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KEYWORDS Abstract The mango fruit is of great economic value worldwide and of great nutritional impor-
Mangifera indica; tance. Its functional effects are due to numerous important nutrients and bioactive compounds.
Phytochemicals; In this review, the benefits of mango fruit (pulp, peel, and seed) for human nutrition and health
Bioactive compounds; are detailed. The first part of the review presents the nutrient and phytochemical content of the
Carotenoids; mango fruit, and the second part addresses its health effects. The very diverse phytochemical com-
Phenolic compounds; ponents in mango fruit can be classified into several groups including macronutrients such as car-
Bioavailability bohydrates (sugars, pectin, and cellulose), proteins, lipids (Q-3 and Q-6 fatty acids); micronutrients

such as vitamins A and C, minerals, pigments (chlorophylls, carotenoids, and anthocyanins,
depending on the cultivar), phenolic compounds (phenolic acids and flavonoids), and volatile com-
pounds. The beneficial effects of mango fruit and its components have been studied on different
non-communicable diseases such as obesity, type 2 diabetes mellitus, hypertension, and cancer. A
great diversity of research approaches have been used to study mango fruit health benefits, and
those can be grouped into three main categories: a) those that present the associations or direct
effects of the edible portion of the fruit on health through observational epidemiological studies
and clinical trials; b) in vivo and in vitro experimental approaches that address either the physiolog-
ical effects or mechanisms of several kinds of extracts or purified components of mango fruit (pulp,
peel and seed), and c) preclinical and clinical studies that explore the possible pharmacological uses
of mango fruit. Current scientific understanding of mango health benefits suggest that consumption
of mango fruit and its byproducts containing bioactive components can be useful as part of a
healthy diet in order to reduce the incidence of health problems.
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access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mango (Mangifera indica L.) is one of the most important
fruits worldwide due to its nutritional value and content of
diverse phytochemicals, with diverse functions (Brecht and
Yahia, 2009; Gupta et al., 2022; Yahia, 2011). Bioactive com-
pounds in mango fruit confer beneficial properties for human
health, although their content is variable due to genotypic vari-
ation, climatic conditions, preharvest and postharvest treat-
ments (Matheyambath et al., 2016; Yahia, 2011).

Mango is a climacteric fruit, capable of developing charac-
teristic ripening-associated changes such as color, aroma, and
taste, before or after harvest (Brecht & Yahia, 2009). Several
postharvest handling processes affect mango fruit composition
including transport, storage, and processing. In addition,
mango fruit are subject to several physiological and patholog-
ical disorders that can alter their composition and quality.
Chilling injury (CI), a disruption in cell wall membrane struc-
ture and functions, changes the flow of cellular fluids in and
out of the cell, producing leakage of phytochemicals and disor-
ders such as brown discoloration of the fruit skin, pitting and
breakdown of pulp, lenticel spotting, irregular ripening, out-
flow of electrolytes, and softening of the tissues (Brecht &
Yahia, 2009). It is important to understand the effects of these
contributing factors on the variability in mango phytochemical
composition because of the potential effects that those may
have on the potential nutritional and health benefits of mango.

Some of the main bioactive compounds identified in mango
fruit include phenolic acids (coumaric acid, ferulic acid and
hydroxybenzoic acid), polyphenols (quercetin, mangiferin, cat-
echins, tannins, kaempferol, anthocyanins, gallic acid, ellagic
acid), carotenoids, which are the most abundant, and the vita-
mins ascorbic acid, thiamine, riboflavin, and niacin (Burton-
Freeman et al., 2017; Wall-Medrano et al., 2015). These com-
pounds have been reported to exhibit antioxidant activity
(Zapata-Londofio et al., 2020), contribute to prevention of
cancer (Boateng et al., 2007; Corrales-Bernal et al., 2014a;
Ge et al., 2013), diabetes mellitus (DM) (Ediriweera et al.,
2017; Gondi et al., 2015; Lucas et al., 2011), and cardiovascu-
lar disease and inflammatory processes (Xu et al., 2013). These
effects have been attributed to activation by antioxidants of
signaling pathways able to regulate the expression of genes
and activate molecules leading to antioxidant, immunoregula-
tory, antiproliferative, and antidiabetic effects. However,
many of the mechanisms by which mango bioactive com-
pounds exert their effects are yet to be fully understood
(Cervantes-Paz et al., 2016b; Kaulmann and Bohn, 2014;
Lauricella et al., 2017; Xavier and Perez-Galvez, 2016; Yahia
et al., 2018a). The mechanisms of action explaining the bioac-
tivity of several compounds present in mango fruit are based
on in vitro, in vivo and clinical trials, but often at very high con-
centrations that cannot be achieved by dietary means because
these bioactive compounds are found in low levels in plant-
based diets, thus unrealistically high intake would be necessary
to achieve the levels found to be active using in vivo experi-
ments. However, an active component can be overlooked in
an extract or the interaction between several compounds that
may be necessary for a strong effect. In addition, it was often
observed that the mixture (e.g., an extract) shows a stronger
response than adding the single active components together,
reason for which the regular consumption of fruits, vegetables

and whole grains is associated with reduced risk of developing
chronic diseases in spite of the low abundance of some of their
bioactive components (Pezzuto and Vang, 2020; Yahia et al.,
2019).

Our objective in writing this review is to present an update
on the contribution of mango fruit to human health, and to
correlate it with fruit composition, as well as describing the
factors that impact fruit components and therefore their nutri-
tional and health contributions and effects.

2. Important nutrients and phytochemicals in mango fruit

Mango fruit are rich in nutrients such as carbohydrates, fatty
acids, vitamins, and minerals as well as non-nutrient com-
pounds including organic acids, dietary fiber, polyphenols, car-
otenoids, and other pigments. The energy value of mango fruit
pulp varies from 60 to 190 kcal (250 to 795 kJ) per 100 g
(Tables 1 to 5). The content of these components changes
according to the cultivar and several preharvest and posthar-
vest factors and practices (Yahia et al., 2011). In this review,
we focus on the bioactive compounds in mangoes that con-
tribute to human health.

2.1. Carbohydrates

Ripe mango fruit are rich in sugars (glucose, fructose, sucrose),
starch, pectins, cellulose and hemicellulose (Belloet al., 2007).
Ripe mango fruit pulp is about 15% soluble sugars, which con-
tribute to the sweet flavor and the structure of the fruit. Simple
sugars favor obesity and obesity-related diseases, and there-
fore, the high level intake of particular forms of mango is
not advisable in certain age groups such as children because
several studies have demonstrated the pro-obesity effects of
certain types of fruit attributed to the content of glucose and
fructose, the main precursors for inducing fatty acids by hep-
atic de novo lipogenesis, which may increase the levels of hep-
atic and circulatory triglycerides, as well as the circulating
levels of very-low- and low-density lipoproteins (LDL),
thereby resulting in increases in adipose tissue and obesity
(Samuel, 2011; Tappy and Le, 2010). These carbohydrates con-
tribute to nutrition and fruit texture, while dietary fiber has
some health benefits. Dietary fiber represents 1.6 to 2.6% of
the edible portion of Tommy Atkins, Haden, Kent and Keitt
mangoes (USDA, 2018). They have nutritional properties
based on their ability of hydration and gel formation. Partially

Table 1 Major components of mango
fruit (Mangifera indica L.) (From:

Brecht, Yahia, 2009; Tharanathan
et al., 2016; Yahia, 2011; Yahia et al.,
2006).
Parameter Content
(g/100 g DW)
Water 78-83
Ashes 0.34-0.52
Lipids 0.30-0.53
Proteins 0.36-0.40
Carbohydrates 16.20-17.18
Dietary fibers 0.85-1.06
Energy (kcal) 62.1-190
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Table 2 Mineral contents in mango
fruit (Adapted from: USDA, 2018;
Yabhia et al., 2006).

Mineral mg per 100 g
Calcium 7-16
Iron 0.09-0.41
Magnesium 8-19
Phosphorus 10-18
Potassium 120-211
sodium 0-3

Zinc 0.06-0.15
Copper 0.04-0.32
Manganese 0.03-0.12
Selenium 0-0.6

Table 3 Amino acids composition in
edible portion of mango fruit (Adapted
from USDA, 2018; Yahia et al., 2006).

Amino Acid Content
(g/100 g DW)

Essential

Histidine 0-0.019
Isoleucine 0-0.029
Leucine 0-0.050
Lysine 0-0.066
Methionine 0-0.008
Phenylalanine 0-0.027
Threonine 0-0.031
Tryptophan 0-0.013
Valine 0-0.042
Nonessential

Alanine 0-0.082
Arginine 0-0.031
Aspartic acid 0-0.068
Glutamic acid 0-0.096
Glycine 0-0.034
Proline 0-0.029
Serine 0-0.035
Tyrosine 0-0.016

soluble fibers have beneficial physiological effects on intestinal
motility, weight and volume of the bolus, and intestinal transit
time that contribute to the removal of bile acids and reduce
cholesterol level in blood; likewise, reduce the risk of cardio-
vascular diseases and disorders of the colon (Wollowski and
Pool-Zobel, 2001).

2.2. Minerals

Mango fruit provide calcium, copper, iron, magnesium, man-
ganese, phosphorus, potassium, selenium, sodium, and zinc
to the human diet (Table 2), according to the Recommended
Daily Allowance (RDA) (National Research Council (US),
1989). Mango seeds and peels also contain significant
amounts, in descending order, of calcium, potassium, magne-
sium, sodium, iron, manganese, zinc, and copper (USDA,
2018; Yahia et al., 2011).

2.3. Proteins and amino acids

Protein content of mango fruit is low, ranging between 0.5 and
5.5% depending on the cultivar and several other physiological
and cultural factors (Saleem-Dar et al., 2016; Yahia et al.,
2011). Amino acids (Table 3) content in mango fruit was
reported to vary depending on cultivars, maturity, and ripeness
stages (Hall et al., 1980; Yahia et al., 2011). Alanine, arginine,
glycine, isoleucine, leucine, and serine were the predominant
amino acids found in fully ripe mango fruit, with all other
amino acids present in only trace amounts (Tharanathan
et al., 2016).

2.4. Organic acids

The organic acids in mango fruit are primarily citrate and
malate (Matheyambath et al., 2016; Yahia et al., 2011), with
citric acid being found at levels ranging from 0.13 to 0.71%
FW, as the importnat contributor to acidity (Tharanathan
et al., 2016). These and other organic acids are also important
for fruit respiratory activity (Vallarino and Osorio, 2019).

2.5. Lipids and fatty acids

Mango fruit pulp contains very low lipid content, but the seeds
and the peels contain relatively high quantities of fatty acids
(Table 4). Fatty acids are reported to contribute 0.8 to
1.36% of the edible portion of mango fruit, and fruit ripening
favors an increase in unsaturated fatty acids (Deshpande et al.,
2016).

2.6. Pigments

Mango fruit color is a very important index of maturation,
ripeness, and quality (Brecht and Yahia, 2009; Yahia, 2011).
The fruit peel of the different mango cultivars is green before
maturation, and characterized with different colors on matura-
tion and ripening of different cultivars including green, yellow,
orange, and some cultivars also develop a red blush color. The
color of the mesocarp (pulp) of all the cultivars is uniform,
where it starts as white before maturation and turns into yel-
low and orange as the maturation and ripening process
advances.

2.6.1. Chlorophylls

The peel of developing mango fruit has chloroplasts contain-
ing the green pigment chlorophyll (Brecht and Yahia, 2009;
Yahia 2011). The potential nutritional and health values of
the chlorophyll in mango fruit are still not fully evaluated.

2.6.2. Carotenoids

Carotenoids are lipid-soluble pigments with yellow and orange
colors and are present in relatively large amounts in ripe
mango mesocarp and peel although some cultivars retain green
peel color when ripe (Masibo and Qian, 2008; Yahia, 2011).
The red patches that develop on the skin of some cultivars
are anthocyanins rather than carotenoids. During mango mat-
uration and ripening, there is a conversion of chlorophyll-
containing chloroplasts to carotenoid containing chromoplasts
(Ketsa et al., 1999; Yahia, 2011). The presence of some pre-
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Table 4 Fatty acids content in mango fruit (Adapted from: Jahurul et al., 2015; Maldonado-Celis et al.,2019; Yahia et al., 20006).

Carbon skeleton Common name Variety Content Part of the Fruit
16:0* Palmitic acid Malaysia 6.95-10.93 Seed
Mixed Egypt 5.8
Manila México 9.29
Kaew Thailand 5.4
4 Kenyan varieties 4.87-10.57
18:0% Stearic acid Malaysia 32.8-47.62 Seed
Mixed Egypt 38.3
Manila México 39.07
Kaew Thailand 46.6
4 Kenyan varieties 24.22-32.80
20:0* Arachidic acid Malaysia 1.77-2.43 Seed
Mixed Egypt -
Manila México 2.48
Kaew Thailand 1.7
4 Kenyan varieties 0.67-1.64
24:0% Lignoceric acid - - Seed
18:1 (A%)? Oleic acid Malaysia 37.01-47.28 Seed
Mixed Egypt 46.1
Manila México 40.81
Kaew Thailand 41.1
4 Kenya varieties 46.37-58.59
18:2 (A% 12)2 Linoleic acid Malaysia 3.66—6.87 Seed
Mixed Egypt 8.2
Manila México 6.06
Kaew Thailand 3.8
4 Kenya varieties 6.73-10.4
18:3 (A% 12152 A-Linoleic acid - - Seed
14:0° Myristic acid Alphonso 174.29, 231.21 Pulp, Peel
Pairi 74.03, 295.16
Kent 40.57, 323.9
16:0° Palmitic acid Alphonso 1933.43, 2682.16 Pulp, Peel
Pairi 896, 3460.13
Kent 560.88, 2883.29
18:0° Stearic acid Alphonso 75.63, 123.57 Pulp, Peel
Pairi 33.36, 238.57
Kent 29.76,116.39
20:0° Arachidic acid Alphonso 19.01, 29.21 Pulp, Peel
Pairi 7.2, 55.24
Kent 3.2, 32.56
22:0° Behemic acid Alphonso 24.90, 43.83 Pulp, Peel
Pairi 8.88, 55.38
Kent 3.67, 43.73
24:0° Lignoceric acid Alphonso 35.85, 86.16 Pulp, Peel
Pairi 27.04117.24
Kent 24.88, 71.15
16:1, n-7° Palmitoleic acid Alphonso 2881.90, 1986.59 Pulp, Peel
Pairi 599.84, 533.59
Kent 314.28, 1527.72
16:1,n-5° 11-Hexadecenoic acid Alphonso 146.22, 119.07 Pulp, Peel
Pairi 51.49, 58.01
Kent 22.42, 147.05
17:1, n-7° 10-Heptadecenoic acid Alphonso 11.82, n.d. Pulp, Peel
Pairi 8.76, n.d.
Kent 3.76, n.d.
18:1, n-9° Oleic acid Alphonso 856.59, 2376.3 Pulp, Peel
Pairi 761.792847.25
Kent 261.3, 778.48
18:1, n-7° 11-Ocatdecenoic acid Alphonso 646.48, 480.59 Pulp, Peel
Pairi 248.78, 321.16
Kent 176.61, 282.14
20:1,n-9° 11-Eicosenoic acid Alphonso 6.57, 10.01 Pulp, Peel
Pairi 2.39, 10.49
Kent n.d., n.d.
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Table 4 (continued)

Carbon skeleton Common name Variety Content Part of the Fruit

16:2, n-4 9,12 Hexadecadienoic acid Alphonso 33.86, n.d. Pulp, Peel
Pairi 17.71, n.d.
Kent 16.09, n.d.

18:2, n-6 Linoleic acid Alphonso 83.58, 422.83 Pulp, Peel
Pairi 139.44, 1956.03
Kent 80.05, 1277.41

18:2, n-3 9,15 Octadecadienoic acid Alphonso 61.58, n.d Pulp, Peel
Pairi 20.24, n.d.
Kent 20.93, n.d.

7:2, n-3 Hepta-2,4 (E,E)-dienoic acid Alphonso 698.01, 265.93 Pulp, Peel
Pairi 662.32, 1152.72
Kent 835.33, 352.98

18:3, n-3 Linolenic acid Alphonso 840.37, 1149.88 Pulp, Peel
Pairi 522.23, 1991.68
Kent 408.42, 1201.18

a = %,b = pg/ g tissue, n.d. = not detected.

Table 5 Vitamin contents in 100 g of mango fruit (Adapted
from USDA, 2018; Yahia et al., 2006).

Vitamin Value per 100 g
Ascorbic acid (Vit C) 13.2-92.8 mg
Thiamine (Vit Bl) 0.01-0.04 mg
Riboflavine (Vit B2) 0.02-0.07 mg
Niacin (Vit B3) 0.2-1.31 mg
Panthotenic acid (Vit B5) 0.16-0.24 mg
Pyridoxin (Vit B6) 0.05-0.16 mg
Folate, total 20-69 ng
Vitamin A 54 pg
Vitamin E (a-tocopherol) 0.79-1.02 mg
Vitamin K 4.2 pg

existing carotenoids is masked by chlorophyll during stages of
fruit development, but during fruit ripening, the carotenes o-,
B-, and y- and the xanthophylls antheraxanthin, auroxanthin,
lutein, neoxanthin, violaxanthin, and zeaxanthin are synthe-
sized (Varakumar et al., 2011).

Carotenoids content in mango fruit varies among different
cultivars (Liu et al., 2013; Manthey and Perkins-Veazie, 2009;
Saleem-Dar et al., 2016). Carotenoids are 6 to 8 times more
abundant during ripening than in unripe fruit (Haque et al.,
2015). At the immature stage, lutein is the most abundant car-
otenoid in mango fruit; other carotenoids include various xan-
thophylls including all-trans and cis violaxanthin and
neoxanthin, neochrome, luteoxanthin, zeaxanthin, antherax-
anthin, and auroxanthin (Bramley, 2013; Ediriweera et al.,
2017). At the beginning of mango ripening, the most abundant
carotenoid is B-cryptoxanthin, while o-, -, {-, and y-carotenes
are the most abundant in later ripening stages (Bramley, 2013;
Ediriweera et al., 2017). Mercadante et al. (1997), Ornelas-Paz
et al. (2007), and Petry and Mercadante (2016) reported that
all-trans-B-carotene,  all-frans-violaxanthin, and  9-cis-
violaxanthin are common during fruit ripening. According to
Manthey and Perkins-Veazie (2009) the main factor influenc-

ing the content of B-carotene in mango fruit is the type of cul-
tivar rather than the origin or harvest date of the fruit.

2.7. Phenolic compounds

Phenolic compounds protect plants from different types of
stress such as ultraviolet radiation, infections, and reactive
oxygen species (ROS), among others (Mathembayath et al.,
2016). These secondary metabolites are also essential compo-
nents of the human diet, with their importance being due both
to biological properties and health benefits (Brglez et al.,
2016). Flavonoids, stilbenes, and lignans are abundant in
plants. Flavonoids comprise about 60% of the dietary pheno-
lics (Ramos, 2007). Current research is focused on the antiox-
idative, anti-inflammatory, and anti-carcinogenic properties of
phenolics. The major phenolics in mango fruit in terms of both
quantity and contribution to fruit antioxidative capacity are
anthocyanins, the flavonoids catechin, kaempferol, quercetin,
and rhamnetin, tannic acid, and the xanthone mangiferin
(Masibo and Qian, 2008).

2.7.1. Flavonoids

Mango pulp (100 g) contains (+) - catechin (1.72 mg), and
lower quantities of apigenin (10 pg), cyanidin (100 pg), del-
phinidin (20 pg), pelargonidin (20 pg), luteolin (20 ng), kaemp-
ferol (50 pg) and myricetin (60 pg) (Haytowitz et al., 2018).
These authors have also reported that Haden, Kent, Keitt
and Tommy Atkins mangoes contain isoflavones, proantho-
cyanidin dimers, trimers, and 4 to 6 dimers. Quercetin and
related glycosides are the main flavonoids in mango pulp.
The most prevalent is quercetin 3-galactoside, followed by
quercetin 3-glucoside, quercetin 3-arabinoside and quercetin
aglycone (Berardini et al., 2005; Ediriweera et al., 2017;
Matheyambath et al., 2016).

2.7.2. Xanthones

Xanthones, found primarily in nature as glycosides, are char-
acterized by having a C6-C3-C6 (ABC) ring structure. Rings
A and B have hydroxyl, methoxyl and isoprene groups
attached (Negi et al., 2013). One of the main xanthones present



6

E.M. Yabhia et al.

in mango fruit (peel and pulp) is mangiferin (Matheyambath
et al., 2016). Mangiferin, C 2-bD-glucopyranosyl-1,3,6,7-tetra
hydroxyxanthone, also called C-glucosyl xanthone, is widely
distributed in higher plants, possessing a great diversity of
pharmacological effects, notably antioxidant properties. In
addition to mangiferin, other xanthones include dimethyl man-
giferin, homomangiferin, isomangiferin, and isomangiferin
gallate, and mangiferin gallate, with diverse pharmacological
effects, including analgesic, anti-allergic, anti-arteriosclerotic,
anti-cancer, anti-inflammatory, anti-microbial, and
immunomodulatory effects, among others (Berardini et al.,
2005; Ediriweera et al., 2017; Imran et al., 2017; Ribeiro
et al., 2008; Saleem-Dar et al., 2016). Mangiferin and its
derivatives are present in very low quantities in mango fruit
pulp with larger amounts present in peels and seeds, ranging
from undetectable to a few mg 100 g~' FW among different
cultivars (Luo et al., 2012; Ramirez et al., 2013; Ribeiro
et al., 2008). Some mangiferin derivatives of mango include iri-
flophenone  di-O-galloyl-glucose, = maclurin-di-O-galloyl-
glucose, maclurin-mono-O-galloyl-glucose, and mangiferin
gallate (Berardini et al., 2005; Schieber et al., 2003).

2.7.3. Phenolic acids

The phenolic compounds in mango fruit include both hydrox-
ybenzoic acid and hydroxycinnamic acid derivatives (Mattila
and Kumpulainen, 2002). The hydroxybenzoic acid derivatives
in mango fruit include gallic acid, p-hydroxybenzoic acid pro-
tocatechuic acid, vanillic acid, and syringic acid; the deriva-
tives of hydroxycinnamic acid include chlorogenic acid, p-
coumaric acid, caffeic acid, and ferulic acid (Ediriweera
et al., 2017; Masibo and Qian, 2008). Free and conjugated
forms of phenolic acids are present in mango fruit, probably
as simple esters of quinic acid or glucose (Burton-Freeman
et al., 2017). Phenolic acid types and content vary among dif-
ferent cultivars, geographical locations, and maturity and ripe-
ness stages (Burton-Freeman et al., 2017; Corrales-Bernal
et al., 2014b).

Ferulic acid has been reported to be the most abundant
phenolic compound in mango fruit, followed by protocate-
chuic acid, chlorogenic acid, gallic acid, vanillic acid, and caf-
feic acid (Palafox-Carlos et al., 2012a), although Kim et al.
(2009) reported that gallic acid is the major phenolic acid in
Azucar and Tommy Atkins mango pulp. Hu et al. (2018) iden-
tified 34 compounds as derivatives of phenolic acids, including
maclurin (formed by a ring-opening reaction), gallotannins,
quercetin derivates, and rosmarinic acid, both in mango peel
and pulp.

Among other phenolic compounds, Berardini et al. (2005)
reported 18 gallotannins including hexa-O-galloy glucose,
iso-hexa-O-galloy-glucose, iso-penta-O-galloyl-glucose, penta-
O-galloyl-glucose, and tetra-O-galloyl-glucose, and tentatively
identified five benzophenone derivatives in the pulp of Tommy
Atkins mangoes that include galloylated maclurin and iri-
flophenone glucosides, as well as eight gallotannins. Examples
of derivatives of quercetin identified in mango include
quercetin-3-O-arabinofuranoside,  quercetin-3-O-arabinopy-
ranoside, quercetin-3-O-galactoside, quercetin-3-O-glucoside,
and quercetin-3-O-xyloside (Ramirez et al., 2013; Schieber
et al., 2003). Ramirez et al. (2013) detected 18 phenolic com-
pounds in Pica and Tommy Atkins mango pulp including pro-

cyanidin dimers, acid derivatives, mangiferin, mangiferin
gallate, and homomangiferin, and dimethyl mangiferin.

2.8. Vitamins

Water-soluble and fat-soluble vitamins have been reported in
Haden, Keitt, Kent, and Tommy Atkins mango fruit, with
vitamins C and A being the predominant vitamins (Table 5).
Mango consumption can satisfy the daily requirements of
these vitamins in people of all age groups (WHO/FAO, 2003).

2.8.1. Vitamin C

Vitamin C content varies from 9.8 to 186 mg 100 g~ in the
edible portion of mango fruit (Manthey and Perkins-Veazie,
2009; Matheyambath et al.,, 2016; USDA, 2018; Valente
et al., 2011). This degree of variability is probably a conse-
quence of variation in preharvest and postharvest factors that
affect the biosynthesis and metabolism of this vitamin.
Changes in vitamin C content during mango ripening include
higher levels in partially ripe mango fruit than in fully ripe
mangoes (Hu et al., 2018; Matheyambath et al., 2016). The
vitamin C content of ripe mangoes declines rapidly during
storage at room temperature (Ibarra-Garza et al., 2015;
Yabhia, 2011). Several biological processes, such as the ethylene
synthesis and metabolism and oxalate and tartrate synthesis,
influence vitamin C content where vitamin C acts as a coen-
zyme (Singh et al., 2011).

1

2.8.2. Vitamin A

Mango fruit contain provitamin A carotenoids such as a- and
B-carotenes, and it was estimated that mango could provide
between 300 pg and 1,800 pg of retinol equivalents (RE)
(Matheyambath et al., 2016). Recommended safe intake of
vitamin A is 450 pg of RE per day for children of 4 to 6 years
old, 500 pg of RE per day for children of 7 to 9 years old, and
500 and 600 pg of RE per day for adult females and males
between 19 and 65 years old, respectively (WHO/FAO,
2004). Therefore, mango can be an important dietary source
of vitamin A, especially in regions with vitamin A deficiency
(Muoki et al., 2009). Mouki et al. (2009) considered that
12 pg of P-carotene equal one RE, and estimated that the
intake of one fresh ripe mango fruit (approximately 300 g), 3
times per day, could meet and exceed 50% of the daily RE
requirements depending on the cultivar and the growing area,
and also estimated that the same amount of fresh ripe mango
(cv. Apple) would exceed the daily RE requirements for chil-
dren and adults.

2.8.3. Vitamins D, E and K

The contents of vitamins E and K in mango fruit are low or
moderate, while vitamin D is absent in this fruit (Saleem-Dar
et al., 2016; USDA, 2018). The natural forms of vitamin E
include four tocopherols (a-, B-, A-, and y-) and four corre-
sponding tocotrienols (o, B-, A-, and y-), with the o-
tocopherol being the most biologically active. Fresh-cut
Ataulfo mango from Mexico was found to contain 1.33 mg
of a-tocopherol per 100 g FW (Robles-Sanchez et al., 2009),
which is higher than that reported by the USDA Nutrient
Database (USDA, 2018) for other mango cultivars. The vita-
min E content can increase during ripening of some mango
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cultivars (e.g., Tommy Atkins and Kent) and decreases in
other cultivars (e.g., Dasherai) (Barbosa et al., 2017).

Vitamin C contributes to the regeneration of vitamin E
because it can reduce the tocopheroxyl radical, which is the
oxidized form of vitamin E, but the contrary is also possible.
Decreased vitamin C and the consequent reduction of a-
tocopherol content vary among cultivars because of the
edapho-climatic conditions and genotypic differences (Joas
et al., 2009).

2.8.4. Vitamin B complex

The vitamin B complex in mango fruit includes water-soluble
enzyme cofactors and their derivatives. These are essential con-
tributors to diverse metabolic processes in both plants and
humans. The vitamins that form this complex include B1 (thi-
amin), B2 (riboflavin), B3 (niacin), B5 (pantothenic acid), B6
(pyridoxine, pyridoxal, and pyridoxamine), B8 (biotin), and
B9 (folate or folic acid). Except for biotin, these have all been
identified in mango fruit (Saleem-Dar et al., 2016). Vitamin B
complex are required in the human diet because humans do
not synthesize them. Cell differentiation in plant tissues affects
the content of vitamin B.

2.9. Volatile compounds

Volatile compounds are low molecular weight (<400 Da)
compounds present in small quantities of 50 ppm or less, very
diverse with a wide range of functional groups, occurring as
free forms and as glycosidic compounds, have high vapor pres-
sures, and several of them are key components of the charac-
teristic fruit aroma (Li et al., 2017). They can be alcohols,
aldehydes, esters, volatile fatty acids, ketones, lactones, and
degradation products of carotenoids and phenols (Lebrun
et al., 2008; Li et al., 2017; Pino et al., 2005). Mango fruit
aroma volatiles in different cultivars and tissues at different
stages of maturity are distributed heterogeneously, quantita-
tively, and qualitatively (Andrade et al., 2000; Lalel et al.,
2003b). The importance of most volatile secondary compounds
to human health has not been fully investigated.

3. Preharvest and postharvest compositional changes

Fruit biochemistry and physiology affect the composition of
mango fruit and its beneficial effects on human nutrition and
health. During fruit maturation and ripening, several physio-
logical and metabolic and structural biochemical modifications
occur, and these changes determine the attributes of fruit qual-
ity, including fruit nutritional quality (Yahia, 2011; Yahia
et al., 2011).

Mango fruit maturation and ripening occur around 49 to
77 days after anthesis followed by senescence (Tharanathan
et al., 2016). Fruit maturation includes increased structural
carbohydrates for cell walls and alcohol-insoluble solids due
to starch accumulation, while ripening involves changes in
structural polysaccharides related to fruit softening, produc-
tion of soluble sugars from starch degradation, biosynthesis
of volatile compounds, chloroplast degradation and chromo-
plast development and carotenoids biosynthesis (Joas et al.,
2012; Matheyambath et al., 2016; Saleem-Dar et al., 2016;
Wongmetha et al., 2015). Activity of the enzyme amylase,
responsible for starch breakdown, increases with the onset

of mango fruit ripening then decreases towards the full ripe
stage (Li et al., 2020). All these changes lead to the ripening
of fruit and softening to acceptable eating quality (Gill et al.,
2017).

In some mango cultivars (e.g., Alphonso), the ripening pro-
cess progresses from the skin to the seed, while the opposite
occurs in most other cultivars. The development, maturation,
and ripening processes involve genetic changes at the transcrip-
tional level. In Alphonso mango flowers, developing fruit at 30
and 60 days postanthesis, mature fruit, and pulp from green,
mid-ripe, and ripe fruit contained 4,611 transcripts, which were
assigned to hydrolase, isomerase, ligase, lyase, oxidoreductase,
and transferase classes, with transferases being most prevalent,
followed by hydrolases (Desphande et al., 2017). Genes were
identified that encode enzymes involved in 142 biochemical
pathways. It was shown for Ataulfo mangoes that novel tran-
scripts are produced during fruit development that are
involved in the biosynthesis of monoterpenes, diterpenes,
sesquiterpenes, furanones, and lactones that are involved in
flavor formation. A large number (79) of novel transcripts
were also identified that correspond to inhibitors of cell wall
modifying enzymes (Desphande et al., 2017).

Color development in the pulp of mango fruit is due to syn-
thesis of carotenoid pigments, which proceeds from the meso-
carp tissue nearest the seed toward the outermost tissues
(Tharanathan et al., 2016). The initial content of chlorophyll
in the pulp is simultaneously degraded although some cultivars
do not change their green color during ripening. To some
extent, chlorophyll degradation during mango fruit ripening
unmasks previously present carotenoid pigments along with
the synthesis of new carotenoids (Yahia, 2011). Carotenoids
in mango fruit increase by as much as 400% during maturation
and ripening, and this increase could be used as a ripeness and
harvest, as well as quality index (Ornelas-Paz et al., 2008b).

Pectins, a component of dietary fiber, play an important
role in determining mango fruit texture. Pectin content
increases starting at about 5 weeks after fruit set and continues
until stone formation. During ripening, pectin chains in mango
fruit cell walls are de-esterified, resulting in loss of calcium ions
that are integral to bridges linking adjacent pectin polymers
(Tharanatan et al., 2016). The insoluble pectin in the middle
lamella is converted to soluble pectin as the cell wall is
degraded in the process of fruit softening (Li et al., 2022). A
feature of degradation of mango cell walls during ripening is
the release of monosaccharides derived from the pectin com-
plex, including arabinose and galactose, which leaves
galacturonan-rich cell wall polysaccharides (Prasanna et al.,
2004).

Regarding mango lipids, some studies have reported that
the content of triglycerides increases in the pulp during ripen-
ing and that the fatty acid composition also changes (Yahia,
2011). Linoleic acid content also decreases as the fruit ripen,
while linolenic acid content increases; a similar reciprocal dis-
tribution of palmitic and palmitoleic acids also occurs. The
ratio of palmitic to palmitoleic acid influences mango aroma
and flavor characteristics (Yahia, 2011). Palmitic acid is trans-
formed to the hydroxy fatty acids that are the precursors of
lactone aroma compounds (Prasanna et al., 2004). During
the respiratory climacteric stage, the mitochondria metabolize
fatty acids like stearic and oleic acids, which produces precur-
sors for the biosynthesis of carotenoids and terpenoid volatiles
(Yahia, 2011).
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The soluble protein content in mango decreases for about
44 days after fruit set, increasing thereafter until ripeness is
achieved (Yahia, 2011). Alanine, arginine, glycine, leucine-
isoleucine, and serine are the predominant amino acids in
mango fruit, but with the exception of alanine, they decrease
during ripening. Studies on Kent and Tommy Atkins mangoes
have indicated that the protein content in immature fruit (37.
02-40.45 g kg~! FW) declines through the maturation stage
(12.10-13.87 g kg ! FW; Barbosa et al., 2017). This difference
has been associated to the ripening-mediated biosynthesis of
enzymes and a decrease in protein content caused by senes-
cence (Andrade et al., 2012; Barbosa et al., 2017).

Most B vitamin group in mango fruit significantly increases
from the immature to mature stages (Barbosa et al., 2017). The
forms of B vitamin (niacin, pyridine, riboflavin, and thiamine)
increased by 1.75- to 3.4-fold during ripening of Kent and
Tommy Atkins mangoes (Barbosa et al., 2017).

Vitamin C in mango fruit decreases during ripening,
although that does not prevent ripe mangoes from being con-
sidered an excellent source of the vitamin (Matheyambath
et al., 2016). Vitamin C content in the pulp of different mango
cultivars decreases from about 5 weeks after fruit set to matu-
rity (Manthey and Perkins-Veazie, 2009) although Keitt fruit
had significantly more vitamin C than Kent and Tommy Atkins
at the ripe stage, likely providing better postharvest color and
flavor retention due to its direct inhibition of polyphenol oxi-
dase (PPO; Palma-Orozco et al., 2014). The decline in vitamin
C during fruit development may be related to its role as an
antioxidant in various metabolic pathways and as a coenzyme
of ACC-oxidase in ethylene biosynthesis, as well as being a sub-
strate for oxalate and tartrate biosynthesis (Mazid et al., 2011).
Nevertheless, only 300 g of ripe Kent and Tommy Atkins
mango pulp provide 645 and 1410 mg vitamin C kg~! FW,
respectively; an amount that exceeds the dietary recommenda-
tions that are typical in the range of 75-90 mg d™' (Barbosa
et al., 2017; Ibarra-Garza et al., 2015; WHO/FAO, 2003).

Mango fruit vitamin E content also changes during matura-
tion and ripening. Immature Tommy Atkins mango has the
highest content (91 mg kg~' FW), which decreases until the
ripe stage (65.81 mg kg~' FW), however, the opposite has been
observed for immature and mature Tommy Atkins and Kent
mangoes (51.96-77.50 mg kg~ ') (Barbosa et al., 2017).

The content of polyphenols and phenolic acids typically
changes little during mango development, ripening, and senes-
cence, although they have the capacity to neutralize free radi-
cals naturally generated during these processes (Palafox-Carlos
et al., 2012b). Total polyphenolic contents at the immature and
ripe stages of Kent and Tommy Atkins mangoes were 4.81 and
5.24 g kg~! and 4.42 and 4.18 g kg~!, respectively (Barbosa
et al., 2017). Low expression of flavonol synthase in Ataulfo
mango may be sufficient to keep the flavonoid levels low
(Palafox-Carlos et al., 2012b). The total polyphenolic content
also decreased in Keitt (from 97.59 to 59.43 mg GAE
100 g~' FW) and Xiangya (from 96.15 to 45.15 mg GAE
100 g=' FW) fruit pulp as a consequence of ripening (Hu
et al., 2018). Their flavonoid content was 45% higher at the
green stage than when ripe (Hu et al., 2018). Palafox-Carlos
et al. (2012b) reported that several phenolic compounds,
including chlorogenic, gallic, protocatechuic, and vanillic acids
were found in the peel of Ataulfo mango as the fruit pro-
gressed through ripeness stages based on green to yellow color
development.

The content of chlorogenic acid in Ataulfo mango at ripe-
ness stage one (0 to 10% yellow surface) was 28 mg 100 g~
DW and rose to 301 mg 100 g~! DW at ripeness stage four
(71 to 100% yellow surface). The contents of gallic, protocat-
echuic, and vanillic acids changed from 94.60 to 98.70, 16.90 to
24.40, and 0.48 to 1.10 mg 100 g~' DW, respectively, during
the transition between these two stages (Palafox-Carlos
et al., 2012b).

Organic acids content and titratable acidity decrease during
mango ripening as a consequence of changes in the activity of
the Krebs cycle (Yahia, 2011). The activity of some enzymes
(i.e., isocitrate dehydrogenase and succinate dehydrogenase)
increases during mango ripening, while the opposite occurs
for other enzymes (e.g., citrate synthase) (Yahia, 2011).

4. Postharvest factors affecting bioactive compounds in mango
fruit

Diverse postharvest treatments and practices are commonly
carried out on fresh mango fruit during and after harvest,
including in the field, in packinghouses, during transport and
storage, or in the market (Yahia et al., 2011). Examples of
mango postharvest practices include trimming, latex removal,
quarantine treatment, sorting and grading, sanitation and
fungicide application, treatments to extend fruit shelf life,
packing and packaging, storage, and transport, among others.
These practices can affect the nutritional and phytochemical
contents of the fruit. Preservation of mango nutritional value
is important due to the interest of consumers in health compo-
nents and food safety in addition to visual quality. However,
the information available on the effects of postharvest han-
dling practices on bioactive phytochemicals in mango fruit is
limited.

Prasad and Sharma (2018) observed that mechanical and
manual harvesting of mango fruit (cvs. Amrapali, Chausa,
Dushehari, and Langra) did not influence the total carotenoid
content (5.3 and 5.4 mg 100 g~' FW) and antioxidant capacity
(2.98 and 3.00 1 mol Trolox eq g~! FW). Hot water treatment
and fumigation are two methods used to control postharvest
mango diseases (Yahia, 2011). Control measures utilized
against anthracnose decay can influence the phytochemical
content of mango fruit (Kamle et al., 2013). Anthracnose
decay is caused by the fungus Colletotrichum gloeosporioides
(Penz), that produces the enzyme polygalacturonase that
degrades mango fruit cell walls (Kamle et al., 2013). The fun-
gus infection results in oxidation of phenolic compounds by
the enzyme PPO, producing quinones, which are polymerized
to form brown pigments, resulting in characteristic brown to
black spots on the fruit peel. In healthy mango tissue, PPO
is located in chloroplasts or chromoplasts and the phenolic
substrates are in the cell vacuole, separated from each other,
thus preventing the oxidation reaction (Yahia, 2011).

Pérez-Marquez et al., (2016) observed that phenolic com-
pounds in the skin of ’Super Haden’ mango gradually
decreased as the severity of anthracnose infection increased,
and the amount of soluble phenolic compounds in diseased
fruit was lower than in healthy fruit. The combination of tech-
nologies to reduce anthracnose infection avoids oxidation and
polymerization of phenolic compounds. Hot water treatment
(5 min at 53 °C), application of polyethylene wax (10%) con-
taining the fungicide Imazalil (800 mg L) and storage in the
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presence of an ethylene absorber (Conserver 21) reduced the
loss of soluble phenolic compounds in Super Haden mango
fruit infected with anthracnose, showing a final content of
these compounds that was higher than that of the untreated
control group (Pérez-Marquez et al., 2016). This beneficial
effect was attributed to the elimination of spores or fungal
mycelium and to the heat-mediated increased expression of
mango polygalacturonases, which are capable of inhibiting
the fungal endopolygalacturonase (Li et al., 2013). Kim et al.
(2007) reported similar results in mature green Tommy Atkins
mangoes. The concentrations of gallic acid and hydrolyzable
tannins in the fruit were unaffected by the USDA APHIS
quarantine hot water treatment (46.1 °C for 75 min) combined
with 2 weeks’ storage at 10 °C in controlled atmospheres of
3kPa O, + 97kPa N, or3kPa O, + 10 kPa CO, + 87 kPa N,
followed by ripening in air at 25 °C, a procedure used for
inhibiting anthracnose, while the content of total phenols
decreased in mangoes treated either with hot water or con-
trolled atmosphere alone.

If improperly applied, heat treatments that inactivate
microorganisms and spoilage enzymes may induce chemical
changes in the fruit that may not only affect organoleptic prop-
erties but also may reduce the content or bioavailability of
some phytochemicals. For example, short heat treatments such
as 80 °C for 5 min blanching may cause loss of carotenoids in
mango fruit, while longer, lower temperature hot-water treat-
ments such as those used for insect quarantine treatments
(e.g., 46 °C, 65 to 110 min) may decrease gallic acid, gallotan-
nins, and total soluble phenolics (Kim et al. 2009).

On the contrary, hot water treatment of Keitt mango fruit
at 50 °C for 30 min or 46 °C for 75 min maintained vitamin C
contents during storage for 3 days; however, when mango fruit
were treated by combining the same times and temperatures,
vitamin C content rapidly declined (Djioua et al., 2009). These
results highlight the need to use proper time—temperature com-
binations to preserve the phytochemical content of mango.
The content of carotenoids in Keitt mango fruit treated with
hot water at 46 °C for 75 min, or 50 °C for 30 min, or 50 °C
for 75 min increased during storage due to induction of cell
membrane disruption and enhancement of carotenoid
extractability and stability of total carotenoid contents com-
pared with control fruit (Djioua et al., 2009).

The postharvest life of mangoes can be extended by physi-
cal and chemical methods that reduce respiration and ethylene
production, among other effects. Some organic compounds,
such as methyl jasmonate, can preserve mango fruit quality
by enhancing anthocyanin content and thus favoring uniform
red color, inducing phenylalanine ammonia lyase (PAL) activ-
ity, and promoting synthesis or inhibiting polymerization of
phenolic compounds (Lalel et al., 2003a); and may also
improve P-carotene and vitamin C contents (Muengkaew
et al., 2016).

Other postharvest treatments used include the application
of chemicals such as 1-methylcyclopropene (1-MCP) and
Ethrel, which delay and accelerate the ripening process, respec-
tively. These compounds caused opposite effects on the bio-
chemistry of mango fruit (cv. Dashehari), with 1-MCP, for
example, decreasing lipid peroxidation and increasing the
superoxide dismutase (SOD) and catalase activities, while
Ethrel causing opposite effects on lipids and enzymes (Singh
and Dwivedi, 2008). The treatment of ‘Kensington Pride’ man-
goes with 10 or 25 pL L' 1-MCP affected the aroma volatile

production, especially aldehydes, monoterpenes, and esters
(Lalel et al., 2003b).

Irradiations may affect the levels of phytochemicals in
fruits. Electron-beam ionizing radiation treatments (1.0 to
3.1 Gy) were evaluated for their effect on Tommy Atkins
mango phenolic compounds, carotenoids, and vitamin C dur-
ing storage (Reyes and Cisneros-Zevallos, 2007). After storage
for 18 days at 15 °C, the ripening of all irradiated mangoes was
delayed compared to the untreated control; the 3.1 Gy irradi-
ated fruit had higher flavanol content with no effect on total
phenolics, while > 1.5 kGy treatment resulted in vitamin C
content declining by half, but there were no significant changes
in carotenoid content.

Molecular biology techniques like antisense RNA have
been used to control mango ripening (Xu et al., 2018). Anti-
sense technology involves insertion of a unique DNA tran-
script with 19 to 23 nucleotides that is complementary to
mRNA. The result is that gene expression is downregulated
in terms of replication, transcription, and translation. Genetic
modification can also be used to either manipulate existing
biosynthetic pathways or introduce genes from other species
to boost the production of desired bioactive compounds, such
as B-carotene (Tang et al., 2009), flavonal (Bovy et al., 2002),
stilbenes, and other polyphenols (Giovinazzo et al., 2008) in
different commodities.

5. Bioaccessibility and bioavailability of mango bioactive
compounds

Mango fruit contain many phytochemicals, but the absorption
process of carotenoids and phenolics are the most studied,
mostly in vitro. The number of such studies in mango is small,
contrasting with much more studies on absorption of phyto-
chemicals from other fruits and vegetables such as carrots, spi-
nach, tomatoes, and berries (Castro et al., 2019). However, the
absorption process of phytochemicals from tropical fruits like
mangoes has gained some attention lately (Liu et al., 2016;
Sayago-Ayerdi et al., 2019). In vitro approaches have been
widely used to determine the release, diffusion, and micellar-
ization of carotenoids and phenolic compounds from mango
during digestion (Epriliati et al., 2009a, 2009b). Other studies
have been carried out in humans and animals to determine
the digestive metabolism and bioavailability of these mango
compounds (Barnes et al., 2020; Gouado et al., 2007; Liu
et al., 2016; Low et al., 2016; Low et al., 2015; Ornelas-Paz
et al., 2010b).

The absorption efficiency of mango phytochemicals has
been determined using the terms ‘bioaccessibility’ and
‘bioavailability’. Bioaccessibility refers to the proportion of
consumed phytochemicals released from mango during diges-
tion and available in the required form for absorption or incor-
poration into the epithelial cells. Bioavailability refers to the
proportion of consumed phytochemicals reaching target tis-
sues or stored in the human organism. This concept includes
the processes of digestion, absorption, metabolism, tissue dis-
tribution, and elimination from the body of bioactive com-
pounds or their metabolites due to changes such as
degradation or conjugation with functional groups, proteins,
or carbohydrates (Burton-Freeman et al., 2017). In some cases,
the simple release of mango phytochemicals during digestion
was wrongly considered as bioaccessibility or bioavailability.
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5.1. General absorption processes for carotenoids and phenolics

The first step for absorption of carotenoids and phenolics is
their release from the food matrix. This is achieved by mechan-
ical actions (e.g., chewing, movements of the gastrointestinal
tract, etc.), chemical actions (e.g., gastric HCl and Na,CO;
of pancreatic secretions), or enzymatic actions in the gastroin-
testinal tract (e.g., digestive enzymes secreted by mouth, stom-
ach, pancreas, and intestine (Yahia et al., 2018a).

In order to be absorbed, carotenoids must be solubilized in
droplets of dietary fat dispersed in the aqueous contents of the
stomach. The size of these droplets is reduced at the duodenum
due to the emulsifying effect of the bile (Yahia et al., 2018a).
The reduction of the lipid droplet size favors the hydrolysis
of triglycerides by pancreatic lipase at the lipid droplet surface
and the formation of micelles, which are structured with the
products of lipid digestion, bile salts, and cholesterol
(Cervantes-Paz et al., 2016b). This lipolysis also favors the
transference of carotenoids from the oil droplets to the
micelles. Micellarization of carotenoids during digestion is lar-
gely recognized as a key step for their subsequent absorption.
Enterocytes, or intestinal absorptive cells, are able to absorb
the micellarized carotenoids (Cervantes-Paz et al., 2017). Small
quantities of carotenoids are incorporated into the enterocytes
by passive diffusion; however, this mechanism is quickly satu-
rated under high concentrations of carotenoids and an active
mechanism is activated for further absorption. Active absorp-
tion of carotenoids is performed by several protein trans-
porters (e.g. SR-BI, CD36, and NPCIL1). In the enterocyte,
the carotenoids are packed in chylomicrons, which are secreted
into the blood system where they are exposed to the action of
lipoprotein lipases leading to the formation of chylomicrons
remnants, and these carotenoid-containing structures are
taken up by the liver. Carotenoids are exported from the liver
to different tissues by lipoproteins, especially by LDL, HDL
and VLDL (Yahia et al., 2018a).

Absorption of phenolic compounds is relatively simple
compared to carotenoid absorption. Phenolics diffuse from
the chyme to the epithelial cells found in the stomach and
small intestine, entering passively into the portal blood circula-
tion. Unabsorbed phenolic compounds can also be metabo-
lized by the gut microbiota, leading to the production of
human health-related compounds secreted by the microorgan-
isms, and absorbed in the large intestine (Crozier et al., 2010).

5.2. Bioaccesibility and bioavailability of mango carotenoids

The first step in the carotenoid absorption process involves the
release of carotenoids from the food matrix. The natural loca-
tion of carotenoids in mango cells in a lipid-dissolved form
makes them more easily releasable during the digestion than
the crystalline forms of some carotenoids found in tomato or
carrot. Disruption of the mango tissue structure improves car-
otenoid release during digestion. Low et al. (2015) showed that
the release of B-carotene and xanthophylls (mainly violaxan-
thin isomers) from Kensington Pride mango fruit flesh during
in vitro digestion increased with the intensity of mastication
(particle sizes of 0.075 to 2.8 mm). The release of B-carotene
after gastric versus intestinal digestion was ~ 8 to 10 and 20
to 32%, respectively, while the release of xanthophylls after
these digestive stages varied between 5 and 18 and 35 to

55%, depending on the mastication intensity. Treatment of
Ataulfo mango paste by ultrasound significantly increased
the release of B-cryptoxanthin, B-carotene, and lutein after
in vitro gastric digestion. However, digestion reactions of
untreated samples showed a higher release of these carotenoids
during the intestinal phase of digestion (Mercado-Mercado
et al., 2018). Overall, xanthophylls are more easily released
in vitro from mango tissues than from carotenes (Low et al.,
2015).

Micellarization of mango carotenoids during digestion is
determined by many factors. Veda et al. (2007) observed that
the content of B-carotene in six varieties of mango varied
between 0.55 and 3.21 mg 100 g~', with 24.5 to 39.1% of this
compound being micellarized during in vitro digestion. Badami
and Mallika mangoes showed the highest concentration and
micellarization of f-carotene. These differences might be
attributed to differences in the concentration of carotenoids
or differences in fiber content, because low carotenoids doses
are more efficiently absorbed than high doses while fibers com-
promise lipid emulsification, lipolysis, and micelle formation
(Cervantes-Paz et al., 2016a, 2017; Yahia and Ornelas-Paz,
2010). In plant foods with low fiber content, the varietal differ-
ences in carotenoid micellarization have been related to caro-
tenoid concentration in the food, but mango pectin seems to
also compromise the micellarization of carotenoids (Ornelas-
Paz et al., 2008b). Fruit ripeness stage is another factor that
determines the micellarization efficiency of mango carotenoids.
Ornelas-Paz et al. (2008a) demonstrated that 4.5 to 6.9% of B-
carotene in Ataulfo mango is micellarized during in vitro diges-
tion, and increased with fruit ripening. This effect of ripening
was attributed to the ripening-mediated softening of mango,
indicating a similar positive effect of mango processing on car-
otenoid micellarization.

Treatment of mango paste with ultrasound improved micel-
larization by 44-46% (Mercado-Mercado et al., 2018). Pulsed
electric fields (35 kV ecm™!, 4 ms bipolar pulses, 200 Hz,
1800 ms) increased the micellarization of neoxanthin and cis-
violaxanthin by 79% in a fruit juice mixture including mango,
as compared with the untreated beverage (Rodriguez-Roque
et al., 2016). Increased carotenoid micellarization have been
observed for juice mixtures containing mango after treatment
with pulsed electric fields (Buniowska et al., 2017).

Carotenoids are non-polar compounds, requiring the pres-
ence of dietary fat for their micellarization and subsequent
absorption (Victoria-Campos et al., 2013). Studies have been
conducted to investigate the impact of dietary fat on bioacces-
sibility and bioavailability of mango carotenoids. The addition
of fat and protein to the digestion reaction increased the micel-
larization of mango B-carotene from 26 to 231%, as compared
to digestions without fat and protein (Ornelas-Paz et al.,
2008a). Veda et al. (2007) observed that digestion reactions
of mango that included milk had 11 to 12% increased bioac-
cessibility of B-carotene. The milk protein has an emulsifying
effect during digestion, improving lipolysis, which favors caro-
tenoid micellarization, and improves absorption (Yahia and
Ornelas-Paz, 2010).

The type of fat also influences the micellization efficiency of
mango carotenoids. Liu et al. (2016) observed that the micel-
larization of carotenoids increased by emulsifying mango pulp
with either medium or long chain triacylglycerols before diges-
tion, with the micellarization efficiency of carotenoids without
pre-emulsification or emulsified with medium or long chain
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triacylglycerols being 30, 54, and 85%, respectively. The effect
of fat type on carotenoid micellarization has also been related
to fat digestibility and alteration of micelle/chylomicron size
(Yahia and Ornelas-Paz, 2010). The fat type also determines
the particle size in the digestive media of mango, with medium
or long chain fatty acids decreasing particle size from a range
of 10 um to greater than 1 pm in the oral phase, to 0.2 um in
the gastric phase, and finally to 0.13 um in the intestinal phase.
This reduction of particle size caused a hydrolysis of 80 to
100% of triglycerides during digestion, as compared with a
non-emulsified test meal, where lipolysis did not occur (Liu
et al., 2016).

Several studies have demonstrated that the interaction
between fat and fibers determine the micellarization of carote-
noids under digestive conditions. This interaction depends on
the type and quantity of fat and fibers, although little is known
on this in mango fruit. Ornelas et al. (2008a) demonstrated
that micellarization in vitro of B-carotene from a pill decreased
10 to 14% in the presence of pectin from slightly ripe mango
(cv. Ataulfo) and 3 to 28% with pectin from fully ripe mango,
depending on pectin concentration in the digestion reaction.
Ripening significantly alters the properties of mango pectin.

Only a minor fraction of micellarized carotenoids reaches
the enterocytes. In early studies on bioavailability of mango
carotenoids it was hypothesized that the consumption of man-
goes was implicated in the absence of symptoms of vitamin A
deficiency in Senegalese children (Carlier et al., 1992). Yuyama
et al. (1991) observed that rats fed 4 IU of retinyl palmitate per
g diet or 4 IU of vitamin A from mango fruit per g diet or 4 [U
of vitamin A from peach palm fruit per g diet caused similar
levels (28 to 32 pg) of vitamin A in plasma, although rats
fed peach palm fruit stored more vitamin A in the liver than
those fed with mango fruit.

Ornelas-Paz et al. (2010a) demonstrated that feeding Wistar
rats with Ataulfo mango along with soybean oil caused vita-
min A accumulation in the liver that was 37% higher than that
of rats fed with carrots. They also demonstrated that soybean
oil improved the bioavailability of mango carotenoids. Mango
and carrots provided the same quantity of B-carotene to the
rats. This study is very relevant because carrots have high con-
centrations of two provitamin A carotenoids (o- and B-
carotenes) while mangoes only contain significant quantity of
one provitamin A carotenoid (f-carotene), and carrots are
the most important source of provitamin A carotenoids in
the human diet. Ornelas-Paz et al. (2008a) found that 17%
of micellarized B-carotene in mango digestions can be incorpo-
rated by intestinal cells in culture. Of course, these kinds of
measurements do not represent the bioavailability of this com-
pound because carotenoids can be secreted by intestinal cells
into the digestive medium or even returned from the blood
to the intestinal content again (Yahia & Ornelas-Paz, 2010).
Further human studies are needed to understand the potential
impact of mango consumption on circulating carotenoids, as
has been done for other fruits like tomatoes.

5.3. Bioaccesibility and bioavailability of mango phenolic
compounds

The release of phenolics from mango pulp during digestion
depends on the ripeness stage of the fruit, because ripening
alters the structure of mango tissue. Quiros-Sauceda et al.

(2019) observed that although the concentration of phenolic
compounds decreased in mango pulp (cv. Ataulfo) during
ripening, the release of these compounds increased in the diges-
tive media (in vitro) as ripening progressed, accounting for 26
to 40 and ~ 30 to 45% of the phenolic content of mango pulp
in the gastric and intestinal media, respectively. The release of
phenolics from mango pulp during digestion may be differen-
tially impacted by gastric and intestinal phases of digestion
with the intestinal phase causing a higher release of phenolic
compounds than the gastric phase, as reported for example
for phenolic compounds from commercially available mango
juices (Attri et al., 2017). Chen et al. (2014) also observed that
phenolics in the chyme slightly decreased during the gastric
phase of in vitro digestion of mango (cvs. Hainan and Shuix-
ian) pulp while the intestinal phase caused the opposite effect.

The increase of phenolic compounds in the digestion med-
ium has mainly been attributed to Na,COj; in digestive secre-
tions, which favors the release of phenolic compounds from
Na,COs-soluble pectin rich in phenolic compounds, as demon-
strated for other fruits (Epriliati and Ginjom, 2012). These
increases, measured commonly as the content of total phenols,
not only suggest a release of phenolic compounds, but also
their metabolism, as reported for example for anthocyanins
after digestion, making it difficult to estimate the absorption
efficiency of mango phenols.

The pH of the gastric medium plays important roles in the
release of food phenolic compounds in the digestive medium
and their subsequent metabolism. This is particularly true in
the case of mango fruit because the most abundant phenolics
in mango fruit, gallic acid and gallotannins, experience struc-
tural modifications during the digestion (Barnes et al., 2016).
The gallotannins are polymers of gallic acid that are hydro-
lyzed to gallic acid and other metabolites during the gastroin-
testinal digestion. The gastric pH is responsible for the
reduction of the molecular weight of gallotannins to species
ranging from 4-O-galloylglucose to 8-O-galloylglucose. The
enzymatic modification of gallotannins in the gastrointestinal
tract seems to have minor relevance (Barnes et al., 2020).

Overall, the structure of phenolic compounds can be mod-
ified during the entire digestion process, including the oral
phase, and the final metabolites are generally phenolic acids
already contained in the food, making it difficult to estimate
the bioavailability of the original compounds (Kim et al.,
2021). The gallic acid is mainly released from penta-O-galloyl-
glucose or trigalloyl moieties from 11- or 12-O-galloylglucose
(Krook and Hagerman, 2012). The depolymerization of gal-
lotannins involves both m-depside and galloyl-glucose bond
hydrolysis (Barnes et al., 2016; 2020). This effect of digestive
pH makes it difficult to estimate the absorption efficiency of
the parent compounds. While there may be other factors that
play a role in the release and digestive metabolism of phenolics
in plant foods, the impact of such factors has received little
attention in the case of mango.

A minor quantity of the phenolic compounds released dur-
ing digestion is bio-accessible. Quiros-Sauceda et al. (2019)
demonstrated that only ~ 10 to 11.5% of mango phenols
released during in vitro digestion were considered to be bio-
accessible as determined by permeation into a cellulose dialysis
bag (12 to 14 kDa). This absorption process mainly includes
passive diffusion, and in some cases, active mechanisms can
take place in the stomach and intestine, according to studies
on other fruits (Crozier et al., 2010).
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Plant tissues contain some water-soluble flavonoids that
can be converted into lipid-compatible molecular complexes
called phytosomes, which follow the same absorption pathway
as lipid-soluble phytochemicals like carotenoids (Kidd and
Head, 2005). Liu et al. (2016) observed that some phenolic
compounds are micellarized during mango digestion, showing
bioaccessibility values 1.5 times higher than those of
carotenoids.

There is a dearth of available information regarding the
influence of mango consumption on the concentration of phe-
nolics in human fluids. Concentrations of catechol-O-sulfate,
4-O-methylgallic acid, 4-O-methylgallic acid-3-O-sulfate,
pyrogallol-O-sulfate, and methylpyrogallol-O-sulfate in
human plasma were 9520, 2790, 6030, 5990, and 4020 pg L
respectively, following consumption of 400 g of Ataulfo
mango pulp (Barnes et al., 2020). Quiros-Sauceda et al.
(2017) detected ferulic, gallic, gentisic, and protocatechuic
acids in mango pulp and juice and observed that the consump-
tion of these foods caused increases in the concentration of
these compounds in plasma, reaching maximum concentra-
tions of 7.9-8.7, 49.7-109, 11.8-12.2, 30.8-34.5 ng mL ™" after
2.3 to 4.4 h, suggesting that the absorption of these compounds
took place in the intestine. Quiros-Sauceda et al. (2017) also
noted that urinary excretion of chlorogenic, ferulic, gallic,
sinapic, vanillic, and p-coumaric acids and pyrogallol
increased after 8 to 24 h from mango consumption. Barnes
et al. (2016) detected pyrogallol-1-O-glucuronide, 4-O-
methyl-gallic acid, 4-O-methylgallic acid-3-O-sulfate, O-
methylpyrogallol-O-sulfate, pyrogallol-O-sulfate,
deoxypyrogallol-O-sulfate, and O-methylpyrogallol-O-sulfate
in human urine after mango consumption. They hypothesized
that due to their rapid appearance in urine 6 h after mango
consumption the compounds 4-O-methyl-gallic acid and 4-O-
methylgallic acid-3-O-sulfate were probably absorbed in the
small intestine. The other metabolites were conjugates of pyro-
gallol, which are absent in mango pulp; however, those com-
pounds can be produced from gallic acid via the action of
decarboxylase enzymes in the microbiota in the colon, where
gallic acid can be absorbed and then conjugated by hepatic
and renal enzymes prior to elimination in urine (Kim et al.,
2021). Barnes et al. (2016) demonstrated that gallic acid
metabolites are not detectable in the plasma after mango con-
sumption. This might be a consequence of the efficiency of the
release of phenolics during digestion (food matrix effect) medi-
ated by ripening or other factors, because several gallic acid
metabolites have been observed in plasma after mango con-
sumption (Pimpao et al., 2015).

The absorbed phenolic compounds may be transformed
into other compounds as a result of conjugation reactions such
as glucuronation, methylation, and sulphation catalyzed by
Phase I and II enzymes in the small intestine and liver (Kim
et al., 2021). However, some compounds are excreted into
the small intestine via bile and reabsorbed by enterohepatic cir-
culation, although the most important clearance pathway is
through the kidney and urine excretion (Burton-Freeman
et al., 2017).

The phenolic compounds that are not absorbed can be
metabolized by microbiota in the large intestine and the result-
ing metabolites absorbed there (Epriliati and Ginjom, 2012;
Kim et al., 2021). In rats, Kim et al. (2018) observed that
mango juice altered the composition of gut microbiota,
increasing the population of L. plantarum, L. lactis, and

Clostridium butyrium, which synthesized tannase and gallic
acid decarboxylase that promoted the hydrolysis of gallotan-
nins to gallic acid and then to pyrogallol. These microorgan-
isms can also produce bioavailable short chain fatty acids
(SCFA; propionic, butyric, isobutyric, valeric, isovaleric,
etc.) from mango phenolic compounds and fiber. Thus, the
SCFA might be considered as bioactive compounds from
mango. In the same way, Ojo et al. (2016) found that feeding
a high fat diet supplemented with freeze-dried ripe Tommy
Atkins mango pulp to C57BL/6 mice for 12 weeks resulted
in high levels of acetic and butyric acids in the feces along with
increases in the beneficial gut bacteria Bifidobacteria and
Akkermansia.

Hernandez-Maldonado et al. (2019) tested an in vitro gas-
trointestinal and colonic fermentation model using mango-
based fruit bars as a dietary fiber and phenolic compounds
source. They reported that the bio-accessibility of phenolic
compounds was 53.78%, and during colonic fermentation
these compounds were mainly converted into hydroxyphenolic
acids and acetic acid followed by propionic and butyric acids
as the main SCFA after 48 h. Finally, the unabsorbed phenolic
compounds and microbial metabolites other than SCFA may
be excreted in feces. Moreover, this in vitro experiment showed
that mango-based fruit bars could also modify colonic micro-
biota through increasing carbohydrate metabolism that also
could prevent metabolic dysbiosis (Gutiérrez-Sarmiento
et al., 2020).

In a study performed using lean and obese human subjects,
Barnes et al. (2019) showed that supplementing the partici-
pants’ diet with 400 g d”! of Ataulfo mango pulp for 6 weeks
increased gallotannin-metabolites in urine, however, only lean
participants increased fecal SCFA (butyric and valeric acids).
Besides, obese participants had increased levels of Lactococcus
lactis and decreased populations of Clostridium leptum and
Bacteroides thetaiotaomicron, bacterial species that are associ-
ated with obesity. Mango intake positively modulates fecal
microbial composition by significantly increasing the presence
of Lactobacillus spp. and fecal butyric acid (Kim et al., 2020).
This is particularly important because inflammatory bowel dis-
ease is a major risk factor for gastrointestinal neoplasias such
as colorectal cancer, and knowledge of the positive effects of
mango consumption on fecal microbial composition may con-
tribute to the development of novel therapies (Kim et al.,
2020).

6. Effects of mango fruit bioactive compounds

6.1. Antioxidant activity of carotenoids

Foods containing carotenoids, such as mango, in which B-
carotene is the prevalent type of carotenes in the pulp, possess
potent antioxidant properties. B-carotene contributes to the
antioxidant capacity of mango by direct and indirect mecha-
nisms. It can directly neutralize free radicals such as peroxyl
(ROO), hydroxyl (OH), singlet oxygen ('0,), and superoxide
(O3) radicals (Birben et al., 2012), resulting in 5,8-carotene
endoperoxides (Choe and Min, 2009). This occurs via the
donation of a hydrogen to produce a carotene radical, which
at low oxygen concentrations can react with another ROO
leading to non-radical carotene peroxides (Chen et al., 2011).
By binding to the Antioxidant Response Element (ARE) the
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transcription factor Nrf2 activates indirect antioxidant mecha-
nisms. This is necessary for the induction of phase II enzymes
including glutathione S-transferases (GSTs), NAD(P)H:qui-
none oxidoreductase (NQOI1) and thioredoxin (Tanaka et a.,
2012).

Anilakumar et al. (2003) reported that male Wistar rats
that were fed a diet supplemented with 10% mango for
12 weeks presented reduced cytotoxic effects induced by
dimethyldrazine via hepatic increase of vitamin A and opti-
mized activities of hepatic catalase and GST activities.

In another study using human dermal fibroblasts (FEK4), it
was observed that after UVA exposure, B-carotene specifically
exerted its antioxidant effect by suppressing the up-regulation
of Haem oxygenase-1 gene expression in a dose-dependent
manner (Trekli et al., 2003), which is consistent with the direct
antioxidant mechanism described for this carotenoid via sin-
glet oxygen quenching. As explained by Pavan et al. (2006),
this Haem oxygenase-1 gene expression can be activated by
B-carotene and retinoids via the nuclear retinoic acid receptors,
RAR and RXR, after binding to retinoic acid-responsive ele-
ments (RARE) in the promoter regions. However, as shown
by Obermuller-Jevic et al. (1999), the activation of retinoid sig-
naling via RARs and RXRs might not be involved because the
Haem-oxygenase-1 can be expressed at low concentrations of
B-carotene (0.2 M) in response to UVA treatment of human
skin fibroblasts.

In contrast, high in vitro concentrations (<10 uM) of B-
carotene favor oxidation by promoting production of reactive
oxygen species (ROS) and oxidized glutathione (Palozza et al.,
2003). Paolini et al. (2001) showed that this effect is due to acti-
vation of NF-kB and upregulation of c-myc expression, caus-
ing inhibition of cell growth in human leukemia and colon
adenocarcinoma cell lines and induction of apoptosis; how-
ever, these effects were blocked by treatment with o-
tocopherol and N-acetylcysteine. Moreover, o-tocopherol
and N-acetylcysteine reduced upregulated expression of Phase
I enzymes and ROS overproduction in intestines, kidneys, liv-
ers, and lungs of rats fed diets supplemented with B-carotene
(Paolini et al., 2001).

If B-carotene induces oxidative stress in cells, it follows that
oxidative breakdown products of B-carotene will be produced.
One such products are the B-apo-carotenals, which can serve
as precursors of vitamin A via the enzyme B-carotene 15,15'-
monooxygenase (CMO1) (Tanaka et al., 2012). The B-apo-
carotenals comprise a group of oxidized compounds that have
been found in smokers. Therefore, B-carotene supplementation
is not indicated for chemoprevention of lung cancer because
cigarette smoking causes retinoid signaling to be suppressed
via reduced RAPP gene expression and activation of the AP-
1 transcription factor (Yu et al, 2015), part of the mitogenic
signaling pathway of insulin growth factor type 1 (IGF-1)
among others (Angel and Karin 1991).

The AP-1 complex comprises the protein families Jun (c-
Jun, JunB and JunD) and Fos (c-Fos, FosB, Fra-1 and Fra-
2), which exist as homodimers (Jun/Jun) or heterodimers
(Jun/Fos) (Albanese et al., 1995). As described by Palozza
et al. (2010), these components of the AP-1 complex can be
induced by mitogenic stimuli and tumor-promoting agents,
binding to the AP-1 site or TPA response clement (TRE).
The TRE is found on the promoter of many genes that are
related to cell proliferation such as cyclin-D. The AP-1 com-
plex proteins can also be part of the ARE transcription com-

plex, which raises the possibility expressed by Palozza et al.
(2010) that retinoic acid reduces growth factor-induced stimu-
lation of AP-1 transcriptional activity by altering the composi-
tion of AP-1 complexes that bind to DNA.

Taken together these mechanisms may partially explain
why high doses of B-carotene did not protect against lung can-
cer in several intervention trials (Omenn et al., 1996). Supple-
mentation with high doses of B-carotene along with inhalation
of tobacco smoke induce 3- to 4-fold increases in expression of
c-Jun and c-Fos genes, leading to proliferation response in
Iung tissue and squamous metaplasia, along with increased cell
proliferation marker and proliferation of cell nuclear antigens.
Despite this evidence related to lung cancer, dietary carote-
noids have been shown in numerous studies to prevent cancer
and the mechanism is thought to involve induction of cell
death via the oxidative stress caused by cytochrome ¢ release
from mitochondria, which leads to apoptosis, a way to kill
other types of cancer cells (Tanaka et al., 2012).

6.2. Antioxidant activity of phenolics

Catechin and epicatechin react directly with H,O, and prevent
the Fenton reaction between Fe’" and H,0, (Masibo and
Qian, 2008). Another mango flavonoid with significant
reported antioxidant activity is quercetin, which has the ability
to sequester ROS such as O3, NO-, and other reactive nitrogen
species, a feature that has been attributed by Boots et al. (2008)
to the catechol motif in its B-ring, and the hydroxyl group at
position 3 of the C-ring.

The antioxidant capacity of mangiferin, present in mango
leaves and bark, and to a lesser extent in the fruit pulp, has
been widely demonstrated in different studies such as its capac-
ity to inhibit the Fenton reactions and lipidic peroxidation
through the formation of a stable complex with Fe®*
(Benard and Chi, 2015). The antioxidant capacity of mangi-
ferin is comparable to the neutralization of ROS, such as
ROO, 0,7, H,0,, and'OH by ascorbic acid (Benard and
Chi, 2015). Antioxidant activity of mangiferin has also been
demonstrated using the 2,2'-azinobis-(3-ethylbenzothiazolin-6
-sulfonic acid (ABTS) and DPPH assays (Tang et al., 2004).
Mangiferin showed in vitro values of 0.61, 1.67, and 3.69 pmol
of Trolox, using DPPH, ABTS, and Oxygen Radical Absor-
bance Capacity (ORAC) assays, respectively (Malherbe
et al., 2014). Mangiferin has also been shown to protect against
oxidative stress in Wistar rats and in healthy older adults
(Pardo-Andreu et al., 2008).

Among the phenolic acids in mango fruit with reported
antioxidant activity are gallic and ellagic acids. Gallic acid is
capable of inhibiting lipid peroxidation and neutralizing
ROS such as’OH, O3, and ROO-, as well as other oxidizers like
H,0, and HCIO (Badhani et al., 2015), which is partially
attributed to the hydroxyl groups in the ortho position. The
antioxidant activity of ellagic acid measured by the DPPH
assay has been shown to inhibit lipid peroxidation and
enhance SOD, catalase, and glutathione peroxidase (GPx)
activities in lung fibroblasts (V79-4) of Chinese hamsters
(Han et al., 2006).

Zapata-Londono et al. (2020) reported that mango juice
(cv. Azucar) consumption for 26 days did not significantly
affect plasma antioxidant capacity and biomarkers of
oxidative stress [lipid peroxidation, total glutathione, and
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8-hydroxy-guanosine (8-OHdAG)] in healthy adults with dietary
habits that favor colorectal cancer risk. In contrast, Pardo-
Andreu et al. (2006) reported that 30 days of consumption
of 14.67 pmol L' of Vimang, an extract from mango bark that
is rich in phenolic acids and esters, flavan-3-ols, and mainly
mangiferin (10 pM), decreased TBARS levels. In this study,
the effect of the extract consumption on total glutathione
was also determined, but no differences were observed after
taking the extract (Pardo-Andreu et al., 2008). Differences
between these studies may be attributed to the quality of diet-
ary habits of the participants, such as the low fruits and veg-
etables consumption by the participants in the study of
Zapata-Londono et al. (2020), which is associated with
increased levels of lipid peroxidation and oxidative damage
to DNA (Suwimol et al., 2012), indicating that the ability of
these foods to protect against oxidative stress is due, in part,
to their phenolic compounds. Plasma antioxidant capacity is
directly associated with consumption of foods rich in phenolic
compounds, which was evidenced in a study by Wang et al.
(2012) reporting that a high consumption of foods rich in
antioxidants led to an improvement in plasma antioxidant
capacity.

On the other hand, considering that mangiferin’s antioxi-
dant capacity in vitro and in vivo has been shown in different
studies (Marquez et al., 2012; Pardo-Andreu et al., 2006), the
plasma content of mangiferin following consumption of
mango juice was evaluated by Zapata-Londofio et al. (2020)
who found higher values of mangiferin in participants (38.64

+ 6.75 ng mL™"), more than those reported by Hou et al.
(2012) after the administration of mangiferin (0.9 g) via the
oral route to healthy individuals. These differences may be
attributed to the accumulation of mangiferin present in mango
juice consumed daily and because absorption of mangiferin
may be greater when it is in this matrix.

Studies performed in humans and rats have shown that
mango consumption increases antioxidant capacity in plasma
or serum (Garcia-Solis et al., 2008; Robles-Sanchez et al,
2011). Robles-Sanchez et al. (2011) found that healthy individ-
uals who consumed peeled and sliced Ataulfo mangoes for
30 days had increased plasma antioxidant capacity as mea-
sured by ORAC and ABTS assays compared to the controls.

6.3. Immunomodulation activity

One of the observed effects of carotenoids and polyphenols of
mango is their anti-inflammatory effect on epithelial cells such
as Caco-2 in the gastrointestinal tract (Bichler et al., 2011),
HT-29 cells (Ribeiro et al., 2006), human gastric epithelial ade-
nocarcinoma (AGS) (Jang et al., 2012), ulcerative colitis (Kim
et al., 2016), breast cancer cells (Arbizu-Berrocal et al., 2019),
obesity (Gomes Natal et al., 2016; 2017), and in juvenile upper
respiratory tract (Anaya-Loyola et al., 2020). The inflamma-
tion is initiated by an irritant agent or infection and involves
movement of fluid containing macrophages and leukocytes
into extravascular tissue, then tissue regeneration or repair
involving cell proliferation. A respiratory burst is characteris-
tic of this process, which is associated with ROS overproduc-
tion, oxidative stress, and damage to lipid membranes,
producing lipid peroxidation and activation of the arachidonic
pathway, further producing ecoisanoids that are able to induce
cell proliferation. Oxidative stress also damages DNA and pro-

teins with modification of structure and function (Hussain
et al., 2003), a condition that can lead to chronic diseases like
cancer. As outlined by Reuter et al. (2010), the affected cells
produce proinflammatory cytokines (TNF-ao, IL-1p), chemoki-
nes, and prostaglandin E2 (PGE2) because of activation of
cyclooxygenase 2 (COX-2), inducible nitric oxide synthase
(iNOS), and activation of the transcription factors NF-xB
and Nrf2 that have been associated with inflammation and
oxidative stress responses (Fig. 1). A clinical trial performed
with 10 adult patients with inflammatory bowel disease, Crohn
disease, and ulcerative colitis, showed that supplementation
with 200-400 g d' of ripe Keitt mango pulp for 8 weeks
improved their clinical condition, including simple Clinical
Colitis Activity Index, decreased plasma pro-inflammatory
cytokines related to neutrophil-induced inflammation (i.e., II-
8, growth regulated oncogene, ranulocyte macrophage
colony-stimulating factor) (Kim et al., 2020).

As described in Fig. 1, carotenoids (including B-carotene)
and phenolic compounds (phenolic acids and polyphenols)
from mango may act directly as antioxidants from the effects
of UV radiation, but can also interact with a wide group of cell
molecules such as nuclear transcription factors (NR: nuclear
receptors, Nrf2, RAR, RXR, NF-«kB, MAPKs, PPARs) and
MAPKSs enzymes, able to modulate through the RARE, the
antioxidant response element (ARE), the transcription of
genes involved in cellular defense such as antioxidant enzymes
(SOD, GSTs, NQO1), genes involved in the inflammatory sys-
tem such as the cytokines TNFo and ILIP, the pro-
inflammatory enzymes (COX-2, iNOS) for producing com-
pounds such PGE-2 by COX-2, genes involved in apoptosis,
glucose and fatty acid metabolism, and genes participating in
cell survival and/or proliferation.

6.4. Anti-inflammatory activity of mango carotenoids

It has been shown in in vitro studies that B-carotene (2 to
20 uM) is able to significantly reduce ROS production and
activation of the NF-xB in AGS cells after Helicobacter pylori
stimulation (Bouayed and Bohn, 2010; Jang et al., 2009),
including down-regulated iNOS and COX-2 expression, and
production of PGE2 (Jang et al., 2009; Palozza et al., 2003).
PGE2 plays an important role in the process by activating
PGE2 receptors, which increase B-catenin nuclear accumula-
tion and transcriptional activity (Castellone et al., 2005). The
PGE?2 also activates signal transduction pathways that favor
growth of malignant tissue by enhancing cellular proliferation,
promoting angiogenesis, inhibiting apoptosis, stimulating
invasion or migration, and suppressing immune responses
(Wang and Dubois, 2006). Corrales-Bernal et al. (2016)
showed that consumption of Azlcar mango juice during the
8 weeks following AOM injections to induce colorectal cancer,
significantly reduced PGE2 levels compared with the control
group, a result correlated with aberrant crypt foci (ACF), indi-
cating mango consumption might contribute to control of car-
cinogenesis in colonic mucosa.

The effect of carotenoids on Mitogen-activated protein
kinases pathway (MAPK) has been investigated in other stud-
ies. Oxidative stress stimuli, IL-1f, and TNF-a activate these
serine/threonine kinases. The three MAPK-pathways that
have been characterized are the p38 kinases, the c-Jun N-
terminal kinases (JNK1, JNK2, and JNK3), and the extracel-
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Possible mechanisms of the effects of mango carotenoids and phenolic compounds. ARE: antioxidant response element; AP1-P:
activator protein 1 phosphorylated; COX-2: cyclooxygenase-2; DNA: deoxyribonucleic acid; IL1b: interleukin 1-b; iNOS: inducible nitric

extracellular signal-regulated kinase; ERK: extracellular signal-

regulated kinase phosphorylated; GSTs: glutathione-S-transferases; JNK: c-Jun N-terminal kinase; JNK-P: c-Jun N-terminal kinase
phosphorylated; NR: nuclear receptor; NF-kB: nuclear factor kappa-B; Nrf2: nuclear factor erythroid 2-related factor 2; NQO1: NAD(P)
H quinone oxidoreductase 1; P38: mitogen-activated protein kinase p38; P38-P: mitogen-activated protein kinase p38 phosphorylated;
RAR: retinoic acid receptor; RARE: retinoic acid response element; RXR: retinoid X receptor; PPARs: peroxisome proliferator-activated
receptors; RE: Response element; ROS: reactive oxygen species; SOD: superoxide dismutase; TNFa: tumor necrosis factor-alpha; UV:

Ultraviolet.

lular signal-regulated kinases (ERK1/ERK2) (Johnson and
Lapadat, 2002). It has been observed that B-carotene inacti-
vates the p38 and ERK pathways by decreasing phosphoryla-
tion, but this effect was not found for JNK in the cytosol of
AGS cells (Jang et al., 2009).
Reducing biomarkers of inflammation that has been identi-
fied in cancer chemoprevention studies, such as TNFa and
IL1B, has been addressed in several animal studies by provid-
ing foods containing carotenoids (Bousserouel et al., 2011).
Proinflammatory cytokines TNFo and IL1 (o and ) are con-
sidered tumor promoting factors that act via stimulation of
chemokine expression and promotion of ROS production in
epithelial cells (Babbar and Casero, 2006). IL1pB has been
shown as the cause of inflammation and induction of pro-
inflammatory gene expression. Pro-inflammatory cytokine
levels in the blood of Balb/c mice injected with azoxymethane
(AOM) then provided with 0.3% w/v of mango juice for
8 weeks were only slightly, but not significantly different com-
pared with the control group (AOM + water) (Corrales-
Bernal et al., 2016). The TNFa levels in the experimental
group were undetectable, and IL6 was not different in treated
and control animals. Elevated IL1B levels induced by AOM
soon after initiation of colon carcinogenesis and diminished
IL1P with mango juice consumption were novel results of this

study. Choi et al. (2006) reported similar results when rats with
colon carcinogenesis induced using AOM were given 0.5% [-
carotene for 33 weeks, with the B-carotene failing to reduce
inflammatory markers such as COX-2. Although the reasons
for these results are unexplained, the approach of using
in vivo models and administering water-soluble preparations
of carotenoids (i.e., mango juice) is interesting.

In spite these promising results, when effects of carotenoids
are evaluated by intake of carotenoid-rich foods such as
mango, there are prevailing confounding factors, including
the presence of other components of the food matrix such as
dietary fiber, minerals, and vitamins. However, carotenoids
and micronutrients provided as supplements may not result
in the same synergistic effects as when they are in the food
matrix, overdosing is a possibility, and bioavailability may
be altered (Kaulmann and Bohn, 2014).

The effect of carotenoid supplementation on factors
involved in the NF-kB pathway has been analyzed in a few
studies, but foods rich in lycopene (not found in mango) have
received the most attention. However, one example using -
carotene was the study of Vaisman et al. (2006) in which the
subjects received enteral nutrition enriched with carotenoid
(2 pg keal™), resulting in reduced expression of lymphocyte

NF-xB after 3 months compared with the control. On the
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other hand, daily consumption for 4 weeks of either 2 or 8
servings of carotenoid-containing fruits and vegetables had
no effect on TNF-a, IL-12, or C-reactive protein serum levels,
but consumption of greater than 8 daily servings did reduce C-
reactive protein serum levels (Watzl et al. 2011).

6.5. Anti-inflammatory activity of mango phenolics

The anti-inflammatory activity of mango phenolic compounds
like gallic acid and gallotannins was reported by Kim et al.
(2016) to inhibit the nuclear factor kappa-B (NF-kB) in experi-
mental models of ulcerative colitis employing an enriched frac-
tion of Keitt mango polyphenolic extracts. They examined the
miR-126/PI3K/AKT/mTOR signaling pathway in in vitro
lipopolysaccharide (LPS)-treated CCD-18Co cells and observed
that a mango extract with 10 mg GAE L™ suppressed NF-kB, p-
NF-kB, PI3K (p85B), HIF-1a, p70S6K1, and RPS6 protein
(Kim et al., 2016). They also observed that a mango beverage
protected rats against dextran sodium sulfate (DSS)-induced
colonic inflammation (47%) and significantly reduced expres-
sion of iNOS, the proinflammatory cytokines TNF-o, IL-1f,
aswellas PI3K, AKT, and mTOR. Similar results were obtained
in TNF-a treated breast non-cancer cells MCF-12A and breast
cancer cells MDA-MB231 exposed to a polyphenol-rich extract
of Keitt mango pulp (Arbizu-Berrocal et al., 2019). These find-
ings suggest that mango phenols have potential as anti-
inflammatory therapeutic agents in the prevention of breast can-
cer and as cancer-specific cytotoxic treatments of breast cancer
without inducing cytotoxicity in non-cancer cells.

Inflammation is not only associated with infectious pro-
cesses or cancer, but also with obesity modulated by adipo-
kines. When Gomes Natal et al. (2016; 2017) evaluated the
effect of consumption of Uba mango juices by obese Wistar
rats (35 mL d™!) for 7 days they noted that the juice prepared
from pulp + peel had higher concentrations of phenolic com-
pounds, mangiferin, and ascorbic acid than juice prepared
from pulp alone. Nevertheless, both mango juices reduced obe-
sity indicators such as total body weight, body weight gain, vis-
ceral fat, and adiposity index (Gomes Natal et al., 2016). In
addition, they observed reduced expression of peroxisome
proliferator-activated receptor gamma (PPAR-y), a transcrip-
tion factor of adipogenic genes, and increased blood levels of
HDL-cholesterol while blood glucose and reducing total
cholesterol, fatty acid synthase expression, and TNF-o were
decreased (Gomes Natal et al., 2016). Moreover, both Uba
mango juice, pulp, and pulp + peel, reduced seric resistin
levels and hepatic steatosis in obese rats (Gomes Natal et al.,
2017). Thus, taken together, their results indicate that Uba
mango has potential as a functional food able to reduce the
metabolic risk for obesity that is associated with adiposity
and inflammation.

Anaya-Loyola et al. (2020) proposed that a mango juice-
by-product (JBP) containing peel and pulp remanent may
reduce symptoms related to gastrointestinal and upper respira-
tory acute infections in healthy school-age children (6 to 8 years
old) via modulation of immune-related proteins due to its high
content of dietary fiber (1.1 g) and 278.6 mg extractable
polyphenols (mono-to-hepta galloyl hexosides and mangiferin)
and 7.8 mg of hydrolyzable polyphenols (ellagic and gallic
acid) per portion (2 g d’') supplemented for 2 months. The
JBP showed beneficial effects on gastrointestinal and upper

respiratory tract, as most of the children did not present gas-
trointestinal and respiratory infections at the end of the study.
These effects might be attributed to the antimicrobial and
antiviral activities associated with the high content of phenols
such as gallic acid and gallotannins (Lee et al., 2016b). In addi-
tion, these effects in children were associated by Anaya-Loyola
et al. (2020) with the increase in serum levels of immune-
related proteins, plasminogen activator inhibitor (PAI-I),
which confers protection against yersiniosis by promoting
the innate immune system; macrophage inflammatory protein
(MIP-1a), which promotes the ability of cytotoxic T lympho-
cytes to protect against a secondary viral challenge; and
MIP-1p, which promotes IgA and IgE antibodies. However,
in this study, the serum levels of these immunoglobulins were
not significantly affected by mango JBP supplementation. On
the other hand, decreases in levels of IgG, macrophage migra-
tion inhibitory factor (MIF), and osteopontin were the result
of a lower number of repeated infections and less production
of pro-inflammatory cytokines as a result of inflammatory pro-
cess in organs such as the gastrointestinal tract (Anaya-Loyola
et al., 2020).

6.6. Antiproliferative action of mango phytochemicals

Epidemiological evidence has shown inverse association
between intake (food or supplements) of phytochemicals (phe-
nolic compounds and carotenoids) and cancer risk, because the
phytochemicals are able to regulate cellular differentiation and
growth cell (Yu et al., 2015). Studies on the mechanisms of
action of the phytochemicals present in fruits and vegetables
in cancer have allowed their classification according to their
ability to block the initiation stage of carcinogenesis (cancer-
blocking agents) or to suppress (cancer-suppressing agents)
the proliferative capacity of preneoplastic lesions in the stages
of tumor promotion and progression (Surh, 2003; Yahia, 2009;
Yahia et al., 2018b). Phenolic compounds are blocking agents
that inhibit carcinogens by protecting DNA from nitrogen
reactive intermediates and ROS attack because of their scav-
enging potentials shown for quercetin (Bub et al., 2003) and
gallic acid (Lauricella et al., 2019). Flavonoids also induce car-
cinogen detoxifying systems, alter metabolism of procarcino-
gens in favor of conjugation and excretion of reactive
metabolites, and can interact with the aryl hydrocarbon recep-
tor as agonists or antagonists depending on structure and cell
context, which influences the expression of drug metabolizing
enzymes such as cytochromes P450 (Romagnolo and Selmin,
2012) as well as induction of phase Il enzymes, and may facil-
itate the elimination of certain carcinogens or their reactive
intermediates (Zhang et al., 2003). On the other hand, the sup-
pressing mechanisms induced by polyphenols include suppres-
sion or elimination of tumor cells by interfering with cell cycle
regulation, signal transduction pathways, transcriptional regu-
lation, inhibition of cyclooxygenase activity, suppression of
oncogenes and tumor formation, and induction of apoptosis
of cancer cells (Surh, 2003). Many flavonoids or combinations
of flavonoids induce G2/M arrest in CaCo-2 and SW620
human colon carcinoma cells (Dorai and Aggarwal, 2004).
Another suppressing mechanism considered is the inhibitory
effect on arachidonic acid metabolism leading to production
of pro-inflammatory or mitogenic metabolites including pros-
taglandins and ROS (Corrales-Bernal et al., 2016).
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Over the past few years, research has focused on demon-
strating that the polyphenol mangiferin presents antiprolifera-
tive activity. Mangiferin has been reported by Li et al. (2016)
to reduce the proliferation of human prostate cancer PC3 cells
in a concentration- and time-dependent manner. In addition,
mangiferin promotes apoptosis and induces caspase-3 activity
of human prostate cancer PC3 cells. Mangiferin treatment sig-
nificantly reduces the expression levels of Bcl-2 and improves
miR-182 expression in PC3 cells (Li et al., 2016). Mangiferin
in CNE2 cells, a nasopharyngeal carcinoma cell line, induced
apoptosis, and inhibited cell proliferation via cell cycle arrest
in phase G2/M in a dose-dependent manner (Pan et al.,
2014). Moreover, mangiferin reduced antiapoptotic protein
Bcl-2 and its associated mRNA and increased proapoptotic
protein Bax in CNE2 cells (Pan et al., 2014).

In rhabdomyosarcoma (RD) cells, mangiferin caused cell
death in a dose-dependent manner (Padma et al., 2015). It
was found that the IC50 value was 70 pM and its cytotoxic
effect increased depending on the dose and induced the loss
of lactate dehydrogenase, the release of nitric oxide, the
increase in intracellular production of ROS and intracellular
calcium level, and the decrease in the antioxidant enzymes
catalase, SOD, glutathione-s-transferase, and glutathione with
decreasing the mitochondrial membrane potential in DR cells
(Padma et al., 2015).

In in vivo animal models, the chemopreventive activity of
mangiferin has been tested in ovarian adenocarcinoma cell line
xenograft (OVCAR3) in nude BALB/c female mice. Xenograft
tumor volume decreased significantly with increasing mangi-
ferin dose during a 14-d treatment, and xenograft tumor vol-
ume decreased in mice treated with mangiferin plus cisplatin,
suggesting that mangiferin increased the sensitivity of ovarian
cells to cisplatin (Zou et al., 2017). Mangiferin has also been
reported to inhibit in vivo growth of fibrosarcoma in Swiss
mice (Derese et al., 2017).

The way in which carotenoids are thought to prevent devel-
opment of certain types of cancers is by modulating the RAR
gene that codes for a potential tumor suppressor (Pavan et al.,
2006). Contrary to this anticancer effect of f-carotene, this car-
otenoid and its oxidative metabolite, B-apo-14'-carotenoic
acid, down-regulate RARP in bronchial epithelial cells in the
presence of smoke-borne carcinogens by affecting the transac-
tivation of the RARP promoter, and consequently the tran-
scriptional activation of anti-proliferative or pro-apoptotic
genes necessary for the elimination of neoplastic and preneo-
plastic cells with irreparable alterations (Prakash et al., 2004).

The anti-carcinogenic action of mango has been studied
from in vitro cultures of cancer cells and in vivo animal models
in the early stages of carcinogenesis (Boateng et al., 2007;
Corrales-Bernal et al., 2014a; 2016). Cell growth of human
fibroblasts (Stivala et al., 2000) and human colon cancer cell
lines (COLO 320 HSR, LS-174, HT-29 and WiDr) (Palozza
et al., 2002), as well as some prostate cancer cell lines (PC-3,
DU 145 and LNCaP) (Williams et al., 2000) have been shown
to be inhibited by B-carotene independently of p53 and/or
p21WAF]1 status or gene expression with the arrest of cell cycle
in G2/M phase and the induction of apoptosis. These inhibi-
tory effects occur in parallel to the accumulation of carote-
noids inside the cells and their conversion into retinol,
leading to a reduced expression of cyclin A, a key regulator
of G2/M progression without modification of p21 or p27,
two cyclin kinase inhibitors. In relation to the apoptosis that

was observed in Bcl-2, Bel-xL, and Bax, a similar effect was
observed in SW480 adenocarcinoma cell line after treatment
with carotenoid and polyphenol extracts from Ataulfo and
Haden mangoes, respectively. This was achieved by ~ 2-fold
increase in levels of the enzyme Caspase-8 and 1.3- and 1.7-
fold increases in expression of the pro-apoptotic genes BAX
and BIM, respectively; and by increases in the cell cycle regu-
lators P21 and PKMYT]1 of ~ 1.3- and 1.4-fold, respectively,
compared to untreated cells. In addition, polyphenols from
Ataulfo mango (10 mg GAE L) induced cell cycle arrest in
the G2/M phase within 24 h and this was associated with
increased expression of PKMYT]I, a gene that has been shown
to negatively regulate the G2/M cell cycle transition (Noratto
et al., 2010).

In addition, there is important evidence to support the rela-
tionship between treatment with whole mango juices, extracts,
and bioactive phytochemicals from mango fruit and the mod-
ulation of many molecular pathways to prevent the in vitro
development and progression of cancer as well as in murine
cancer models. The effect of whole and fractions of mango
juice was evaluated using HL-60 cells that showed cell cycle
arrest in the GO/GI1 phase after treatment (Percival et al.,
2006). Furthermore, it has been shown that aqueous extract
of ‘Ataulfo’ mango has inhibitory effect on viability of breast
cancer cells MCF-7 (Garcia-Solis et al., 2009). In addition,
mango inhibited neoplastic transformation of BALB/3T3 cells
in a dose-dependent manner (Percival et al., 2006). Similarly,
exposure to mango peel ethanol extracts (125-1000 pg mL™")
inhibited proliferation in human cervical cancer HeLa cells,
human gastric cancer AGS cells, and human hepatocarcinoma
HepG?2 cells in a dose-dependent manner (Kim et al., 2010).

In a preclinical model of colorectal cancer induced by AOM
using mango juice from Aztcar mango (0.3% to 1.25% w/v)
offered daily for 10 weeks to Balb/c mice, Corrales-Bernal
et al. (2014a) reported that the formation of ACF in the colon
was inhibited by more than 60% in mice receiving 0.3%
(p = 0.05) before and after AOM injection when compared
with controls receiving water. A similar result (p = 0.013)
was obtained when mango juice was given for 8 weeks just
after AOM injection. Furthermore, the analysis of crypt mul-
tiplicity in ACF by Boateng et al. (2007) indicated that con-
sumption of 5% w/w of mango juice highly inhibited ACF
formation (by 83.3%).

6.7. Anti-diabetic effects and mechanisms of mango
phytochemicals

Type 2 diabetes mellitus (T2DM) is a complex, multifactorial,
systemic chronic disease characterized by hyperglycemia and
other metabolic disorders. It is generally accepted that the
main pathophysiological contributors to T2DM are insulin
resistance (IR) and p-cell dysfunction (Sangeetha et al.,
2017). As the available hypoglycemic drugs have adverse side
effects, there is an increasing interest in identifying natural
sources and/or natural bioactive compounds as therapeutics
to treat T2DM and its complications (Shukri et al., 2011).
The study of the antidiabetic properties of natural products
focuses on the effects involved in carbohydrate digestion, glu-
cose absorption, glucose uptake by adipose tissue and skeletal
muscles, synthesis of sorbitol, formation of advanced glycation
end products (AGEs), gluconeogenesis/glycogenolysis, and
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synthesis and secretion of insulin (Alam et al., 2019; Sangeetha
et al., 2017). The role of mango on the preventive and adjuvant
effects in the treatment of T2DM and its complications have
been studied in different ways, by clinical studies, studies in
experimentation animals, and in vitro studies.

One of the main concerns about the consumption of mango
pulp is that it could have a hyperglycemic effect in patients
with T2DM due to its high content of sugars (sucrose, glucose,
and fructose). However, several studies have shown that the
glycemic response to mango in healthy subjects and patients
with T2DM is low with respect to the response to the con-
sumption of glucose or other fruits such as banana, sapote,
rambutan, durian, and pineapple (Elizondo-Montemayor
et al., 2015; Redfern et al., 2017). A clinical trial carried out
in healthy patients shows that fresh Tommy Atkins mango
puree has a low glycemic index (GI; Elizondo-Montemayor
et al., 2015). The GI is a quantitative measure that determines
the increase in blood glucose that occurs following consump-
tion of 50 g of the food carbohydrate equivalents compared
with the consumption of the same quantity of glucose. A
GI < 55 is considered low, >70 is considered high, and the
GI described for fresh ripe mango puree is 42.7 + 19.5. Fur-
thermore, Elizondo-Montemayor et al. (2015) reported that
high hydrostatic pressure (HHP) processed mango puree had
significantly reduced GI (32.7 £+ 13.4). Consumption of low
GI foods has been associated with improvements in both body
weight and lipid profiles. The mechanism by which HHP pro-
cessing reduces mango GI is unknown, but it has been postu-
lated that an increase in the viscosity and alcohol insoluble
residues solubility could delay the absorption of carbohy-
drates. The effect of mango fruit powder obtained from unripe
Kili-Mooku mangoes, called Careless™, on glucose metabo-
lism and microcirculation in healthy subjects was studied in
a double-blind, randomized placebo-controlled trial
(Buchwald-Werner et al., 2017). Either 100 or 300 mg of fruit
powder was administered daily for 4 weeks with no modifica-
tion observed in glucose tolerance, glycosylated hemoglobin
(HbAlc), and microcirculation.

The streptozotocin (STZ) induction model of diabetes mel-
litus (DM) in rats is widely used to study the antidiabetic
effects of natural products. Streptozotocin is a toxic compound
that acutely destroys pancreatic B-cells, leading to the develop-
ment of severe hyperglycemia because of the resulting lack of
insulin. This model is particularly useful for studying the
hyperglycemic effects and complications of DM such as neu-
ropathy, nephropathy, retinopathy, and cataractogenesis.

Mangiferin has been shown to reduce diabetic nephropa-
thy in STZ-diabetic rats (Li et al., 2010). Mangiferin in
STZ-diabetic rats significantly inhibited 24 h albuminuria
excretion, glomerular extracellular matrix expansion, and
accumulation and transforming growth factor-f1 (TGF-BI)
overexpression in glomeruli. Moreover, serum-AGEs,
lipoperoxidation, and sorbitol concentration in erythrocytes
were significantly decreased by mangiferin (Li et al., 2010).
On the other hand, mangiferin also increased both serum
SOD and GPx activities and creatinine clearance rate in
STZ-diabetic rats (Li et al., 2010). Moreover, in mesangial
cells, mangiferin inhibited high-glucose-induced cellular pro-
liferation and also reduced collagen IV overexpression
induced by AGEs (Li et al., 2010).

An 8-week high-fat/high fructose diet (HFFD) followed by
subdiabetogeneic STZ was used to explore the antidiabeto-

genic effect of mangiferin. This model is useful to induce IR
and B-cell dysfunction and their consequences such as hyper-
glycemia, depletion in liver glycogen, dyslipidemia, and obesity
(Saleh et al., 2014). When 20 mg/Kg i.p. mangiferin was
applied for 28 days, insulin sensitivity was improved in
HFFD-STZ-diabetic rats (Saleh et al., 2014). Serum fasting
glucose and lipid profile were improved and the serum tumor
necrosis factor-o (TNF-a) was reduced, whereas serum adipo-
nectin was increased. TNF-a is an adipokine related to devel-
opment of IR, whereas adiponectin is an adipokine that
increases insulin sensitivity. The effects of mangiferin in
HFFD-STZ-diabetic rats were similar to those of the standard
insulin sensitizer rosiglitazone (Saleh et al., 2014).

Supplementing the high-fat (HF) diet of mice with 1%
freeze-dried mango pulp for 8 weeks improved glucose toler-
ance, with reduced adiposity and lowered insulin resistance
in the HF group compared to the hypolipidemic drug fenofi-
brate and the hypoglycemic drug rosiglitazone (Lucas et al.,
2011).

The preclinical model of Gestational Diabetes Mellitus
(GDM) in mice has been used to show that the protective
effect of mangiferin at 50 mg kg ™' d™' for 18 gestational days
is due to suppression of inflammation, oxidative stress, and
endoplasmic reticulum (ER) stress (Sha et al., 2019) because
glucose intolerance, insulin resistance, and B-cell dysfunction
that contribute to the processes associated with GDM are
favored by oxidative stress. The ER regulates protein synthesis
and post-translational protein modifications; thus, ER pertur-
bation affects the biological function of proteins resulting in
misfolded proteins (Roca-Rodriguez et al., 2014). Therapeutic
application of mangiferin was demonstrated to reduce GDM
symptoms by rescuing insulin level, decreasing blood glucose,
total cholesterol, triacylglycerides and low-density lipopro-
teins, increasing antioxidant factors (SOD, GPx, and catalase;
Roca-Rodriguez et al., 2014). Mangiferin decreased, but did
not totally prevent, inflammation [IL-6, monocyte-chemoat
tractant-protein-1 (MCP-1) e IL-8] and ER stress (GRP78,
p-IREla, p-elF2a, and p-PERK) in GDM mouse placenta;
the latter may be attributed to poor absorption and low
bioavailability of mangiferin.

The mechanisms of the effects of mango fruit (pulp, peel,
and seed) on DM are at different physiopathological levels
because of very diverse compounds present in different prepa-
rations or extracts of mango fruit. Some of these hypoglycemic
and hypolipidemic effects observed with mango fruit and the
vegetative plant tissues are similar to those observed using
pharmacological options, explained from the action of antag-
onists for peroxisome proliferator-activated receptors
(PPARSs), which are able to control glucose and lipid metabo-
lism (Wang, 2010). The PPARs comprise a family of three
members: a, B/9, and y. The PPAR-a activation by ligands reg-
ulates the genes involved in the catabolism of fatty acids (j3-
oxidation, fatty acid synthesis, ketogenesis, and lipoprotein
metabolism) (Wang, 2010; Zhang et al., 2015). Upregulation
of glucose uptake explains how PPAR-y improves insulin sen-
sitivity in adipose tissue and skeletal muscle (Wang, 2010).
Finally, the PPAR B/8 modulates fatty acid metabolism and
regulates endogenous antioxidant levels in the heart as well
as regulating mitochondrial biogenesis, cardiomyocyte apop-
tosis, glucose metabolism and the insulin signaling pathway,
and myocardial inflammatory responses induced by lipids
(Palomer et al., 2016).
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This information suggests that bioactive mango com-
pounds could induce control of glucose and lipid metabolism
by acting as PPARs agonists, but the mechanism by which
mango fruit and the plant bioactive compounds lower blood
glucose levels is unknown. Aderibigbe et al. (1999) reported
that an aqueous extract of mango leaf demonstrating hypo-
glycemic activity did so by stimulating pancreatic B-cells to
secrete insulin and reduce intestinal absorption of glucose.

Thus, whether mango compounds could act similarly to
other PPAR agonists is not clear at present, and future studies
are necessary to examine how mango consumption leads to
these effects. Further research is needed to investigate if sup-
plementing the diet with fresh mango containing these bioac-
tive component(s) will have these same benefits.

6.8. Anti-hypertensive effects and mechanisms of mango
phytonutrients

Globally, hypertension is one of the most important non-
transmissible diseases and it is the most preventable risk factor
for all-cause morbidity and mortality (Saiz et al., 2020).
Hypertension is also the major risk factor of cardiovascular
disease (heart failure, chronic kidney disease, myocardial
infarction, peripheral vascular disease, stroke) and it is associ-
ated with persistently hypertension in systemic arteries (Saiz
et al., 2020). Around 90 to 95% of the patients with hyperten-
sion have essential or primary hypertension that has a multi-
factorial gene-environment etiology (Oparil et al., 2018).

One of the factors involved in the development of hyperten-
sion is hyperuricemia (Oparil et al., 2018; Yang et al., 2018).
Hyperuricemia involves impairment of nitric oxide (NO) syn-
thesis and subsequent endothelial dysfunction (Yang et al.,
2018). The liposoluble free radical NO is involved in several
biological processes such as vasodilatation, angiogenesis,
immune function, leukocyte-endothelial interactions, platelet
aggregation, long-term synaptic transmission, memory, and
reproduction (Becerril et al., 2019; Lee et al., 2016a). The three
NO synthase (NOS) isoforms, neuronal (nNOS), endothelial
(eNOS), and inducible (iNOS), are responsible for NO synthe-
sis. In normal physiological conditions, nNOS and eNOS are
both constitutively expressed, whereas iNOS is stimulated by
inflammatory cytokines. iNOS promotes excessive NO synthe-
sis that causes oxidative stress and cellular damage via accu-
mulation of peroxynitrites (ONOO") (Becerril et al., 2019;
Lee et al., 2016a). Elevated blood pressure is generally related
to reduced eNOS activity and excessive abnormal iNOS
expression seems to be related to progression of vascular dys-
function (Lee et al., 2016a).

There are some studies related to NO synthesis and hyper-
tension in which the antihypertensive effect of mangiferin was
explored. Yang et al. (2018) showed in rats with hypertension
induced by hyperuricemia that mangiferin administered intra-
gastrically (120 mg kg~") significantly decreased both serum
uric acid (UA) and systolic blood pressure (SBP) between 8
and 12 weeks. The reduction of SBP in hyperuricemic rats
by mangiferin was associated with increased serum NO and
decreased serum C-reactive protein (CRP). Besides, mangiferin
increased eNOS, reduced CRP and intercellular adhesion
molecule-1 (ICAM-1), and decreased formation of ONOO
in aortic segments. Moreover, in vitro experiments performed
in cultured human umbilical vein endothelial cells (HUVECs)

treated with UA yielded results consistent with the observed
results in vivo. Mangiferin in HUVECs treated with UA
reduced protein and mRNA expression of CRP, reduced
mRNA expression of ICAM-1, increased mRNA for eNOS,
increased formation of NO and reduced the formation of
ONOO™ (Yang et al., 2018). Moreover, an in vitro study per-
formed with digested mango fruit powder obtained from
unripe Careless™ mangoes in HUEVCs showed 23, 42, and
60% activation of eNOS for doses of 300, 1,500, and
3,000 pg mL ™", respectively (Gerstgrasser et al., 2016).

On the other hand, the antihypertensive effects of mangi-
ferin alone were studied using vascular smooth muscle cells
and mesenteric resistance arteries from normotensive (NT)
and spontaneously hypertensive (HT) rats (Beltran et al.,
2004). The effect of 1 ng mL™" interleukin-1f on COX-2 and
iNOS protein expression in NT and HT rats was inhibited
by 0.025 mg mL ' mangiferin, but noradrenaline-induced con-
traction was not affected. Taken together, the results suggest
that mangiferin may have an important role to play in decreas-
ing hypertension through regulation of NO synthesis and
improvement of endothelial function.

7. Conclusions

Mango fruit are highly nutritious, providing fiber, minerals,
vitamins, and macronutrients. In addition, mango fruit are
an important source of many bioactive phytochemicals,
including polyphenols and carotenoids, which are biologically
important as well as serving as fruit quality indicators, in addi-
tion to being medically useful. Many of these compounds exist
in mango in very low abundance, although their contribution
to human health, especially in a combined synergistic action
with others might be significant. With better understanding
of the chemical composition and changes that occur in mango
fruit during development, and the interactions among the
bioactive compounds, producers and consumers will be able
to benefit from the diverse mango cultivars for fruit phyto-
chemical characteristics that provide added value.

Enhanced fruit color, prolonged ripening, increased antiox-
idant content, and improved fruit characteristics for fresh con-
sumption, processing or other agro-industrial uses can all
contribute to increasing the value of mangoes. It is important
to enhance various biotechnological strategies that might con-
tribute to controlling the biochemical changes during mango
fruit development before or after harvest in order to obtain
fruit with excellent combinations of organoleptic and nutri-
tional qualities, and for health benefits, for the final consumer.

The different signaling pathways that can be activated for
antioxidant activity, immunomodulation, antiproliferation,
and metabolic control of carotenoids, including B-carotene,
and phenolic compounds (phenolic acids and polyphenols)
from mango fruit are summarized in Fig. 1. However, the
specific molecular mechanisms that underlie these complex
biological functions of the carotenoids and phenolics present
in mango fruit need to be further understood before mango
and mango byproducts rich in carotenoids and phenolics can
be fully exploited to aid in the prevention of carcinogenesis,
DM, or other non-communicable diseases associated with
chronic ROS production and inflammation. At present, no evi-
dence suggests any dangers associated with consuming large
amounts of carotenoids and phenolics from natural dietary
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sources like mango. However, people with alcohol consump-
tion and smoking habits are recommended to avoid high -
carotene supplement doses. This review was limited in terms
of us being able to categorically attest that consuming fresh
or processed mangoes or dietary supplements derived from
mango will provide specific benefits for human health. Much
further work is required before such specific recommendations
can be made, including does-response relationships and deter-
mination of possible synergistic interactions among various
mango constituents.
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