previously. SEM and XRD analyses indicated 
that lyophilized GP1A was an amorphous powder with very low 
crystallinity. FT-IR analysis demonstrated that GP1A was a pro-
tein-free neutral polysaccharide, containing α-d-glucopyranose. 
GC-MS and GC-FID of the hydrolyzed GP1A revealed that major 
released monosaccharides were glucose, galactose, mannose, 
xylose and arabinose in a molar ratio of 90.62:2.01:7.14:1.05:0.20. 
The chemical structure was deduced by the one-dimensional 
and two-dimensional NMR. Therefore, the obtained GP1A poly-
saccharide was a novel neutral non-starch polysaccharide, which 

Table 2. 1H and 13C nuclear magnetic resonance chemical shifts (ppm) for signals of ginseng root polysaccharide GP1A.

Structure C-1(H-1) C-2(H-2) C-3(H-3) C-4(H-4) C-5(H-5) C-6(H-6)

α-d-Glucose

1
H shifts 5.31 3.59 3.5 3.67 3.18 3.69

13
C shifts 99.6 76.8 72.8 77 74 60.5

α-d-Galactose

1
H shifts 5.14 3.47 3.31 3.40 3.11 1.62

13
C shifts 100.38 63.7 70.2 70.36 72.86 62.67

β-d-Xylose

1
H shifts 4.88 3.5 3.41 3.16 3.83 –

13
C shifts 98.25 72.8 75.5 72.9 70.04 –

β-d-Mannose

1
H shifts 4.58 3.58 3.39 3.28 3.77 3.31

13
C shifts 95.76 72.29 77 72.8 69.72 60.56

β-d-Arabinose

1
H shifts 4.56 3.19 3 3.89 3.12 –

13
C shifts 95.76 74.01 63.74 70.80 66.87 –

The solvent of sample was D2O (0.5 mL, 99.9%).

α-d-Galp-(3→6)-α-d-Glcp-(1→6)-β-d-Manp-(2→2)-β-d-Arap
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Figure 9. The deduced primary structure (A) and chemical structure (B) 
of ginseng polysaccharide GP1A. d-Glc, d-glucose; d-Gal, d-galactose; d-Xyl, 
d-xylose; d-Man, d-mannose; d-Ara, d-arabinose.
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was distinguished from previously reported ones in both MW 
and monosaccharide composition.
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Oral Supplementation with Three Vegetable Oils Differing in Fatty 
Acid Composition Alleviates High-Fat Diet-Induced Obesity in Mice 

by Regulating Inflammation and Lipid Metabolism
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�Obesity has become one of the most prevalent chronic diseases worldwide, which affects people’s health and daily lives. 
Therefore, this study aimed to investigate the anti-obesity effects of perilla seed oil (PSO), sunflower oil (SFO), and tea seed 
oil (TSO) and their potential mechanisms in mice fed a high-fat diet (HFD). Mice were divided into five groups: ND, mice 
fed a normal diet; HFD, mice fed a high-fat diet; PSO, SFO, and TSO, mice fed a high-fat diet supplemented with PSO, SFO, 
and TSO at 2 g/kg body weight per day, respectively. Our findings showed that oral supplementation with all three oils for 
8 weeks significantly reduced body weight, tissue weight, insulin resistance index, serum levels of alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), and free fatty acids (FFA), and markedly alleviated hyperglycemia, hyperlipidemia, 
and hepatic steatosis in obese mice. It also decreased leptin, pro-inflammatory cytokines, such as tumor necrosis factor-alpha 
(TNF-α), interleukin (IL)-6, and (IL)-1beta (IL-1β), and increased anti-inflammatory adipokine adiponectin at both secretion 
and mRNA expression levels in the epididymal adipose tissue (EAT). Moreover, PSO, SFO, and TSO administration increased 
the expression levels of fatty acid β-oxidation-related genes, including peroxisome proliferator-activated receptor-alpha 
(PPAR-α), carnitine palmitoyltransferase 1a (CPT1a) and CPT1b, and thermogenesis-related genes such as uncoupling 
protein 1 (UCP1), and decreased the expression levels of lipid synthesis-related genes, including fatty acid synthase (FAS) 
and PPAR-γ in EAT. In conclusion, PSO, SFO, and TSO supplementation could have potential anti-obesity effects in HFD-fed 
mice by reducing inflammation and improving lipid metabolism.

Key words:� perilla oil, sunflower oil, tea seed oil, anti-obesity effect, inflammation, lipid metabolism
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ABBREVIATIONS
ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
CPT1a, carnitine palmitoyltransferase 1a; CPT1b, carnitine pal-
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high-fat diet; IL-1β, interleukin-1beta; IL-6, interleukin-6; LDL-C, 
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peroxisome proliferator-activated receptor-alpha; PPAR-γ, peroxi-
some proliferator-activated receptor-gamma; PSO, perilla seed 
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real-time reverse-transcription PCR; SFA, saturated fatty acids; 
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factor-alpha; TG, triglycerides; TSO, tea seed oil; UCP1, uncoupling 
protein 1; USFA, unsaturated fatty acids.

INTRODUCTION
Obesity is considered one of the most prevalent health problems 
worldwide, with an alarming increase in the number of obese 
people every year [Gregg & Shaw, 2017]. In recent years, obesity 
prevalence has more than doubled, with more than 1.9 billion 
overweight individuals globally, at least 600 million of whom 
were clinically obese [Zhang et al., 2019]. Previous studies have 
demonstrated that obesity can be caused by a variety of factors, 
including a high-fat diet (HFD), and that it is linked to a range 
of metabolic disorders, such as type 2 diabetes, dyslipidemia, 
non-alcoholic fatty liver disease, and cardiovascular disease (CVD) 
[Li & Ji, 2018; Parto & Lavie, 2017]. Indeed, the onset and develop-
ment of metabolic disorders have been associated with increased 
production of pro-inflammatory hormones and cytokines, such 
as leptin, resistin, tumor necrosis factor-alpha (TNF-α), interleu-
kin-6 (IL-6), and interleukin-1beta (IL-1β), together with a de-
crease in the production of anti-inflammatory adipokines such 
as adiponectin [Ouchi et al., 2011].

Inflammation-mediated pathways are likely to play an im-
portant role in metabolism regulation [Stienstra et  al., 2012]. 
It has been shown that the peroxisome proliferator-activated 
receptor-alpha (PPAR-α) plays a crucial role in metabolism regu-
lation, primarily through enhancing β-oxidation by increasing 
the expression of its associated genes [Takahashi et al., 2016]. 
Carnitine palmitoyltransferase 1 (CPT1), a PPAR target gene, 
is necessary for fatty acid transfer into the mitochondria for 
β-oxidation [Chen et al., 2017]. Additionally, several genes related 
to lipid metabolism are linked to adipose tissue inflammation. 
For example, PPAR-α activation can reduce inflammatory cy-
tokine production by suppressing nuclear factor kappa B (NF-κB) 
signaling, whereas peroxisome proliferator-activated receptor 
gamma (PPAR-γ) activation can inhibit macrophage activation 
and the production of inflammatory cytokines, such as TNF-α, 
IL-1β, and IL-6 [Decara et al., 2020]. Furthermore, the uncoupling 
protein 1 gene (UCP1), found in the inner mitochondrial mem-
brane, plays a crucial role in adipose tissue’s browning and affects 
lipid metabolism [Mishra et al., 2021]. Although UCP1 protein is 
abundant in brown adipose tissue, its presence in a white fat 
cell indicates that it has transformed into a light brown (beige) 
fat cell. Activation of brown and beige adipocytes can affect 
systemic energy metabolism, promoting substrate oxidation 
and energy expenditure, regardless of its use as a therapeutic tar-
get for many metabolic conditions, such as diabetes and obesity 
[Whitehead et al., 2021]. Therefore, regulating lipid metabolism 
and the expression of genes related to inflammation is a ben-
eficial approach to alleviating obesity.

In recent years, vegetable oils have received much attention 
due to their health advantages and possible use as alternative 
drugs to treat various diseases. Epidemiological evidence indi-
cates that n3 and n6 polyunsaturated fatty acids (PUFAs) and n9 
monounsaturated fatty acids (MUFAs) can be used as an alterna-
tive to saturated fatty acids (SFAs) with additional health benefits 

[Bjermo et al., 2012]. Tea seed oil (TSO) is an edible vegetable oil 
produced from pressed ripe tea (Camellia oleifera) seeds and has 
a fatty acid composition similar to olive oil [Tung et al., 2019]. It 
is principally composed of oleic acid (78 to 86%), and the per-
centage of unsaturated fatty acids (USFAs) in TSO may be as 
high as 90%, which is the highest proportion of USFAs found 
in any edible oil to date [He et al., 2011]. Sunflower oil (SFO) is 
a popular edible vegetable oil produced from crushed sunflower 
seeds (Helianthus annuus) that is mainly used for frying and has 
a high content of oleic and linoleic acids. Adeleke & Babalola 
[2020] demonstrated that SFO provides several health benefits, 
including blood pressure control, cholesterol reduction, diabetes 
management, and many other health benefits. Perilla (Perilla 
frutescens) is a Lamiaceae family annual plant commonly grown 
in most Asian nations, including South Korea, China, and Ja-
pan, and is recognized to confer many health benefits [Thomas 
et al., 2020b]. Perilla seed oil (PSO) is a good source of n3 PUFAs, 
particularly α-linolenic acid, and has numerous health benefits 
such as anti-inflammatory, anti-oxidant, and anti-obesity effects 
[Asif, 2011]. Though many different oils are used in our daily lives, 
only a few studies have compared the health effects of oils with 
different fatty acid (FA) compositions.

Therefore, the aim of this study was to assess the effects 
of PSO, SFO, and TSO on mice with HFD-induced obesity. The bio-
chemical and physiological indicators of obesity-associated dis-
orders were examined to evaluate the impact of the three studied 
oils. Furthermore, quantitative real-time reverse-transcription 
PCR (qRT-PCR) was used to explore the molecular mechanisms 
of tested oils against obesity. The findings of this study could 
contribute to the exploration and development of safe and ef-
fective dietary supplements for obesity treatment.

MATERIALS AND METHODS
r	 Materials and reagents
Tea (Camellia oleifera) seeds were obtained from Chongqing Am-
ber Tea Oil Co., Ltd. (Youyang, Chongqing, China). Perilla (Perilla 
frutescens) seeds were purchased from Chongqing Qingzhong 
Road Perilla Planting Professional Cooperative (Pengshui, Chong-
qing, China). Sunflower (Helianthus annuus) seeds were obtained 
from the biggest local supermarkets (Beibei, Chongqing, China). 
The following PCR primers were purchased from Sangon Biotech 
(Shanghai) Co., Ltd. (Shanghai, China): glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH), leptin, adiponectin, TNF-α, IL-1β, 
IL-6, PPAR-α, PPAR-γ, fatty acid synthase (FAS), carnitine palmitoyl-
transferase 1a (CPT1a), carnitine palmitoyltransferase 1b (CPT1b), 
and UCP1. All chemicals and reagents used were analytical grade 
and bought from commercial sources.

r	 Seed oil extraction
The cold pressing method was used in the lab for crushing 
the seeds and extracting the oil using a screw press machine. 
The seeds were pressed at room temperature with a temperature 
of 50±10°C inside the press, and the resulting oil temperature was 
39±1°C. Next, the oil was clarified by centrifugation at 5,000 rpm 
for 15 min (desktop refrigerated centrifuge 5810R, Eppendorf 
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Ltd., Hamburg, Germany) and filtered through fine cheesecloth. 
The oil samples were stored at 4°C in dark-colored glass vials 
until further use.

r	 Fatty acid composition analysis
The FA profile was determined using gas chromatography after 
conversion to fatty acid methyl esters (FAMEs) [Huang et al., 2015]. 
The FAMEs were obtained by mixing 100 mg of oil and 0.2 mL 
of 2  M methanolic potassium hydroxide solution with 2 mL 
of n-hexane at 50°C for 15 min. The gas chromatograph was 
a Shimadzu GC-2010 plus (Shimadzu, Tokyo, Japan) with a flame 
ionization detector and a DB-FFAP silica capillary column (30 m 
× 0.53 mm; film thickness 0.50 m) attached. As a carrier gas, ni-
trogen (flowing rate, 10 mL/min) was used, and the analysis was 
designed as follows: for 1 min, maintain a temperature of 50°C, 
the temperature was then raised at a rate of 15°C/min to 170°C 
and then at a rate of 2°C/min from 170 to 250°C; the temperature 
was maintained at 250°C for the next 10 min. The detector and in-
jector temperatures were set at 270°C and 230°C, respectively. 

The concentration of each FAME was calculated by the area 
under the peak using ChemStation software (Agilent Technolo-
gies Inc., Wilmington, DE, USA). The results were expressed as 
a percentage of the total FAs.

r	 Animal experimental design
Fifty healthy male Kunming (KM) mice (7-weeks old, weight 
30±2 g) were obtained from Jiangsu Xietong Pharmaceutical 
Bio-engineering Co., Ltd., Nanjing, China (quality certificate num-
ber: SCXK (XIANG) 2019-0004). All mice were housed in a specific 
pathogen-free (SPF) barrier laboratory of the College of Pharma-
ceutical Sciences, Southwest University (facility license number: 
SYXK (YU) 2020-0006) in a controlled laboratory environment (12 h 
light/dark cycle, 25±2°C temperature, and 55±5% relative humid-
ity) with free access to food and water throughout the experiment.

After a week of acclimation, the mice were randomly divided 
into five groups (n=10 per group): a control group (ND) fed 
a standard diet (contains 10% fat, 3.85 kcal/g, Jiangsu Xietong 
Pharmaceutical Bio-engineering Co., Ltd., Nanjing, China); HFD 
(model group) fed a HFD (contains 60% fat, 5.26 kcal/g, Jiangsu 
Xietong Pharmaceutical Bio-engineering Co., Ltd., Nanjing, 
China); PSO group; SFO group; TSO group (PSO, SFO, and TSO 
groups were fed with the same HFD but supplemented with 
2 g/kg body weight per day with PSO, SFO, and TSO, respec-
tively) by oral gavage for 8 consecutive weeks. The composition 
of ND and HFD is shown in Table 1. Mice in the ND and HFD 
groups were administered the same dose of saline solution to 
create the same treatment stress (gavage procedure). All ex-
perimental animal procedures were approved and supervised 
by the Institutional Animal Care and Use Committee (IACUC) 
of Southwest University, Chongqing, China (IACUC No. approved: 
IACUC-20210225-06) following the legislation and regulations 
governing the care and use of laboratory animals. The experi-
mental design is shown in Figure 1A.

r	 Dosage information
The dietary oil doses were chosen based on previous studies 
from our group and others using different oils [Cheng et  al., 
2014; Hirabara et al., 2013; Huang et al., 2021; Wang et al., 2020]. 
They were calculated based on body surface area, as reported by 
Reagan-Shaw et al. [2008]. According to this suggestion, a daily 
oil intake of 2 g/kg body weight per day in mice is precisely 
equivalent to 162 mg/kg body weight per day in humans (i.e., 
9.72 g per day for a 60 kg individual), which is markedly less than 
the daily intake recommended by the Chinese Nutrition Society 
(25–30 g per day) [Wang et al., 2016]. 

r	 Measurement of body weight and food consumption
At the initiation of the experiment and at the end of each other 
week, body weight was measured. A sensitive electronic scale 
was used to weigh an empty scoop container. Then, the mice 
were placed inside the container and weighed individually. 
The weight of each mouse was calculated as the difference 
in weight between the empty container and the container with 
the mouse inside. Furthermore, throughout the experiment, 

TABLE 1. Compositions of normal and high-fat diets.

Ingredient
Normal diet High-fat diet

g kcal g kcal

Sucrose 350 1,400 70 280

Corn starch 315 1,260 0 0

Casein 200 800 200 800

l-Cystine 3 12 3 12

Cellulose 55 0 55 0

Maltodextrin 35 140 125 500

Soybean oil 30 270 30 270

Lard 15 135 240 2,160

Whole milk 
powder

1.5 13.5 5 45

NaCl 5 0 5 0

Calcium 
carbonate

5.5 0 5.5 0

Dicalcium 
phosphate

15 0 15 0

Potassium 
citrate

16.5 0 16.5 0

Mineral/
vitamin mix

10 40 10 40

Total 1,056.5 4,070.5 780 4,107

g% kcal% g% kcal%

Protein 19.81 20 27.16 20

Fat 4.54 10 36.79 60

Carbohydrate 69.34 70 27.42 20

Total 100 100

(kcal/g) 3.85 5.26
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cat. no. C010-2-1) were used to measure the serum concentra-
tions of insulin, glucose, TC, TG, HDL-C, LDL-C, ALT, and AST, ac-
cording to the manufacturer’s instructions (Nanjing Jiancheng 
Biology Engineering Institute, Nanjing, China). The free fatty acid 
(FFA) levels were measured using the colorimetric method with 
a serum FFA kit (cat. no. E1001; Applygen Technologies Inc., Bei-
jing, China). Moreover, very low-density lipoprotein cholesterol 
(vLDL-C) was calculated as TG/5 according to the Friedewald 
formula [Friedewald et al., 1972], while the atherogenic index 
was calculated by the Equation (1):

 Atherogenic index = (TC – HDL-C)/HDL-C	 (1)

The homeostatic model assessment for insulin resistance 
(HOMA-IR) index and the homeostatic model assessment for 
insulin sensitivity (HOMA-IS) index were calculated as previously 
reported [Qu et al., 2019a].

r	 ELISA analysis
The enzyme-linked immunosorbent assay (ELISA) kits for leptin 
(cat. no. ml-1015883), adiponectin (cat. no. ml-42683), and pro-
inflammatory cytokines, including TNF-α (cat. no. ml-1015901), 
IL-1β (cat. no. ml-67771), and IL-6 (cat. no. ml-67768), were used to 
determine the levels of leptin, adiponectin, TNF-α, IL-1β, and IL-6 
in EAT, following the manufacturer’s instructions (Shanghai ML-
BIO Biotechnology Co., Ltd., Shanghai, China).

food weight was measured daily in a container of known weight 
and weighed using an electronic weighing balance. The food 
weight was obtained from the weight difference between 
the empty container and the container with the food inside. 
The food consumption was calculated by subtracting the remain-
ing food weight from the served food weight.

r	 Sample collection
After the end of the experiment, all mice were fasted overnight, 
and blood samples were taken by uprooting eyeballs after light 
narcotizing with ether (1.90%) for serum preparation. The serum 
was obtained after blood clotting by centrifugation at 3,500 rpm 
for 15 min at 4°C and then stored at −80°C until use. The mice 
were then executed by cervical dislocation, and the organs 
and adipose tissue, including the liver, kidney, lung, spleen, 
perirenal adipose tissue (PAT), and epididymal adipose tissue 
(EAT), were excised, weighed separately, and stored at −80°C 
until analysis.

r	 Serum biochemical analysis
The biochemical analysis kits for insulin (cat. no. H203-1-2), glu-
cose (cat. no. A154-1-1), total cholesterol (TC; cat. no. A111-1-1), 
triglycerides (TG; cat. no. A110-1-1), high-density lipoprotein 
cholesterol (HDL-C; cat. no. A112-1-1), low-density lipoprotein 
cholesterol (LDL-C; cat. no. A113-1-1), alanine aminotransferase 
(ALT; cat. no. C009-2-1), and aspartate aminotransferase (AST; 
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FIGURE 1. Perilla seed oil (PSO), sunflower oil (SFO), and tea seed oil (TSO) supplementation reduced body weight gain but not food intake in HFD-induced 
obese mice. (A) Scheme of the study design; (B) Body weight growth of mice consuming the specified diets for the 8 weeks; (C) Body weight gain of mice at 
the end of the study period; (D) Food intake of mice during the study period; (E) Calorie intake of mice during the study period; (F) Food efficiency ratio (FER) 
calculated as body weight gain (g/day)/food intake (g/day)×100 of mice after 8 weeks of food intervention. ND, mice fed a normal diet; HFD, mice fed a high-fat 
diet; PSO, SFO, and TSO, mice fed a high-fat diet supplemented with PSO, SFO, and TSO at 2 g/kg body weight per day, respectively. Data are presented as mean 
± standard deviation (n=8). Means with different letters (a–c) were considered significantly different at p<0.05, according to Tukey's test.
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r	 RNA extraction from tissues and quantification by 
real-time qRT-PCR

To measure the differences in relative mRNA expression, we 
used qRT-PCR. The total RNA was extracted from the frozen EAT 
using TRIzol reagent (CoWin Biosciences (CWBIO), MA, USA) ac-
cording to the manufacturer’s protocols, and the quality of total 
RNA was evaluated using a Nano-Drop One spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA). Then, the cDNA was 
reverse transcribed from the total RNA using the HiFiScript gDNA 
Removal cDNA Synthesis Kit (Jiangsu Cowin Biotech Co., Ltd., 
Changping, Beijing, China). qRT-PCR was performed using SYBR 
PRIME qPCR Kits (Fast HS) on a CFX thermocycler system (Bio-Rad, 
Hercules, CA, USA). PCR amplification was performed as follows: 
95°C for 5 min and 40 cycles of amplification at 94°C for 20s, 94°C 
for 10s, 50–60°C for 10s, and 72°C for 10s. Relative quantification 
was calculated using the 2−ΔΔCT method, and GAPDH, a house-
keeping gene, was utilized to normalize the level of the target 
gene expression. The primer sequences used in this study are 
shown in Table 2.

r	 Histological analysis
The liver and EAT, freshly isolated from each of the five mice 
groups, were quickly fixed in 4% paraformaldehyde for 24 h 
at room temperature. The tissues were subsequently coated 
in paraffin and sliced into 5 μm thick sections. After staining slices 
with hematoxylin and eosin (H&E), histopathological alterations 
were examined using a light microscope (Olympus, Tokyo, Japan). 
The EAT number and size were measured by the software Image J 
(NIH Image, Bethesda, Rockville, MD, USA).

r	 Statistical analysis
All data were obtained from at least three replications and pre-
sented as a means ± standard deviation (SD). Statistical analysis 
was performed using Statistix Analytical Software version 9.0 

(Analytical Software, Tallahassee, FL, USA). The variances among 
the collected data were assessed by one-way ANOVA using 
the Tukey’s test, and differences at p<0.05 were considered 
statistically significant. The figures were designed by OriginPro 
2021 software (OriginLab, Co., Northampton, MA, USA).

RESULTS AND DISCUSSION
r	 Fatty acid composition
The fatty acid (FA) composition of the seed oils tested is shown 
in Table 3. Eleven FAs were detected in cold-pressed PSO, SFO, 
and TSO, of which six were SFAs, three were MUFAs, and the last 
two were PUFAs. Among six SFAs (myristic, palmitic, stearic, ara-
chidic, behenic, and lignoceric acids), two were dominant: palmitic 
acid, which ranged from 5.02% in SFO to 8.64% in TSO, and stearic 
acid, which varied from 2.04% in TSO to 5.52% in SFO. Although 
there were minor variances in SFA content among the oils studied, 
SFO had the highest total SFA content (12.01%). Three MUFAs (pal-
mitoleic, oleic, and gadoleic acids) were identified in all samples, 
but only one was dominant: oleic acid, which ranged from 15.62% 
in PSO to 78.33% in TSO. TSO had the highest MUFA content, which 
was substantially different from the other oils (p<0.05).

Among PUFAs, C18:2n6 and C18:3n3 contents varied from 
8.50% and 0.11% to 50.66% and 61.58%, respectively. Linoleic 
acid was the most abundant FA in SFO, followed by PSO and TSO, 
while only PSO had a high content of α-linolenic acid. There were 
significant differences (p<0.05) in PUFA content among all tested 
oil samples, with PSO (74.24%) having the greatest content, fol-
lowed by SFO (51.10%) and TSO (9.05%). The SFA:USFA ratio was 
1:7, 1:8, and 1:8 in SFO, PSO, and TSO, respectively, suggesting all 
three examined oils have a low ratio of SFA:USFA. Interestingly, 
several previous studies have established that the SFA:USFA ratio 
is a significant health predictor, and diets high in MUFAs with 
a low SFA to USFA ratio may alleviate obesity [Liao et al., 2010; 
Yang et al., 2017].

TABLE 2. The primer sequences used for qPCR.

Reverse primer (5'–3')Forward primer (5'– 3')Gene name

GTTCACACCCATCACAAACGCTGAGTATGTCGTGGAGT  GAPDH

GGCTACAGGCTTGTCACTCGGTCTACTGAACTTCGGGGTGAT TNF-α

ACTCTGCAGACTCAAACTCCACCAACAAGTGATATTCTCCATGAGIL-1β

GAATTGCCATTGCACAACTCCTCTGCAAGAGACTTCCATCCIL-6

CTGCGTGTGTGAAATGTCATTGGAGACCCCTGTGTCGGTTCLeptin

CCA ACCTGCACAAGTTCCCTTTGTTCCTCTTAATCCTGCCCAAdiponectin

CAGCGAGTAGCGCATAGTCAGGATGTCACACAATGCAATTCGCTPPAR-α

TGGCCACCTCTTTGCTCTGCTCAGGCCGAGAAGGAGAAGCTGTTGPPAR-γ

AGGTTGGTGTACCCCCATTCGCTTGCTGGCTCACAGTTAAGFAS

GAGATCGATGCCATCAGGGGGGACTCCGCTCGCTCATTCPT1a

CCTGGGATGCGTGTAGTGTTCATGTATCGCCGCAAACTGGCPT1b

TGCCAGGCAAGCTGAAACTCGTGAACCCGACAACTTCCGAAUCP1
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r	 Effects of PSO, SFO, and TSO supplementation on body 
weight and food intake in obese mice

Body weight is considered one of the most axiomatic indica-
tors to judge obesity cases in mice. Here, during the experi-
ment, the body weight growth of the HFD group increased 
faster than in the ND, PSO, SFO, and TSO groups (Figure 1B). 
The PSO and TSO groups had lower body weights than those 
in the HFD group after 8 weeks of oil supplementation, but 
there were no significant differences (p≥0.05) in body weight 
gain among the SFO and HFD groups, indicating that PSO 
and TSO supplementation could effectively prevent the body 
weight gain induced by the HFD (Figure 1C). In contrast, there 
were no significant differences (p≥0.05) between all the dietary 
oil and HFD groups in terms of food consumption (Figure 1D) 
and calorie intake (Figure 1E). Additionally, the HFD group’s 
food efficiency ratio (FER) was higher than that of the ND group 
(p<0.05), while the FER was significantly decreased after 8 weeks 
of supplementation with dietary oils, particularly in the PSO 
and TSO groups (Figure 1F).

Moreover, HFD feeding increased the relative weight 
of the liver, while dietary oil supplementation reversed this trend 
(Table 4). However, there were no significant differences (p≥0.05) 
in the relative weight of the kidney, lung, and spleen among 
the five mice groups. In contrast, compared to the HFD group, 
PSO, SFO, and TSO administration significantly reduced the pro-
portion of EAT and PAT relative to the body weight (p<0.05).

To sum up, dietary oil supplementation reduced body 
and organ weight gain but had no impact on food and calorie 

intake compared to the HFD group. In agreement with our 
results, α-linolenic acid-rich kiwifruit seed oil administered over 
12 weeks decreased body weight gain without affecting food 
intake [Qu et al., 2019b]. Also, black raspberry seed oil, which is 
high in α-linolenic acid, reduced body weight but had no impact 
on food intake when administered for 10 weeks in db/db mice 
[Lee et al., 2016]. Cui et al. [2017] revealed that fish oil ingestion 
for 12 weeks caused body weight reduction in HFD-induced 
obese mice. In our study, there were no significant differences 
in food consumption among the five groups; therefore, the ef-
fect of dietary oil supplementation on body weight was not 
associated with the decrease in food intake.

r	 Effects of PSO, SFO, and TSO supplementation on 
serum lipid profile levels

Obesity is strongly linked to changes in serum biochemistry. 
As a result, we used commercial kits to examine the effect 
of oil supplementation on serum lipid profile levels. As shown 
in Figure 2A, TG concentrations in the serum of mice of ND, 
HFD, PSO, SFO, and TSO groups were 1.60, 2.59, 2.13, 2.21, 
and 2.06 mmol/L, respectively, with the HFD group having 
a substantially higher TG concentration than the other groups 
(p<0.05). After 8 weeks of oils supplementation, the levels of TC 
were significantly lower (p<0.05) in the PSO, SFO, and TSO 
groups, by 25.70%, 15.36%, and 22.30%, respectively, compared 
with the HFD group (Figure 2B). However, the results of HDL-
C showed no significant differences (p≥0.05) in the HDL-C 
levels among the HFD and all other treatment groups, with 

TABLE 3. Fatty acid composition of sunflower, perilla, and tea seed oils (% total fatty acids).

FAs SFO PSO TSO

Myristic acid (C14:0) 	 0.074±0.002a 	 0.024±0.004b 	 0.034±0.002b

Palmitic acid (C16:0) 	 5.02±0.14c 	 6.68±0.28b 	 8.64±0.19a

Palmitoleic acid (C16:1n7) 	 0.056±0.006c 	 0.201±0.006a 	 0.097±0.003b

Stearic acid (C18:0) 	 5.52±0.16a 	 2.45±0.25b 	 2.04±0.05b

Oleic acid (C18:1n9) 	 36.48±1.31b 	 15.62±0.93c 	 78.33±1.28a

Linoleic acid (C18:2n6) 	 50.66±1.08a 	 12.66±0.28b 	 8.50±0.22c

α-Linolenic acid (C18:3n3) 	 0.11±0.02b 	 61.58±0.33a 	 0.55±0.15b

Arachidic acid (C20:0) 	 0.33±0.01a 	 0.16±0.01b 	 0.04±0.01c

Gadoleic acid (C20:1n11) 	 0.13±0.01b 	 0.09±0.01b 	 0.49±0.06a

Behenic acid (C22:0) 	 0.82±0.09a 	 0.03±0.01b 	 0.02±0.01b

Lignoceric acid (C24:0) 	 0.24±0.02a 	 0.03±0.02b 	 0.03±0.01b

SFAs 	 12.01±0.12a 	 9.37±0.37c 	 10.81±0.24bc

MUFAs 	 36.66±1.31b 	 15.91±0.93c 	 78.91±1.34a

PUFAs 	 51.10±1.10b 	 74.24±0.36a 	 9.05±0.36c

USFAs 	 87.76±0.66b 	 90.15±0.68a 	 87.96±0.98b

SFAs:USFAs 1:7 1:8 1:8

Data are presented as mean ± standard deviation (n=3). Different letters in the same row indicate significant differences at p<0.05, according to Tukey’s test. FA, fatty acids; SFO, sunflower 
oil; PSO, perilla seed oil; TSO, tea seed oil; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; USFAs, unsaturated fatty acids.
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the highest levels being observed in the ND group (Figure 2C). 
Notably, the high HDL-C level in the HFD group may represent 
an adaptive response to the increased demand for lipid trans-
port [Wolf & Phil, 1996]. Furthermore, compared with the HFD 
group, the serum LDL-C levels were significantly reduced by 
44.62%, 32.31%, and 51.79% in the PSO, SFO, and TSO groups, 
respectively (Figure 2D). As shown in Figure 2E, the dietary 
oil intervention reduced serum vLDL-C levels in TSO group; 
however, there were no significant differences between 
the HFD, PSO, and SFO groups. Moreover, compared to the HFD 
group, the PSO, SFO, and TSO groups exhibited a reduction 

in atherogenic index values of 42.5%, 15%, and 35.4%, respec-
tively (Figure 2F).

Our study revealed that long-term intake of PSO, SFO, 
and TSO reduced serum lipid profile levels and atherogenic 
index values, which are risk factors for CVD. These findings are 
consistent with the report by Lian et al. [2020] who showed 
that replacing SFAs with USFAs in the Western diet improved 
the blood lipid profile, increased USFA levels in plasma, 
and reduced the risk of atherosclerosis in mice. Consumption 
of fish oil caused significantly lower body weight and blood 
lipid concentrations in HFD-induced obese mice [Pradhan 

TABLE 4. The relative tissue weights in mice of ND, HFD, PSO, SFO, and TSO groups (g/100 g body weight).

Item ND HFD PSO SFO TSO

Liver 	 3.32±0.19c 	 4.43±0.27a 	 3.69±0.21b 	 3.75±0.29b 	 3.78±0.23b

Kidney 	 1.17±0.20a 	 1.15±0.09a 	 1.17±0.16a 	 1.08±0.18a 	 1.11±0.14a

Lung 	 0.48±0.06a 	 0.43±0.08a 	 0.44±0.05a 	 0.43±0.05a 	 0.48±0.09a

Spleen 	 0.22±0.06a 	 0.23±0.11a 	 0.24±0.06a 	 0.24±0.04a 	 0.26±0.09a

Epididymal adipose tissue 	 2.47±0.32c 	 5.21±0.79a 	 4.12±0.69b 	 4.32±0.56b 	 4.21±0.48b

Perirenal adipose tissue 	 0.47±0.09c 	 1.01±0.14a 	 0.60±0.07bc 	 0.79±0.07b 	 0.61±0.10bc

Data are presented as mean ± standard deviation (n=8 for each group). Different letters in the same row indicate significant differences at p<0.05, according to Tukey's test. ND, mice fed 
a normal diet; HFD, mice fed a high-fat diet; PSO, SFO, and TSO, mice fed a high-fat diet supplemented with PSO, SFO, and TSO at 2 g/kg body weight per day, respectively.
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FIGURE 2. Perilla seed oil (PSO), sunflower oil (SFO), and tea seed oil (TSO) supplementation reduced the serum lipid levels and atherogenic index in HFD- 
-induced obese mice. (A) Triglycerides, TG; (B) Total cholesterol, TC; (C) High-density lipoprotein cholesterol, HDL-C; (D) Low-density lipoprotein cholesterol, LDL-C; 
(E) Very low-density lipoprotein cholesterol, vLDL-C; (F) Atherogenic index. ND, mice fed a normal diet; HFD, mice fed a high-fat diet; PSO, SFO, and TSO, mice 
fed a high-fat diet supplemented with PSO, SFO, and TSO at 2 g/kg body weight per day, respectively. Data are presented as mean ± standard deviation (n=8). 
Means with different letters (a–c) were considered significantly different at p<0.05, according to Tukey's test.
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et  al., 2020]. In a similar study, oral treatment of camellia 
oil considerably reduced fat deposits, serum TC, TG, LDL-C, 
and the atherogenic index, as well as significantly elevated 
HDL-C concentration in HFD-induced obese mice [Huang 
et  al., 2021]. Our findings showed that PSO, SFO, and TSO 
consumption could remarkably improve lipid metabolism, 
alleviate dyslipidemia, and reduce the risk of atherosclerosis 
development in HFD-fed mice.

r	 Effects of PSO, SFO, and TSO supplementation on fat 
tissue histopathology

The EAT, a metabolically active and anatomically distinct abdomi-
nal fat depot, is commonly employed to investigate adipose tis-
sue in rodent studies [Wang et al., 2018]. As shown in Figure 3A, 
histopathology examination (H&E staining) of EAT revealed 
that HFD feeding encouraged adipocyte hypertrophy and that 
the HFD group had lower adipocyte numbers and larger adipose 
cell sizes than the ND group (Figures 3B and C). On the contrary, 
oral supplementation with dietary oils alleviated these effects, 
where the adipocytes of EAT in all treatment groups were small 
and closely organized with morphological integrity, particularly 
in PSO and TSO, suggesting that the studied oils have the po-
tential to attenuate fat accumulation in mice caused by a HFD. 
Our results agreed with the previous studies, which showed 
that perilla oil supplementation reduced the adipocyte size 
and ameliorated the percentage of fat tissue in diabetic KK-Ay 
mice fed with HFD [Wang et al., 2018]. Another study indicated 
that consuming kiwifruit seed oil for 12 weeks reduced fat tissue 
weight compared with the HFD group, and this finding was cor-
roborated by fat tissue histological examination in obese mice 
[Qu et al., 2019b]. These results indicate that supplementation 

with PSO, SFO, and TSO could reduce fat accumulation in adi-
pose tissue.

r	 Effects of PSO, SFO, and TSO supplementation on liver 
function indicators and hepatic steatosis in obese mice

The liver is widely known for its role in detoxification and meta-
bolic regulation. Therefore, it is critical to preserve the normal 
structure of the liver. To investigate the influence of oil supple-
mentation on liver function, we measured the activity of serum 
AST and ALT, which are liver function representative markers that 
reflect the degree of liver injury [Chang et al., 2019]. As shown 
in Figures 4A and B, the ALT and AST levels were the lowest 
in the ND group mice. On the contrary, the HFD group mice 
had the highest levels, indicating liver injury. Also, ALT and AST 
levels were significantly reduced (p<0.05) in all dietary oil groups 
except the SFO group, where there were no significant differ-
ences in ALT levels compared to the HFD group. Furthermore, 
the effects of dietary oil supplementation on HFD-induced he-
patic steatosis in mice by histological examination were inves-
tigated. H&E staining showed that the HFD-fed mice had more 
serious microvesicular steatosis and lipid droplet accumulation 
in hepatocytes than the ND-fed mice. At the same time, sup-
plementation with dietary oils alleviated these adverse effects 
(Figure 4C), suggesting that the examined oils have a robust 
protective effect against HFD-induced liver injury. Our findings 
are consistent with prior observations in other rodent models 
that USFA oils have a defensive impact in HFD-induced obese 
mice [Su et al., 2016]. Our results allow us to conclude that PSO, 
SFO, and TSO supplementation could suppress HFD-induced 
obesity and regulate lipid metabolism by enhancing liver func-
tion and its structural integrity.

FIGURE 3. Perilla seed oil (PSO), sunflower oil (SFO), and tea seed oil (TSO) supplementation reduced adipocyte hypertrophy and increased adipocyte numbers 
in the histopathological examination of epididymal adipose tissue. (A) Histological analysis of epididymal adipose tissue (hematoxylin and eosin staining, ×100 
magnification); (B) Adipocyte numbers; (C) Adipocyte size. ND, mice fed a normal diet; HFD, mice fed a high-fat diet; PSO, SFO, and TSO, mice fed a high-fat 
diet supplemented with PSO, SFO, and TSO at 2 g/kg body weight per day, respectively. Data are presented as mean ± standard deviation (n=6–8). Means with 
different letters (a–d) were considered significantly different at p<0.05, according to Tukey's test.
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r	 Effects of PSO, SFO, and TSO supplementation on 
serum glucose, insulin, and FFA levels

Next, commercial kits were used to investigate the effects of die-
tary oil supplementation on serum concentrations of insulin, glu-
cose, and FFA in HFD-induced obese mice. Consumption of HFD 
generated a substantial rise in blood glucose concentration 
(10.57 mmol/L), which was much higher than in the ND group 
(5.82 mmol/L, p<0.05). In contrast, compared to the HFD group, 
supplementation with dietary oils markedly reduced the fasting 
serum glucose concentrations by 22.99%, 14.66%, and 17.88% 
in the PSO, SFO, and TSO, respectively (Figure 5A). In addition, 
the serum insulin level was remarkably higher in the HFD group 
compared to the ND group. After 8 weeks of dietary oil interven-
tion, there were significant differences in insulin concentrations 
across all treatment groups except the SFO group (p<0.05, Fig-
ure 5B). Insulin resistance is characterized as an organ’s inability to 
respond to insulin. The HOMA-IR and HOMA-IS indices are com-
mon indicators used to estimate insulin resistance and sensitivity 
in diabetic patients. In our study, dietary oil supplementation for 
8 weeks notably improved the HOMA-IR index; however, there 
were no significant differences in the HOMA-IS index among 
the SFO, TSO, and HFD groups (Figures 5C and D). Previous 
studies have found that supplementation with kiwifruit seed oil, 
which is also high in USFAs, reduced insulin and glucose levels 
in the blood and improved the indicator of insulin resistance 
in mice with HFD-induced obesity [Qu et al., 2019a, b]. 

The liver is an important organ in lipid metabolic path-
ways because it takes up FFAs from the blood as well as pro-
duces, transports, and stores lipid metabolites. It is established 
that obesity, insulin resistance, type 2 diabetes, dyslipidemia, 
CVD, and atherosclerosis have all been associated with high 

levels of FFAs [Henderson, 2021]. Furthermore, a potential as-
sociation between inflammation and serum FFAs has been 
suggested in both animal and human studies. A high level 
of FFAs in the bloodstream is closely associated with the onset 
of inflammation, noted by the increase in the secretion of IL-6 
and TNF-α in adipose tissues [Neeland et al., 2018]. Additionally, 
inflammatory cytokines promote lipolysis and raise FFA levels, 
contributing to endothelial dysfunction and increasing the risk 
of atherosclerosis [Ormseth et al., 2013]. As shown in Figure 5E, 
the serum FFA level in the HFD group (0.71 mmol/L) increased 
by 255% compared to the level in the ND group (0.20 mmol/L). 
After 8 weeks of dietary oil supplementation, the FFA levels 
in the serum were significantly reduced by 42%, 46%, and 28% 
in the PSO, SFO, and TSO groups, respectively, but still higher 
than those in the ND group. Our findings indicate that consump-
tion of PSO, SFO, and TS could alleviate hyperglycemia, insulin 
resistance, atherosclerosis, and inflammation by preventing 
lipolysis and reducing serum FFA levels in HFD-fed mice in a FA 
composition-dependent way.

r	 Effects of PSO, SFO, and TSO supplementation on 
secretion and mRNA expression of inflammatory 
cytokines in EAT

Generally, adipose tissue produces a variety of factors with 
biological activity, including inflammatory hormones (leptin 
and adiponectin), pro-inflammatory cytokines (TNF-α, IL-1β, 
and IL-6), and anti-inflammatory cytokines (IL-10) [Hummasti & 
Hotamisligil, 2010]. Furthermore, in obese individuals, adipocyte 
hypertrophy promotes an increase in the release of inflammatory 
cytokines, which induces adipose tissue metabolic inflamma-
tion and progressively leads to chronic low-grade inflammation 

FIGURE 4. Perilla seed oil (PSO), sunflower oil (SFO), and tea seed oil (TSO) supplementation improved liver function indicators and alleviated liver steatosis. 
(A) Alanine aminotransferase (ALT) activity; (B) Aspartate aminotransferase (AST) activity; (C) Histological analysis of liver tissue (hematoxylin and eosin staining, 
×100 magnification). ND, mice fed a normal diet; HFD, mice fed a high-fat diet; PSO, SFO, and TSO, mice fed a high-fat diet supplemented with PSO, SFO, and TSO 
at 2 g/kg body weight per day, respectively. Data are presented as mean ± standard deviation (n=6–8). Means with different letters (a–d) were considered 
significantly different at p<0.05, according to Tukey's test.
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[Hummasti & Hotamisligil, 2010; Oh & Olefsky, 2012]. Therefore, 
obesity is commonly related to chronic low-grade inflammation. 
Thus, secretion and mRNA expression levels of inflammation- 
-related genes in the EAT were measured to clarify whether 
consuming vegetable oils can alleviate the inflammation caused 
by a HFD.  

It is well known that leptin, an adipose-derived hormone, 
regulates body weight by affecting food consumption and en-
ergy expenditure [Williams et al., 2009], and its levels increase 
in patients with obesity and decrease in individuals with weight 
loss. Obesity stimulates the secretion and production of pro-
inflammatory cytokines such as TNF-α, IL-6, and IL-1β in adi-
pose tissue [Trayhurn & Wood, 2004]. TNF-α has been linked 
to the development of obesity, insulin resistance, and type 2 
diabetes [Golshani et al., 2015]. Furthermore, IL-6 has a potent 
pro-inflammatory effect, which can increase TNF-α levels [Park 
et  al., 2005]. On the other hand, adiponectin also modulates 
lipid and glucose metabolism, protects against chronic inflam-
mation, and improves insulin sensitivity [Pajvani et  al., 2004]. 
Its lower levels are associated with obesity and related dis-
eases such as type 2 diabetes, non-alcoholic fatty liver disease, 
and insulin resistance [Ebrahimi et al., 2022]. As shown in Fig-
ure 6A, HFD feeding led to a 3.45-fold rise in EAT levels of leptin 
in the HFD group compared with the ND group (p<0.05). At 
the same time, dietary oil supplementation lowered leptin 
levels by 40.31%, 37.19%, and 35.54% in the PSO, SFO, and TSO 

groups, respectively, compared to the HFD group. Moreover, 
EAT levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) 
were considerably higher in the HFD group when compared to 
the ND group; however, following 8 weeks of dietary oil sup-
plementation, the concentrations decreased in the PSO, SFO, 
and TSO groups (Figures 6B, C, and D). On the contrary, supple-
mentation with dietary oils significantly elevated the EAT levels 
of anti-inflammatory adipokine adiponectin by 20.20%, 11.74%, 
and 10.64% in the PSO, SFO, and TSO groups, respectively, when 
compared with the HFD group (p<0.05, Figure 6E). Furthermore, 
the same trends were approximately found in mRNA expression 
levels (Figure 6F). Our results were consistent with the previous 
studies, which showed that the HFD supplemented with fish 
oil lowered leptin levels while increasing adiponectin levels 
in adipose tissue [Sundaram et al., 2016]. Thomas et al. [2020a] 
found that perilla oil administration reduced pro-inflammatory 
cytokines in serum and colon, and the effects were comparable 
to those obtained from fish oil in HFD-induced inflammation 
in mice. Wu et al. [2020] observed that camellia oil intake sig-
nificantly reduced pro-inflammatory cytokine levels (TNF-α, 
IL-1β, and IL-6) in rats with acetic acid-induced colitis. Another 
study also demonstrated that kiwifruit seed oil supplementation 
decreased the mRNA expression of pro-inflammatory cytokines 
(TNF-α, IL-6, and IL-1β) in a dose-dependent way, compared to 
the HFD group [Qu et al., 2019b]. Furthermore, fish oil addition 
to a HFD significantly raised adiponectin levels and lowered 
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different at p<0.05, according to Tukey's test.
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leptin levels in serum and EAT mRNA expression, according to 
a study published by Monk et al. [2019]. Our findings show that 
USFA in the examined oils could relieve low-grade adipose tissue 
inflammation in obese mice.

r	 Effects of PSO, SFO, and TSO supplementation on 
mRNA expressions of lipid metabolism-related genes 
of EAT in mice

Next, the effects of oils supplementation on specific essential 
lipid metabolism-related genes were also examined to clarify 
further the mechanism and possible effect of vegetable oils 
on lipid metabolism dysfunction. Several regulatory factors, 
including the nuclear receptor family of peroxisome prolif-
erator-activated receptors (PPARs), have been found to play 
a vital regulatory role in energy homeostasis and metabolic 
functions [Wagner & Wagner, 2020]. Numerous PPAR subtypes 
have been identified, among which are PPAR-α and PPAR-γ. 
PPAR-α controls the expression of several lipid metabolism-
related genes and is a critical target for treating lipid metabo-
lism disorders [Kersten & Stienstra, 2017]. PPAR-γ regulates 
the primary genes involved in the production and lipid me-
tabolism, as well as the transport and accumulation of FAs 
[Janani & Ranjitha Kumari, 2015]. In addition, FAS, the major 
adipogenesis enzyme involved in lipid synthesis, is a sign 
of the obesity therapeutic impact [Noratto et  al., 2016]. As 
shown in Figure 7A, the mRNA expression level of PPAR-α was 
up-regulated in the three oil-supplemented groups compared 

to the HFD group (p<0.05), and there were no significant dif-
ferences (p≥0.05) among the PSO and TSO groups. Compared 
to the ND group, the expression levels of PPAR-γ (Figure 7B) 
and FAS (Figure 7C) were significantly increased, but after 
8 weeks of dietary oils intervention, the expression levels 
of those genes were substantially lower than those in the HFD 
group (p<0.05). Supplementation with dietary oils significant-
ly reduced FAS expression, which indicated the downregula-
tion of FA synthesis. Importantly, dietary oils also suppressed 
lipid accumulation by inactivating the expression of PPAR-γ 
[Jiang et al., 2014; Zhang et al., 2020]. Altogether, these find-
ings indicate that PSO, SFO, and TSO could exert anti-obesity 
effects by downregulating lipid synthesis and accumulation.

Moreover, we also measured mRNA expression levels of both 
CPT1a and CPT1b, which are enzymes controlling the rate 
in the pathway of FA β-oxidation [Kliewer et  al., 2001]. Con-
sumption of HFD resulted in downregulated mRNA expression 
levels of both CPT1a and CPT1b compared to the ND group, 
while the levels were significantly increased in all dietary oil 
groups (p<0.05, Figures 7D and E). Next, we measured the mRNA 
expression levels of thermogenesis-linked genes, such as UCP1, 
which is considered a morphological and functional sign of ther-
mogenic adipocyte production [Zhang et al., 2016]. As shown 
in Figure 6F, the expression levels of the UCP1 gene were sig-
nificantly up-regulated after 8 weeks of dietary oil intake in both 
the PSO and TSO groups compared to the levels in the HFD 
group, but there were no significant differences between the SFO 
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and HFD groups. Notably, it has been reported that activating 
UCP1-expressing adipocytes has effective potential as an anti-
diabetic and anti-obesity agent by increasing energy consump-
tion and lowering adiposity in mice [Bond & Ntambi, 2018]. Our 
findings were consistent with the previous studies, which found 
that up-regulation of FA oxidation by PPAR-α was associated 
with a decrease in fat accumulation in HFD-induced obesity 
[Bremer, 2001; Hirako et al., 2010]. Another study revealed that 
HFD supplemented with perilla, olive, and safflower oils exerted 
anti-obesity effects by reducing expression levels of genes as-
sociated with lipid synthesis (PPAR-γ and FAS) and increased 
expression levels of genes related to FA β-oxidation (PPAR-α) 
in both liver and adipose tissue in mice with obesity and colon 
inflammation triggered by HFD [Thomas et al., 2020a]. A similar 
study also showed that consumption of kiwifruit seed oil had 
anti-obesity effects by increasing mRNA expression levels of FA 
β-oxidation-related genes (PPAR-α, CPT1a, and CPT1b) and en-
ergy metabolism and thermogenesis (UCP2) while decreasing 
mRNA expression levels of lipid synthesis-related genes (PPAR-γ 
and FAS) in obese mice induced by HFD [Qu et al., 2019a, b]. Our 
study found that PSO, SFO, and TSO supplementation suppressed 
PPAR-γ and FAS expressions and enhanced PPAR-α, CPT1a, CPT1b, 
and UCP1 expressions to different degrees, revealing that dietary 
oil supplementation had a strong inhibitory effect on lipid me-
tabolism disorders in HFD-fed mice. 

The FA composition analysis showed that PSO, SFO, and TSO 
had an incredibly high content of USFAs and a low SFA:USFA ra-
tio (Table 3), indicating that the anti-obesity properties of these 
oils are probably due to the high content of USFA and the low 
SFA:USFA ratio, especially in PSO and TSO. Previous studies have 
shown that a low SFA:USFA ratio is beneficial for health [Li et al., 
2015; Thomas et al., 2020a]. Interestingly, although the three oils 
studied showed similar anti-obesity effects in HFD-fed mice, there 
were some subtle differences in the metabolic effects. Notably, 
dietary oils vary in FA composition and the presence of other active 
minor compounds, such as tocopherols, carotenoids, etc. These 
variations are believed to lead to various biochemical pathways 
and, thus, different metabolic impacts [Altberg et al., 2020]. For 
instance, the molecular technicalities that underlie the effects 
of PSO in preventing lipid accumulation, inhibiting hyperglycemia, 
and improving lipid metabolism and chronic inflammation are 
likely related to the bioconversion of α-linolenic acid to eicosa-
pentaenoic acid (C20:5n3) and docosahexaenoic acid (C22:6n3) 
[González-Mañán et al., 2012]. These findings highlight the neces-
sity of replacing SFAs with USFAs and the potential applications 
for by-products of these dietary oils in the context of a balanced 
and healthy dietary pattern. However, the mechanisms through 
which PSO, SFO, and TSO ameliorate inflammation and lipid me-
tabolism in HFD-induced obese mice must be further investigated. 
It has been shown that the gut microbiota is a critical factor in body 
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health regulation and might be a target for treating inflamma-
tion, obesity and other chronic diseases [Scheithauer et al., 2020]. 
Therefore, an exciting study will be conducted to explore whether 
PSO, SFO, and TSO supplementation can ameliorate obesity by 
modulating the gut microbiota composition compared with one 
of the most commonly used anti-obesity drugs.

CONCLUSIONS 
In this study, we investigated the effect of oral supplementation 
with PSO, SFO, and TSO, oils with different fatty acid compositions, 
on HFD-induced obesity in KM mice. The results of the animal 
study demonstrated that oils supplementation could reduce body 
weight and tissue weight but not food intake in HFD-induced 
obese mice. Furthermore, PSO, SFO, and TSO supplementation 
alleviated hyperlipidemia, hyperglycemia, and hepatic steatosis 
induced by HFD, reduced serum FFA levels, and improved insulin 
resistance, liver function, and the atherogenic index. Additionally, 
the results showed that dietary oil supplementation suppressed 
HFD-induced adipose tissue inflammation in mice by reducing 
both secretion and mRNA expression levels of pro-inflammatory 
cytokines and increasing secretion and mRNA expression levels 
of anti-inflammatory adipokines. Likewise, the qPCR assay of lipid 
metabolism-related genes showed that dietary oil supplementa-
tion improved lipid metabolism by increasing FA β-oxidation 
and thermogenesis and suppressing lipid synthesis in EAT. Taken 
together, PSO, SFO, and TSO supplements could have potential 
anti-obesity implications by suppressing inflammation and im-
proving lipid metabolism in HFD-induced obese mice.
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�Synthetic antioxidants, such as butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and tert-butylhydroquinone 
(TBHQ), have been widely used for many years to stabilise lipids in foods. Nonetheless, their effect on the bioavailability 
and metabolism of lipids stabilised with them still remains unknown. To investigate this issue, in vitro digestion of a model 
high-fat product (20 g fat/100 g) without antioxidants and supplemented with BHT, BHA and TBHQ (100 mg/kg) was con-
ducted, followed by studies using the Caco-2 and Hep G2 cell lines. BHT, BHA and TBHQ increased intestinal absorption 
of triacylglycerols and modified the structure of chylomicrons (CM). The addition of BHT and TBHQ inhibited apolipoprotein-IV 
(apoA-IV) synthesis. At the same time, smaller chylomicrons were secreted, but their amount was greater than in the model 
product without antioxidants. In contrast, BHA activated apoA-IV synthesis, resulting in the formation of fewer but very 
large CMs. Of concern was the significant decrease in apoA-IV in cells upon the use of BHT and TBHQ, which can lead to 
obesity due to the lack of the sensation of feeling full after eating high-fat foods stabilised with these antioxidants. Further-
more, the efficiency of CM remnant (CMR) uptake by hepatocytes was inversely correlated with their size. The large CMRs 
generated for samples with BHA were not absorbed by hepatocytes, which can lead to atherosclerosis. The results of our 
in vitro study shed new light on the role of synthetic phenolic antioxidants used in food technology as potential obesity 
and atherosclerosis triggers and suggested the need for further research that will clearly separate antioxidants that promote 
the development of these diseases from those, which do not do that.
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ABBREVIATIONS
ACC, acetyl-CoA carboxylase; AG, acylglycerols; AMPK, AMP- 
-dependent kinase; BHA, butylated hydroxyanisole; BHT, butyl-
ated hydroxytoluene; CD36 receptor, fatty acid translocase; CE, 
cholesterol esters; Chol, cholesterol; CM, chylomicrons; CMR, chy-
lomicron remnants; DG, diacylglycerols; DM, dry matter; DMEM, 
Dulbecco’s modified eagle medium; FFA, free fatty acids; LPL, 
lipoprotein lipase; MDA, malondialdehyde; MG, monoacylg-
lycerols; MTP, microsomal trigliceride transfer protein; pACC, 

phosphorylated ACC; pAMPK, phosphorylated AMPK; tACC, to-
tal ACC; tAMPK, total AMPK; TBA, 2-thiobarbituric acid; TBARS, 
thiobarbituric acid-reactive substances; TBHQ, tert-butylhydro-
quinone; TCA, trichloroacetic acid; TEER, transepithelial electrical 
resistance; TEP, 1,1,3,3-tetraethoxypropane; TG, triacylglycerols.

INTRODUCTION
Synthetic antioxidants, such as butylated hydroxytoluene (BHT), 
butylated hydroxyanisole (BHA), and tert-butylhydroquinone 
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(TBHQ), are commonly used as antioxidants in the food industry. 
The use of antioxidants ensures the prolonged freshness of food 
by stabilising its nutritional value, taste, and colour. Synthetic 
phenolic antioxidants are primarily used to stabilise frying fats 
and instant products that have gained popularity among con-
sumers in recent years. Thanks to their ability to quench free 
radicals, they not only prolong the freshness of food, but also 
protect consumers from the adverse effects of lipid oxidation 
products that are important factors in the pathogenesis of ath-
erosclerosis [Plat et al., 2014; Björkhem et al., 1991]. The permitted 
amount of BHT added to food is 100 mg/kg of fat, while TBHQ 
and BHA can be used in twice the amount [Commission Regu-
lation (EU) No 1129/2011 of 11 November 2011]. Excessive or 
improper use of synthetic antioxidants may have carcinogenic 
effects [Xu et al., 2021]. 

Although synthetic phenolic antioxidants have been widely 
used to stabilise dietary lipids for many years, their role in regulat-
ing the bioavailability and metabolism of lipids stabilised with 
them still remains unclear. Data available in the literature indicate 
that diet supplementation with synthetic antioxidants modifies 
the metabolism of lipids, affecting their blood profile [Nam et al., 
2013; Nishizono et al., 2000; Sun et al., 2020] and body weight 
of the animals fed [Hung et al., 2019; Nam et al., 2013 Nishizono 
et al., 2000; Sun et al., 2020; Safer & Al-Nughamish, 1999]. How-
ever, these data are scarce and do not show at which stages 
the changes in lipid metabolism do occur. Moreover, published 
results are sometimes inconclusive or even contradictory. For 
example, various effects can be observed not only between anti-
oxidants [Nam et al., 2013; Sun et al., 2020], but also for the same 
antioxidant tested by different researchers [Hung et  al., 2019; 
Nam et al., 2013; Nishizono et al., 2000]. Studies with rodents, 
rabbits, and even primates (rhesus macaque) have shown that 
the addition of BHT or BHA to the diet caused a significant 
increase in levels of triacylglycerols (TG) and the cholesterol 
low-density lipoprotein (LDL) and very-low-density lipoprotein 
(VLDL) fractions in the blood with a concomitant decrease in he-
patic TG level [Björkhem et al., 1991; Sun et al., 2020]. In contrast, 
the addition of TBHQ to animal diets resulted in a decreased 
blood TG content [Nam et al., 2013; Nishizono et al., 2000]. Using 
a low dose of TBHQ (0.001–0.0028%) reduced blood TG levels 
by 22% in diabetic rats [Nam et al., 2013; Nishizono et al., 2000] 
and in mice fed a high-fat diet [Nam et al., 2013]. It has also been 
noted that the addition of BHT [Safer & Al-Nughamish, 1999] or 
BHA [Sun et al., 2020] to the diet in amounts not exceeding 0.1% 
resulted in higher body weight gains in experimental animals. 
However, the effect of TBHQ on body weight is not clear and may 
depend on the species. Administering this antioxidant to mice 
at 0.001% along with a high-fat diet for 32 days reduced body 
weight gain by approximately 61% and reduced the amount 
of lipids stored in adipocytes [Nam et  al., 2013]. At the same 
time, in rats with diabetes mellitus (induced by streptozotocin) 
that were fed a standard diet with 0.0028% TBHQ for 15 days, 
an increase in body weight gain was observed even though 
the animals ate less food than those from the control group 
[Nishizono et al., 2000]. On the other hand, enriching pig diets 

with 0.006% TBHQ for 34 days did not affect their body weight 
gains [Hung et al., 2019].

The bioavailability of lipids from the diet entails digestion 
in the gastrointestinal (GI) tract followed by intestinal absorption. 
Digested in the GI tract, triacylglycerols are hydrolysed to free fat-
ty acids (FFA) and monoacylglycerols (MG), which are absorbed 
by intestinal cells. In enterocytes, the products of lipid digestion 
are converted back into TG and released into the bloodstream 
in the form of chylomicrons (CMs). CMs secreted by enterocytes 
into the bloodstream enable the transport of exogenous TG 
and exogenous cholesterol [Acevedo-Fani & Singh, 2022]. In 
addition to TG and cholesterol esters (CE) forming a hydrophobic 
core, CMs have a hydrophilic envelope that includes apoB48 
and apoA-IV. One of the crucial functions of these proteins is to 
facilitate lipid emulsification in blood plasma. The first of these 
proteins is considered a CM marker because there is only one 
apoB48 molecule per chylomicron [Phillips et al., 1997], i.e., more 
apoB48 determines more CMs. In contrast, the amount of apoA- 
-IV secreted with CM varies, and the regulation of apoA-IV syn-
thesis is unknown. In recent years, apoA-IV has been found to 
regulate satiety, and a deficiency of this protein has been linked 
to obesity, arteriosclerosis and diabetes development [Kohan 
et al., 2013, 2015]. Postprandially, TGs included in CMs undergo 
lipolysis catalysed by lipoprotein lipase (LPL). LPL activity can be 
inhibited by apoC-III protein synthesised by liver cells and bind-
ing to the CM. The chylomicron remnants (CMRs), formed after TG 
hydrolysis, are then absorbed by hepatocytes and the apoE pro-
tein is involved in the process. The absorption of FFA and CMRs 
by hepatocytes may affect: (i) CD 36 receptor (fatty acid trans-
locase), which is involved in the absorption of fatty acids by 
cells, (ii) microsomal triglyceride transfer protein (MTP) , which 
participates in the formation of lipoproteins secreted by entero-
cytes and hepatocytes into the bloodstream, and (iii) the activity 
AMP-dependent kinase (AMPK) affecting the intensity of the cell’s 
uptake of FFA [Harmel et al., 2014]. In addition, AMPK influences 
lipid metabolism in hepatocytes by controlling the lipogenesis 
mainly by modifying the activity of acetyl-CoA carboxylase (ACC), 
a key enzyme of the FA biosynthetic pathway.

Based on the presented analysis of literature data, it can be 
hypothesised that BHT, BHA and TBHQ, used as antioxidants 
in high-fat products, can significantly affect both the bioavail-
ability and metabolism of lipids stabilised with them. To verify 
this hypothesis, we conducted in vitro study entailing: digestion, 
intestinal absorption (cell line Caco-2) and liver metabolism (cell 
line Hep G2).

MATERIALS AND METHODS
r	 Materials and reagents
Raw pork fat (no stabilising agent added) was purchased 
in the company store Szubryt (Chelmiec, Poland), and wheat 
bread was purchased at the local bakery Pawlak (Cracow, Po-
land). Aicar, amphotericin B, BHA, BHT, bile salts, Compound C, 
Dulbecco’s modified eagle medium (DMEM), ethylenedinitrilo-
tetraacetic acid (EDTA), fetal bovine serum, glutamine, glycerol, 
LPL, pancreatin, phosphate buffered saline (PBS), penicillin, 
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pepsin, protease inhibitor, streptomycin, 2-thiobarbituric acid 
(TBA), TBHQ, trichloroacetic acid (TCA), 1,1,3,3-tetraethoxypro-
pane (TEP), trypan blue, and β-mercaptoethanol were purchased 
from Sigma-Aldrich (Saint Louis, MO, USA). Antibodies: anti-apoE, 
anti-apoA-I, anti-apoA-IV, anti-apoB100, anti-apoB48, anti-CD36, 
anti-MTP, anti-tACCα, and anti-pACC were purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA); Grb-2, β-actin and anti- 
-β-actin were purchased from Sigma-Aldrich; anti-apoC-III was 
purchased from MyBioSource (San Diego, CA, USA); anti-pAMPK 
was purchased from Cell Signaling Technology (Danvers, MA, 
USA); and anti-Grb-2 from was purchased from BD Transduc-
tion Laboratories (San Francisco, CA, USA). Human colorectal 
adenocarcinoma ATCC HTB-37 (Caco-2) and hepatocellular car-
cinoma ATCC HB-8065 (Hep G2) cell lines were purchased from 
the American Type Culture Collection (Manassas, VA, USA).

r	 Model product preparation 
The model high-fat product contained 80 g/100 g wheat bread 
(dried for 24 h and ground to a grain size of 0.5 mm in diameter) 
and 20 g/100 g lard rendered from raw pork fat. The ingredients 
were mixed for 10 min, and the resulting product was divided 
into four parts. To three of them BHT, BHA and TBHQ were added 
at 100 mg/kg fat (0.002 g/100 g model product), respectively, 
and the fourth without antioxidants served as the control. All 
antioxidants were used in the same dose, but not exceeding 
the permitted dose in food set in the Commission Regulation 
(EU) No 1129/2011 of 11 November 2011 on permitted additives. 
The model product immediately after preparation was used for 
the in vitro digestion.

r	 In vitro digestion
The procedure of the in vitro digestion described by Minekus 
et al. [2014] with minor modifications was followed in the study. 
The scheme of its course is shown in Figure 1. Briefly, the mod-
el products (2 g) were placed in screw cap flasks (n=16 for 
each product), and 1 mL of simulated salivary fluid (SSF: pH 7; 
18.8 mM K+; 13.6 mM Na+; 19.5 mM Cl–; 3.7 mM H2PO4

–; 13.7 mM 
HCO3

–; 0.15 mM Mg2+; 0.12 mM NH4
+; 1.5 mM Ca2+) was added 

to each. The flasks were shaken for 10 min in a water bath 
(37°C), and then 2.8 mL of simulated gastric fluid (SGF: 7.8 mM 
K+; 72.2 mM Na+; 70.2 mM Cl–; 0.9 mM H2PO4

–; 25.5 mM HCO3
–; 

0.1 mM Mg2+; 1 mM NH4
+; 0.15 mM Ca2+) was added to each 

mixture, and the pH of the samples was brought to 2 using 
1 M HCl. Simultaneously, a solution of pepsin in SGF was pre-
pared and added to the mixture at a volume of 0.2 mL (12 kU). 
Pepsin activity in the digestion mixture was 2 kU/mL. Gastric 
digestion was carried out in a water bath with shaking for 
2 h (37°C). Of the 16 replicates intended for gastric digestion, 
4 were assigned for the future characterisation of gastric emul-
sion and 12 for the subsequent digestion step. 

The pepsin-catalysed reaction was stopped by adding 
5.2 mL of simulated intestinal fluid (SIF: 7.6 mM K+; 123.4 mM Na+; 
55.5  mM Cl–; 0.8 mM H2PO4

–; 85 mM HCO3
–; 0.33 mM Mg2+; 

0.6 mM Ca2+) and 1 M NaOH to bring the pH to 7.2. Then, 0.4 mL 
of bile salts solution (60 mg/g of the model product) was added 

to the samples, and after thorough mixing, another 0.4 mL of pan-
creatin solution (4.8 mg/g of the model product) was added. 
Solutions of bile salts (30%, w/v) and pancreatin (2.4%, w/v) 
were prepared using the SIF solution. Intestinal digestion was 
conducted in a shaking water bath (150 swings/min) at 37°C for 
2 h. Of the 12 replicates intended for intestinal digestion, 4 were 
used for duodenal emulsion examination, and 8 for intestinal 
absorption examination. The mixtures intended for the intestinal 
absorption examination were centrifuged (10°C, 750×g, 10 min), 
and the resulting supernatant was stored at –80°C. 

r	 Assays of emulsion characteristics
The samples after in vitro digestion under gastric and duodenal 
conditions were left for 10 min to separate the emulsified layer 
(the time was determined by the Stokes sedimentation equation) 
and measure its volume. The emulsification degree was defined as 
the percentage of the emulsified layer in the total sample volume. 

Fat droplets in the emulsion were stained with Sudan III 
and analysed by microscopy (Zeiss Axio Observer Z1 inverted mi-
croscope equipped with digital camera and Zen 2012 software, 
Carl Zeiss, Jena, Germany). Droplet size was estimated using Lucia 
measurement software (Laboratory Imagining, Prague, Czechia).

r	 Evaluation of lipid absorption and metabolism in vitro 
The design of the procedure for the in vitro evaluation of the ab-
sorption and metabolism of model high-fat products after diges-
tion, and the parameters determined at each stage are presented 
in Figure 1.

r	 Cell lines and culture 
Human colorectal adenocarcinoma ATCC HTB-37 (Caco-2) 
and hepatocellular carcinoma ATCC HB-8065 (Hep G2) cell lines 
were grown in DMEM, supplemented with 20% fetal bovine 
serum, 2% glutamine, 10 μg/mL of streptomycin, 100 U/mL 
of penicillin, and 25 μg/mL of amphotericin B at 37°C in a hu-
midified atmosphere of 5% CO2. 

r	 Cytotoxicity assays
Caco-2 cells at 5×104 were seeded onto 24-well plates and, after 
24 h of culture, were incubated (2 h) with the BHA, BHT and TBHQ 
(2 μg/mL). Then, cells present in the fluid and detached from 
the medium with a 0.1% EDTA solution in PBS were centrifuged 
(250×g, 5 min, 20°C) and stained with 0.4% trypan blue in 0.81% 
sodium chloride and 0.06% potassium phosphate. The stained 
cells were counted in a Bürker chamber. The percentage of dead 
cells was determined. 

r	 Intestinal absorption assays 
Caco-2 cells were grown in DMEM in inserts with a pore diameter 
of 3 μm and a growth area of 0.9 cm2 (Thermo Fisher Scientific, 
Waltham, MA, USA) at 37°C with 5% CO2 concentration. Trans-
membrane electrical resistance (TEER; EVOM device with STX2 
electrode, WPI company, Sarasota, FL, USA) was measured every 
other day. The culture was terminated when the membrane was 
entirely covered with a monolayer of morphologically mature 
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Figure 1. Scheme of study design, in vitro digestion, intestinal absorption and liver metabolism.

At the same time, a study was conducted to determine the ef-
fect of AMPK on the secretion of chylomicrons into the the baso-
lateral fluid . To this end, 0.5 mL of the supernatant obtained after 
in vitro digestion of the model product without antioxidants was 
applied to the monolayer of Caco-2 cells. Aicar (final concentra-
tion of 500 µM) or Compound C (final concentration of 10 μM) 
was added to the supernatant. Then, 1 mL of colourless DMEM 
was placed in the basal chamber. Cells (n=8) were incubated for 
2 h. In all experiments, the basolateral fluid was collected after 
the 2-h incubation and stored at –80°C for further analysis. Cells 

cells, and the TEER reached 200–300 Ω and persisted for two 
days. Then, the growth medium was removed from the apical 
and basal compartments, and PBS was added. Cells were incu-
bated for 15 min at 37°C, after which TEER was measured. After 
the removal of PBS, 0.5 mL of the supernatant obtained after 
in vitro digestion was placed in the apical chamber. Next, 1 mL 
of colourless DMEM (1 g/L glucose, no glutamine) was placed 
in the basal chamber. The experiment duration and final mem-
brane pore size were set at 2 h and 3 µm, respectively, based on 
preliminary experiments. 
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were washed with PBS and incubated in this buffer for 15 min at 
37°C; then, TEER was measured. Subsequently, PBS was removed, 
and the cells were lysed. 

r	 Preparation of the lysates of Caco-2 cells and Hep G2 cells
Lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaF, 2 mM EDTA, 
10  mM β-mercaptoethanol, 10% glycerol, 5 µg/mL protease 
inhibitor mixture) was added to the cells in the culture dishes, 
which were subsequently incubated for 5 min at 4°C. The cells 
were then transferred to Eppendorf tubes and centrifuged 
(3,500×g, 5 min, 4°C). The lysates were stored at –80°C for fur-
ther analysis. 

r	 Study of metabolism in hepatocytes – Hep G2 cell model
To this end, 3.5 U/mL lipoprotein lipase was added to 0.5 mL 
of basolateral fluid obtained after culturing Caco-2 cells and incu-
bated at 37°C for 10 min. The mixture thus obtained was admin-
istered to Hep G2 cells growing on 12-well plates with a growth 
area of 2 cm2 and incubated for 4 h at 37°C (n=4). After incuba-
tion, the fluid from wells was collected and stored at –80°C for 
further analysis. Cells were washed with PBS and then lysed 
(following the procedure described in subsection “Preparation 
of the lysates of Caco-2 cells and Hep G2 cells”). 

r	 Analytical methods
r	 Western-blot procedure
ApoB100, apoB48, tACC, pACC, apoE, apoA-I, apoA-IV, CD36, 
MTP, pAMPK, and apoC-III were determined by Western blotting 
[Mika et al., 2021]. According to the scheme shown in Figure 1, 
apoB 48 and apoA-IV were determined in the basolateral fluid; 
pAMPK, CD36 and MTP were determined in Caco-2 cell lysates; 
apoB48, apoB100, apoA-I, apoC-III and apoE were determined 
in the fluid obtained after incubation with Hep G2 cells; where-
as pAMPK, pACC, tACC and CD36 were determined in Hep 
G2 cells lysates. Briefly, the samples (50 µg of protein) were 
mixed with loading buffer (50 mM Tris-HCl, pH 6.8, 0.4% sodium 
dodecyl sulphate, 10  mM β-mercaptoethanol, 20% glycerol, 
0.02 mg/mL bromophenol blue), denatured at 95°C for 5 min 
and separated either in 6% (for apoB100, apoB48, total-ACCα 
and phospho-ACC detection), 10% (for apoE, apoA-I, apoA-IV, 
CD36, MTP and pAMPK detection) or 15% (for apoC-III detection) 
polyacrylamide gels. , Grb-2 and β-actin were used as reference 
proteins. After electrophoresis and electroblotting, the nitrocel-
lulose membranes were blocked by incubation in a TBS-Tween 
buffer (10  mM Tris-HCl, pH 7.6, 0.5  M NaCl, 0.5% Tween 20) 
with 5% non-fat milk for 1 h at room temperature. The primary 
antibodies (anti-apoE, anti-apoA-I, anti-apoA-IV, anti-apoB100, 
anti-apoB48, anti-CD36, anti-MTP, anti-tACCα, anti-pACC, 
anti-apoC-III, anti-pAMPK, anti-Grb-2, and anti-β-actin) were 
diluted in the same buffer and the blot was incubated for 12 h 
at 4°C. The dilution of primary antibodies was 1:1,000 and that 
of secondary antibodies was 1:4,000. After extensive washing 
in a TBS-Tween buffer, the membranes were incubated with 
goat anti-rabbit horseradish peroxidase conjugated antibodies 
for 1 h at room temperature, washed again, and subjected to 

chemiluminescent signal detection. The protein band intensi-
ties were quantified using Freeware image analysis software 
(ImageJ; https://imagej.nih.gov/ij).

r	 The enzyme-linked immunosorbent assay (ELISA)
The concentration of apoB48 in the basolateral fluid ob-
tained after incubation with Caco-2 cells was also deter-
mined by an immunoenzymatic method using an ELISA kit 
from BioSciences (Allentown, PA, USA). An apoB48 solution 
(0–188 nM) was used as a standard. The coefficient of variation 
of the ELISA was <10% (intra-assay) and <12% (inter-assay). 
ELISA was performed using a microplate reader Model 680 
from BioRad (Hercules, CA, USA).

r	 Acylglycerol (AC) assays
The sum of mono-, di- and triacylglycerols was determined us-
ing BioSystems lipoprotein lipase/glycerophosphate oxidase/
peroxidase enzymatic assay (Sriperumbudur, Tamil Nadu, India). 
AC was determined in the supernatant obtained after in vitro 
digestion, in the basolateral fluid obtained after incubation with 
Caco-2 cells and in the fluid obtained after incubation with Hep 
G2. To this end, 10 μL of the test sample was added to 1 mL 
of the reagent, and the mixture was incubated for 15 min at room 
temperature. Absorbance was measured at 500 nm wavelength 
using a flow single beam spectrophotometer Specord 40 (Ana-
lytikJena, Jena, Germany). The TG solution with a concentration 
of 0–18 μM was used to plot the standard curve. 

r	 Cholesterol (Chol) assays
Free and esterified cholesterol content was determined us-
ing a cholesterol esterase/cholesterol oxidase/peroxidase en-
zymatic assay kit from BioSysteme. Cholesterol fractions were 
determined in: the supernatant obtained after in vitro digestion, 
the basolateral fluid obtained after incubation with Caco-2 cells, 
and the fluid obtained after incubation with Hep G2. To this 
end, 10 μL of the test sample was added to 1 mL of the reagent, 
and the mixture was incubated for 10 min at room tempera-
ture. Absorbance was measured at 500 nm wavelength using 
a Specord 40 spectrophotometer (AnalytikJena). A Chol solution 
with a concentration of 0–0.8 μM was used to plot the standard 
curve. 

r	 Free fatty acids (FFA) assays
The concentration of free fatty acids was determined using 
the enzymatic assay NEFA-HR acyl-CoA synthase/acyl-CoA oxi-
dase/peroxidase kit from Wako Chemicals GmbH (Neuss, Ger-
many). FFA were determined in: the supernatant obtained after 
in vitro digestion, the basolateral fluid obtained after incubation 
with Caco-2 cells, the basolateral fluid after incubation with LPL, 
and the fluid obtained after incubation with Hep G2. To this end, 
10 μL of the test sample was added to 0.5 mL of the reagent, 
and the mixture was incubated for 7 min at 37°C. Absorbance 
was measured at 546 nm wavelength using Specord 40 spectro-
photometer (AnalytikJena). A Wako calibrator (FFA concentration 
up to 4 mM) was used as a standard. 

https://imagej.nih.gov/ij
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r	 Thiobarbituric acid reactive substances (TBARS) assays
The supernatant (0.5 mL) obtained after in vitro digestion 
of the model product was mixed with 0.5 mL of 0.01% (w/v) 
ethanolic BHT solution (to protect against the formation of per-
oxidation products during analysis). Next, 0.5 mL of a 10% (w/v) 
solution of trichloroacetic acid (TCA) in 0.25 M HCl and 0.5 mL 
of a 0.67% (w/v) solution of thiobarbituric acid (TBA) in 0.25 M HCl 
were added and the mixture was incubated at 100°C for 20 min. 
After cooling, the sample was centrifuged (850×g, 15 min, 4°C), 
and absorbance was measured at 535 nm wavelength (spec-
trophotometer Specord 40, AnalytikJena). An aqueous solution 
of TEP with a concentration up to 2 μM malondialdehyde (MDA) 
was used to prepare a standard curve. 

r	 Statistical analysis 
Data were expressed as means values ± standard deviation 
(n=4). Statistical analysis was performed using Statistica 13.3 
(StatSoft Polska, Cracow, Poland). One-way ANOVA with post hoc 

Bonferroni’s test was used to compare groups. Whereas, in order 
to examine the relationship between the variables, the Pearson 
correlation coefficient (r) was calculated. In statistical analyses, 
a level of significance of <5% was considered significant.

RESULTS AND DISCUSSION
r	 Effects of BHT, BHA and TBHQ on in vitro fat digestion
Fat digestion in the human gastrointestinal tract is a process in-
volving emulsification and hydrolysis catalysed by salivary, gas-
tric, and pancreatic lipases. These enzymes work at the interface; 
hence, lipolysis effectiveness depends, among other things, on 
the degree of fat emulsification. The effect of synthetic antioxidants 
on fat emulsification after digestion of a model product under gas-
tric and under duodenal conditions was determined by evaluating 
the emulsification degree and fat droplet size in the emulsified 
layer at both stages (Table 1). Some representative images of fat 
droplets in the emulsion stained with Sudan III are shown in Fig-
ure 2. Emulsification degree after gastric digestion ranged from 

Figure 2. Fat droplets stained with Sudan III in the emulsion after in vitro digestion of a model product without (control) and with antioxidants in the stomach (A) 
and in the duodenum (B). Scale bars were placed on each image. BHT, butylated hydroxytoluene; BHA, butylated hydroxyanisole; TBHQ, tert-butylhydroquinone.

Duodenum

Stomach

Control BHT BHA TBHQ

Table 1. Emulsification degree and diameter of fat droplets of model products with antioxidants and without antioxidants (control) after their in vitro digestion under 
stomach and duodenal conditions, and concentrations of thiobarbituric acid reactive substances (TBARS), free fatty acids (FFA), acylglycerols (AG) and cholesterol 
(Chol) after digestion under duodenal conditions.

Parameter Digestion stage Control BHT BHA TBHQ

Emulsification degree (%)
Stomach 	 54.0±3.8b 	 54.3±5.9b 	 68.8±4.2a 	 61.2±5.9ab

Duodenum 100a 100a 100a 100a

Diameter of fat droplets (μm)
Stomach 	 13.0±2.7a 	 10.4±2.5a 	 10.6±1.3a 	 11.8±1.8a

Duodenum 	 2.41±0.93b 	 4.22±2.38a 	 2.08±1.29b 	 2.46±0.83b

TBARS concentration 
(µmol/L)

Duodenum 	 0.24±0.13a 	 0.22±0.12a 	 0.22±0.13a 	 0.23±0.11a

FFA concentration (mmol/L) Duodenum 	 2.05±0.32a 	 2.31±0.46a 	 2.34±0.23a 	 2.56±0.23a

AG (TG+DG+MG) 
concentration (mmol/L)

Duodenum 	 3.34±0.76a 	 3.63±1.43a 	 4.02±0.43a 	 3.76±0.41a

Chol concentration (mmol/L) Duodenum 	 0.47±0.02a 	 0.45±0.03a 	 0.44±0.04a 	 0.41±0.06a

BHT, butylated hydroxytoluene; BHA, butylated hydroxyanisole; TBHQ, tert-butylhydroquinone; TG, triacylglycerols; DG, diacylglycerols; MG, monoacylglycerols; Data are mean ± standard 
deviation (n=4). Values with different letters within a row differ significantly (post hoc Bonferroni’s test, p<0.05).

A

B 
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54.0% to 68.8% and differed significantly (p<0.05) from the control 
only for BHT (14.7% higher). No significant differences (p≥0.05) 
were observed in the mean size of droplets forming emulsions 
(Table 1, Figure 2). However, the leading site of lipid digestion 
is the duodenum; thus, changes in emulsion characteristics at 
this stage have the key effect on its hydrolysis. After intestinal 
digestion, the emulsified layer was already 100% in all samples, 
including the control, although in the case of BHT, the droplets 
forming the emulsion had significantly larger diameters compared 
to the other samples (Table 1, Figure 2). At this stage of in vitro 
digestion, the favourable changes in emulsion characteristics 
after gastric digestion observed for BHA were not maintained. 
The emulsification progress observed between the stomach 
and duodenum was due to the action of bile salts and advanced 
TG hydrolysis, and the measured fat droplet diameters were con-
sistent with the values noted in the human gastrointestinal tract 
[Armand et al., 1999]. 

Further analyses showed that the synthetic antioxidants did 
not affect fat digestibility. Indeed, the contents of FFA and AG 
in the supernatants obtained after in vitro digestion of the model 
product with or without BHT, BHA and TBHQ did not differ signifi-
cantly (p≥0.05), (Table 1). Even the addition of BHT did not inhibit 
fat hydrolysis, although the emulsion formed in its presence had 
significantly larger droplets. Hence, it can be concluded that 
pancreatic lipase activity was only to some extent dependent on 
the degree of substrate emulsification, with fat droplets from 2.1 
to 4.2 µm in diameter being hydrolysed with the same strength. 

Furthermore, at this stage, the progression of FA peroxida-
tion in the control sample was excluded. No differences were 
noted in the TBARS content between samples with and without 
the antioxidants (Table 1). Lipid peroxidation could significantly 
modify the intestinal absorption of FFA [Courtois et al., 2002].

r	 Effects of synthetic phenolic antioxidants on intestinal 
absorption

The effect of synthetic phenolic antioxidants on the bioavail-
ability of lipids from an in vitro digested model product stabilised 
with these antioxidants was examined using the Caco-2 cell line. 
The selection of Caco-2 cells as the best model for the study 
of bioavailability was determined by their ability to differentiate 
into cells morphologically and physiologically similar to normal 

intestinal cells, i.e. the production of tight connections between 
each other and the formation of a brush border, the ability to 
produce enzymes (e.g., alkaline phosphatase, sucrase and amin-
opeptidase) and systems that transport substances from the lu-
men of the digestive tract to the bloodstream. The antioxidants 
were found to be non-toxic to Caco-2 cells under the conditions 
used; the visibility of the cells was 95.8–97.9% and was not 
significantly different (p≥0.05) from that of the control (Table 2).

In the intestinal absorption model, Caco-2 cells take FFA 
and monoacylglycerols (MG) from the mixture placed in the apical 
chamber and use them to synthesise TGs that are part of the CMs 
secreted into the basolateral fluid. In our study, apoB48, apoA-IV, 
TG, and Chol levels were assayed in the basolateral fluid after 
incubation of Caco-2 cells with supernatants obtained after 
in vitro digestion of model hight-fat products. The results are 
shown in Table 2 and Figure 3A. The addition of antioxidants 
increased the absorption rate of TG and decreased the absorp-
tion rate of Chol. The absorption rates of TG and Chol in the con-
trol were 7.0% and 13.8%, respectively, and in the presence 
of synthetic phenolic antioxidants ranged from 7.8% to 8.5% 
for TG and from 8.6% to 13.1% for Chol. The antioxidants caused 
a 22–38% increase in TG secretion by Caco-2 cells compared 
to the control. BHA also caused a significant (p<0.05) altera-
tion in Chol absorption, reducing its uptake by about 40%. All 
of the antioxidants also significantly regulated the ability of Caco-
2 cells to release apoB48 and thus affected the amount of CMs 
formed. Most of the apoB48 was released by cells incubated 
with BHT and TBHQ, 2.1 and 2.6 times more than the cells with 
the control sample, respectively. These values were also compa-
rable to or greater than those observed when AMPK inhibitor 
was used. Furthermore, the presence of synthetic antioxidants 
significantly (p<0.05) affected the amount of apoA-IV released 
by Caco-2 cells (Figure 3A). In extreme cases, i.e., when incu-
bated with the antioxidants BHT and TBHQ, the concentration 
in the basolateral fluid was about 90% lower than for the control. 
Such a significant postprandial decrease in apoA-IV may translate 
into a lack of satiety after consuming high-fat foods stabilised 
with these antioxidants. There was a very strong inverse cor-
relation (r=–0.94) between the amount of apoB48 and apoA-IV 
released by Caco-2 cells. To sum up, the presence of antioxi-
dants significantly modified the structure of CMs secreted by 

Table 2. Viability of Caco-2 cells, intestinal absorption rate of triacylglycerols (TG) and cholesterol (Chol) of in vitro digested products without (control) and with 
antioxidants, and the concentration of TG, Chol and apoB48 secreted by Caco-2 cells into basolateral fluid after their treatment with digested model products.

Parameter Control
Antioxidant Regulator of AMPK activity

BHT BHA TBHQ Aicar Compound C

Cell viability (%) 	 97.4±2.6a 	 96.3±2.9a 	 97.9±2.1a 	 95.8±3.1a - -

TG concentration (mmol/L) 	 0.232±0.031c 	 0.283±0.012b 	 0.314±0.021ab 	 0.321±0.022ab 	 0.152±0.031d 	 0.342±0.032a

Chol concentration (mmol/L) 	 0.065±0.010a 	 0.059±0.015a 	 0.038±0.008b 	 0.046±0.009ab 	 0.069±0.013a 	 0.071±0.016a

apoB48 concentration (nmol/L) 	 1.62±0.65c 	 3.43±0.44ab 	 0.54±0.26d 	 4.28±0.51a 	 0.84±0.43cd 	 2.98±0.69bc

TG absorption rate (%) 	 7.0 	 7.8 	 7.8 	 8.5 - -

Chol absorption rate (%) 	 13.8 	 13.1 	 8.6 	 11.2 - -

BHT, butylated hydroxytoluene; BHA, butylated hydroxyanisole; TBHQ, tert-butylhydroquinone; AMPK, AMP dependent kinase; Aicar, AMPK activator; Compound C, AMPK inhibitor. Data 
are mean ± standard deviation (n=4). Values with different letters within a row differ significantly (post hoc Bonferroni’s test, p<0.05).
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Caco-2 cells. In the case of BHA, the increase in the amount 
of secreted TGs uncorrelated with the increase in the amount 
of apoB48 resulted in the formation of less numerous but large 
CMs additionally stabilised by apoA-IV. In contrast, in the pres-
ence of BHT and TBHQ, the CMs formed were more numerous 
but smaller than in the control sample. This observation, with 
all proportions maintained, is shown in Figure 4. The scheme 
shows that for every very large CM released by Caco-2 cells 
in the presence of BHA, there are as many as 7 and 8 small CMs 
released in the presence of BHT and TBHQ, respectively, and only 
3 intermediate-sized CMs released in the control sample. The im-
portance of apoA-IV in the transport of higher amounts of TG 
through CM was previously demonstrated in studies performed 
on porcine intestinal epithelial cells [Lu et al., 2006]. 

Factors that may contribute to the changes in the composi-
tion of secreted CMs are the CD36 transporter located, among 
others, in the intestinal brush-border membrane and involved 
in CM formation. Mice with deletion of the CD36 gene secrete 
less apoB48 [Nassir et  al., 2007; Tran et  al., 2011]. Another im-
portant factor regulating CM synthesis may be the MTP. This 
protein is located in the endoplasmic reticulum of cells and is 
primarily responsible for transporting and attaching lipids to 
apoB48. The absence of MTP occurs in abetalipoproteinemia 
patients in whom hepatocytes and enterocytes are unable to 
synthesise lipoprotein B [Burnett et al., 2022]. AMPK, whose met-
formin-mediated activation has been linked to the inhibition 
of intestinal absorption of FFA, may also play an essential role 
in CM synthesis and secretion [Harmel et al., 2014]. The effects 
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Figure 3. The amount of apoB48 and apoA-IV secreted by Caco-2 cells (A) and levels of microsomal triglyceride transfer protein, MTP (B), phospho-AMP dependent 
kinase, pAMPK (C) and fatty acid translocase, CD36 (D) in Caco-2 cells after their treatment with digested model products without antioxidants (control) and with 
butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA) and tert-butylhydroquinone (TBHQ). Aicar, AMPK activator; Compound C, AMPK inhibitor. Data 
are mean ± standard deviation (n=4). Significant differences among gropus were marked with different letters (post hoc Bonferroni’s test, p<0.05).

Figure 4. Scheme of the number and size of chylomicrons (CMs) secreted by Caco-2 cells treated with the digested model product without antioxidants 
(control) and with butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA) and tert-butylhydroquinone (TBHQ) at 100 mg/kg fat. The amount of CMs 
was estimated from the amount of apoB48, and their size from the amount of triacylglycerols (grey) and cholesterol (black) per apoB48 molecule. 
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of BHT, BHA, and TBHQ on the levels of these proteins in Caco-2 
cells are shown in Figure 3 B–D. Similar to Compound C, BHT 
significantly decreased the amount of pAMPK in Caco-2 cells 
and simultaneously increased the expression of CD36 and MTP 
approximately threefold. The ability of Caco-2 cells to synthesise 
these proteins also increased in the presence of TBHQ, although 
this antioxidant did not affect the AMPK activity. The BHA worked 
differently, which decreased the level of pAMPK but did not 
affect the intensity of CD36 and MTP synthesis by Caco-2 cells. 

The juxtaposition of these results with the previously de-
scribed effects of BHT, BHA, and TBHQ on the ability of Caco-2 
cells to release TG and apoB48 (Table 2) showed significant rela-
tionships. An inverse correlation (r=–0.72) was observed between 
the amount of TG secreted by cells and the degree of AMPK 
phosphorylation. Similar relationships were previously shown 
for metformin, which enhanced AMPK activity and suppressed 
intestinal absorption of FFA [Harmel et al., 2014].

A very strong correlation was also found between the amount 
of apoB48 secreted by Caco-2 cells and the amount of CD36 
(r=0.91) and MTP (r=0.99) in cells. The relationship between 
the amount of CD36 transporter and the amount of CM secreted 
by enterocytes was observed by Nassir et al. [2007]. However, 
in their study, decreased amounts of apoB48 were also accom-
panied by reduced amounts of secreted TG and apoA-IV. In 
contrast, in our study, BHA caused an increase in the TG uptake 
and a decrease in the level of CMs, necessitating an increase 
in apoA-IV synthesis to allow the transport of increased lipids 
by fewer CMs. 

r	 Effects of BHT, BHA and TBHQ on chylomicron 
catabolism: The Hep G2 cell model

CM catabolism begins with TG hydrolysis catalysed by lipopro-
tein lipase (LPL) bound to the luminal surface of endothelial 
cells in capillaries. The FFA released by its action are used by fat 
tissue and muscles, among others. Effective hydrolysis of TGs 
transported by CMs depends on the concentration of apoC-III. 
Due to the presence of hydrophobic residues, this apoprotein 

exhibits the ability to bind on the surface of lipoproteins and thus 
restrict LPL access to the substrate [Larsson et al., 2013]. Con-
sequently, the removal of TG-rich CMs from the bloodstream 
is impaired, and the time of postprandial hypertriglyceridemia 
is prolonged. In our study, all antioxidants induced enhanced 
apoC-III secretion by Hep G2 cells (Figure 5A). The greatest 
increase in the amount of apoC-III (of approximately 70%) was 
determined for the samples with BHT. For the other antioxidants, 
the increase in the amount of proteins was about 40%. Due to 
the study design, the involvement of apoC-III in lipoprotein 
lipase inhibition was observed. However, in feeding studies, 
a significant increase in TG concentration (2.5-fold) was ob-
served in the blood of rabbits fed a high-cholesterol diet with 
1% BHT [Björkhem et al., 1991]. The authors could not explain 
the mechanism of the observed changes but suggested that 
they were related to the inhibition of lipoprotein lipase activity. 
The involvement of apoC-III in disorders of lipid metabolism has 
been the subject of many studies. A comparison of apoC-III levels 
in obese and normal-weight subjects showed that increased 
body weight is associated with elevated levels of this protein 
[Talayero et  al., 2014]. In addition, high plasma apoC-III levels 
correlate with the occurrence of coronary artery disease [Onat 
et al., 2003]. 

After TG hydrolysis of CMs, CMRs are formed containing 
mainly CE and apoB48 (apoA-IV is an exchangeable protein 
and is transferred to HDL). Since there is only one apoB48 
molecule per CMR molecule, their size is determined primar-
ily by the amount of cholesterol transported. Caco-2 cells un-
der the influence of BHA secreted the largest CMs containing 
the highest amount of both TG and CE (Figure 4). Consequently, 
the resulting CMRs had the largest diameters. In contrast, CMRs 
in TBHQ and BHT samples were significantly smaller. The effi-
ciency of uptake of the remnants by Hep G2 cells in the control 
sample was about 63% (Table 3). The smaller CMRs formed 
in the BHT- and TBHQ-supplemented samples were more ef-
ficiently taken up by the cells, and after 4 h of incubation, their 
absorption rates were 85.0% and 99.5%, respectively. In contrast, 

Table 3. Absorption rate of chylomicron remnants (CMR) and cholesterol (Chol) by Hep G2 cells and concentration of triacylglycerols (TG), free fatty acids (FFA), 
Chol, endogenous fatty acids (EFA) and endogenous cholesterol (EChol) in the fluid obtained after incubation of Hep G2 cells with digested and treated with Caco-2 
cell model products.

Parameter Control BHT BHA TBHQ

CMR concentration (nmol/L) 	 0.603±0.051a 	 0.514±0.032b 	 0.512±0.043b 	 0.021±0.011c

TG concentration (mmol/L) 	 0.761±0.083b 	 1.022±0.075a 	 0.781±0.049b 	 1.010±0.052a

Chol concentration (mmol/L) 	 0.081±0.008a 	 0.061±0.005b 	 0.092±0.009a 	 0.056±0.006b

FFA concentration (mmol/L) 	 0.298±0.011a 	 0.281±0.012ab 	 0.266±0.014b 	 0.239±0.015c

CMR absorption rate (%) 	 62.8 	 85.0 	 4.4 	 99.5

FFA absorption rate (%) 	 57.3 	 66.9 	 71.7 	 75.2

EFA concentration (mmol/L) 	 1.59±0.119b 	 2.22±0.222a 	 1.40±0.128b 	 2.07±0.156a

EChol concentration (mmol/L) 	 0.018±0.009b 	 0.002±0.003c 	 0.053±0.011a 	 0.009±0.008bc

BHT, butylated hydroxytoluene; BHA, butylated hydroxyanisole; TBHQ, tert-butylhydroquinone. Data are mean ± standard deviation (n=4). Values with different letters within a row differ 
significantly (post hoc Bonferroni’s test, p<0.05). 
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Figure 5. The amount of apoC-III (A), apoE (B), apoA-I (C) and apoB100 (D) secreted by Hep G2 cells and levels of CD36 (E), pAMPK (F) and ACC (G) in Hep 
G2 cells after their treatment with basolateral fluid obtained after incubation of Caco-2 cells with the supernatant received after in vitro digestion of a model 
product without (control) and with antioxidants. BHT, butylated hydroxytoluene; BHA, butylated hydroxyanisole; TBHQ, tert-butylhydroquinone; CD36, fatty acid 
translocase; pAMPK, phospho-AMP dependent kinase; ACC, acetyl-CoA carboxylase. Data are mean ± standard deviation (n=4). Significant differences among 
gropus were marked with different letters (post hoc Bonferroni’s test, p<0.05).
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the uptake of large CMRs formed in the BHA-containing sample 
was strongly inhibited, and the amount of particles taken up 
by the cells reached only 4.4% at the end of incubation. A very 
strong correlation was found between CMR size and absorption 
rate (r=0.995). 

CMRs are taken up from the bloodstream by liver cells mainly 
via membrane-bound LDL receptors [Martins et al., 2000]. It is 
known that this process requires the presence of apoE, as CMRs 
cannot bind to LDL receptors via apoB48 because this protein 
lacks the β2 domain responsible for this process [Hinsdale et al., 
2002]. In our study, cells secreted 25% less apoE in the BHT- 
-supplemented sample, but this did not affect the efficiency 
of CMR removal (Figure 5B).

Efficient CMR uptake by hepatocytes allows cholesterol-rich 
particles to be removed from the bloodstream. The disruption 
of this mechanism observed in the samples with BHA may result 
in the uptake of remnants by macrophages and lead to athero-
sclerosis [Bentley et al., 2011]. CMRs lack TG, which makes their 
diameter small enough to get inside macrophages [Proctor & 
Mamo, 2003]. This can lead to the formation of foam cells that 
contribute to the development of atherosclerosis [Yu & Mamo, 
2000]. 

In the samples with the addition of the tested antioxidants, 
Hep G2 cells took up FFA formed after hydrolysis of TGs present 
in CM more efficiently (Table 3). To identify the mechanism by 
which synthetic phenolic antioxidants modify the FFA uptake, 
CD36 receptor and pAMPK levels were examined. Each of the an-
tioxidants tested caused a decrease in CD36 protein content 
(Figure 5E), as well as in the amount of the active form of AMPK 
(Figure 5F) in Hep G2 cells. A strong correlation (r=0.833) was 
found between AMP-dependent kinase activity and the amount 
of CD36 transporter. Furthermore, strong inverse correlations 
were determined between FFA uptake and the amount of both 
pAMPK (r=–0.983) and CD36 transporter (r=–0.919).

r	 Effects of BHT, BHA and TBHQ on lipid metabolism 
in Hep G2 cells 

FFA, derived from dietary lipids, can be used as an energy source 
(β-oxidation process) or for TG synthesis. TGs and CEs formed 
in the liver enter into the VLDL or HDL. The marker apoprotein 
of VLDL is apoB100. For every molecule of VLDL, there is one mol-
ecule of apoB100. The primary function of VLDL is to distribute 
lipids and cholesterol (LDL formed from VLDL after hydrolysis 
of the TG portion by LPL) into the body’s cells. ApoB100 is a large 
protein with a molecular weight of 550 kDa [Hegele, 2009]. 
Within this protein, there is a hydrophobic region that allows 
the binding of TG and a hydrophilic region that shows an affin-
ity for the aqueous environment of blood. In addition, apoB100 
has a binding domain for LDL receptors. This allows the uptake 
of LDL particles by peripheral tissue cells [Gruffat et al., 1996]. 

The effect of BHT, BHA and TBHQ on hepatic lipid me-
tabolism was studied using the Hep G2 cell line, which is cur-
rently the most frequently used model of human hepatocytes, 
distinguished from others by its phenotype most similar to 
the hepatic, e.g., the synthesis of albumin and other proteins, 

including coagulation factors [Coward et al., 2009]. In the pres-
ence of TBHQ, Hep G2 cells secreted significantly more VLDL 
(apoB100) than the cells of the control sample, whereas BHA 
contributed to their suppressed secretion (Figure 5D). VLDL-
transported CEs are formed from Chol produced in the liver 
or taken up by hepatocytes as CMR. In our study, a very strong 
inverse correlation was determined between Chol synthesis 
in Hep G2 cells and the efficiency of CMR uptake by these cells 
(r=–0.945). In addition, hepatocytes of the BHA-supplemented 
sample synthesised almost three times more Chol than the cells 
of the control samples and nearly 26 times more than the BHT- or 
TBHQ-supplemented samples (Table 3). Although Caco-2 cells 
absorbed the least cholesterol in the presence of BHA, the fact 
that CMR uptake by hepatocytes was completely inhibited re-
sulted in such an intense biosynthesis of Chol that we ultimately 
determined the highest cholesterol concentration in the culture 
fluid of Hep G2 cells in these samples. Also, FA synthesis was 
strongly correlated (r=0.874) with the efficiency of CMR uptake 
by hepatocytes. Cells in which the CMR uptake was inhibited 
synthesised less FA (Table 3). Thus, CMR uptake efficiency cor-
related strongly with the amount of VLDL lipoprotein secreted 
(r=0.887). Cells that removed most of the CMR under TBHQ 
treatment secreted the most VLDL.

Of the antioxidants tested, only BHA did not increase TG 
synthesis in hepatocytes (Table 3). To synthesise TG, hepatocytes 
use FFA derived from ingested fat and fatty acids produced from 
non-lipid components. The decrease in hepatic AMPK activation 
is responsible for inhibiting FA β-oxidation and activating FA 
and TG biosynthesis [Ford et al., 2015]. Silencing the expression 
of the gene encoding AMPK in the liver results in increased 
lipogenesis and increased plasma TG levels [Andreelli et  al., 
2006]. AMP-dependent kinase controls lipogenesis primarily by 
altering the degree of phosphorylation of ACC, a key enzyme 
of the FA biosynthesis pathway. In the case of ACC, the active 
form of the enzyme is unphosphorylated. All antioxidants tested 
decreased the amount of the active form of AMPK (Figure 5F) 
and increased the amount of the active form of ACC (Figure 5G). 
A strong correlation was determined between ACC activity 
and the intensity of FA biosynthesis in hepatocytes (r=0.711).

The antioxidants tested also affected the amount of apoA-I syn-
thesised by Hep G2 cells (Figure 5C). ApoA-I is the major structural 
and functional protein of HDL particles. It accounts for up to 60% 
of all proteins that make up this lipoprotein and plays a vital role 
in a process called reverse cholesterol transport. The presence 
of ApoA-I enables the transfer of cholesterol and phospholipids 
from cells to HDL particles. This protein attaches to the ATP-A1-
binding cassette transporter (ABCA1) located on the cell surface 
and regulates the function of lecithin-cholesterol acetyltrans-
ferase (LCAT), which catalyses cholesterol esterification [Asztalos 
& Schaefer, 2003]. Reverse cholesterol transport is particularly 
important in removing excess cholesterol from macrophages 
and transporting it to the liver. The level of this protein in the fluid 
after the culture of Hep G2 cells allowed us to evaluate the po-
tential effect of the tested compounds on the production of HDL 
particles by hepatocytes. TBHQ and BHA significantly (p<0.05) 
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modified the secretion of apoA-I (Figure 5C). For the TBHQ-sup-
plemented sample, higher amounts of apoA-I were determined 
than in the control sample, whereas for the BHA-supplemented 
sample, a decrease in the level of this protein was found. In con-
trast, BHT had no significant (p≥0.05) effect on apoA-I content 
in Hep G2 cell culture fluid. Therefore, it can be concluded that 
the use of TBHQ as a food additive can increase HDL fraction 
cholesterol levels, reducing the risk of atherosclerosis. However, 
the composition of the apoproteins that make up the HDL fraction 
plays an essential role in the efficient transport of cholesterol to 
the liver. Lipoproteins with apoC-III bound on the surface perform 
less efficiently [Luo et al., 2017]. In human studies, it has been 
observed that the plasma of patients diagnosed with coronary 
artery disease has a high content of apoC-III-rich HDL particles 
[Luo et al., 2017; Riwanto et al., 2013; Xiong et al., 2015]. In our 
study, synthetic phenolic antioxidants contributed to increased 
apoC-III secretion (Figure 5A). Hence, stimulating hepatocytes to 
produce higher apoC-III may result in higher HDL levels that do 
not protect against atherosclerosis. 

CONCLUSIONS 
Synthetic phenolic antioxidants (BHT, BHA, or TBHQ) used 
in the food industry significantly modify the bioavailability 
and metabolism of lipids. In vitro studies have shown that these 
antioxidants used at a dose of 100 mg/kg of fat do not affect 
the digestibility of fat, but induce an increase in the intestinal 
absorption of TG and modify CM structure. The addition of BHT 
and TBHQ inhibited apoA-IV synthesis. At the same time, smaller 
chylomicrons were secreted, but their amount was greater than 
in the sample without antioxidants. In contrast, BHA activated 
apoA-IV synthesis, resulting in the formation of fewer but very 
large CMs. The observed significant decrease in apoA-IV secre-
tion in the BHT- and TBHQ-supplemented samples may result 
in a lack of satiety after consumption of high-fat foods stabi-
lised with these antioxidants. Also of concern is the increased 
secretion of apoC-III by hepatocytes observed in the presence 
of the antioxidants tested, especially with the addition of BHT. 
Indeed, an increase in LPL inhibitory apoprotein may lead to 
hyperlipidemia associated with increased CM catabolism time. 
The efficiency of hepatocyte uptake of CMRs resulting from ca-
tabolism was inversely correlated with their size. The small CMRs 
formed in the samples with BHT and TBHQ were almost entirely 
taken up, while the uptake of large CMRs present in the samples 
with BHA by Hep G2 cells was minimal. The prolongation of CMR 
catabolism time with BHA can lead to hyperlipidemia, the conse-
quences of which include atherosclerosis. Furthermore, the inhibi-
tion of CMR uptake in the presence of BHA resulted in a substantial 
enhancement of cholesterol biosynthesis in hepatocytes. The re-
sults of our in vitro study shed new light on synthetic phenolic 
antioxidants used in food technology in the possible generation 
of obesity and atherosclerosis. However, at this stage of research, 
it is impossible to clearly separate antioxidants that promote 
the development of these diseases from those, which do not do 
that. To this end, further studies on macrophage cell lines must 
be carried out to verify CMR uptake, and in vivo studies should 

be conducted on a properly selected animal model to assess 
the impact of apoA-IV on the feeling of satiety and food intake.
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