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ABSTRACT

Carotenoids are natural pigments and antioxidants found in fruits and vegetables such as carrot, tomato, orange,
mango, yellow corn, pumpkin, and mamey. In this study, we evaluated the antioxidant potential of mamey
(Pouteria sapota) carotenoids and compared them to carrot (Daucus carota) carotenoids. The carotenoids were
extracted from mamey and carrot, and their antioxidant capacity were determined via in vitro (ABTS method)
and in vivo assays (resistance against oxidative stress in Caenorhabditis elegans). The carotenoid contents in
mamey and carrot were 4.42 + 0.12 and 5.47 + 0.04 mg f-carotene/100 g, respectively. Despite the differences
between the carotenoid contents in both products (p < 0.05), the in vitro antioxidant capacity results showed no
significant differences between the extracts (p > 0.05). The mamey and carrot carotenoid extracts decreased the
oxidative damage in C. elegans by 20-30% and 30-40%, respectively. Both extracts increased the resistance and
enhanced the survival of the nematodes, and showed better effects than pure f-carotene, probably owing to the
complex mixture in the carotenoid extracts. These results suggest that mamey is a good alternative source of
carotenoids and that it protects against oxidative stress in C. elegans. The protective effect of mamey carotenoids

was similar to the effect of carrot carotenoids.

1. Introduction

Carotenoids are a group of natural pigments responsible for the
yellow, orange, and red colors in fruits and vegetables, which have been
associated with the prevention of diseases because of their functions as
vitamin A precursors, antioxidant compounds, and modulators of
physiological processes, such as the regulation of immune system, cell
development, proliferation, communication, and maintenance, gene
expression, hematopoiesis, and apoptosis [1,2].

The nematode Caenorhabditis elegans is an organism frequently found
in soils that feeds on bacteria and other microorganisms; it is used as a
biological model due to its small size, simple anatomy, short lifespan,
clear structure, easy propagation, completely sequenced genome, and
disposition of mutant strains [3,4]. For the above reasons, C. elegans has
been used as a research model for understanding the metabolic, patho-
logical, and molecular mechanisms associated with the aging process,
development of diseases, function, antioxidant capacity, and toxicity of
foods, bioactive compounds, and plant extracts [5,6]. Thus, several
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researchers have established that its lifespan and/or resistance against
oxidative stress increased after the exposure to multiple antioxidants,
such as vitamin C [6,7], spinach extracts [8], and phenolic compounds,
such as quercetin [9] and resveratrol [4]. Furthermore, the short life-
span of C. elegans and its capacity to produce multiple descendants al-
lows to evaluate the effect of bioactive compounds across multiple
generations [10].

Environmental contaminants, such as sunlight, smoke, ozone, and
herbicides, are sources of reactive oxygen species (ROS). The over-
production of ROS could result in oxidative stress and oxidative damage
to proteins, DNA, and membrane lipids [4,11]. The oxidative stress oc-
curs when the balance between pro-oxidant and antioxidant compound
is broken [12]. The oxidative stress is associated with premature aging
and development and progression of chronic diseases such as diabetes,
atherosclerosis, Parkinson’s, Alzheimer’s, and Huntington’s disease, and
cancer [11,13]. Carotenoids play a major role in the cell protection
against oxidative stress-induced by ROS, reactive nitrogen species
(RNS), and lipid peroxides via its singlet oxygen-quenching activity and
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free radical-scavenging activity [1]. In C. elegans, the ROS accumulation
accelerates aging and shortens the longevity and survival of the nema-
tode. p-Carotene [6] and astaxanthin [14,15] have shown the ability to
decrease the oxidative stress damage, neutralize the ROS production and
increase the survival of C. elegans.

The largest intake of carotenoids in the human diet comes from fruits
and vegetables, such as carrots, tomatoes, spinach, and oranges [16,17];
however, those are not the only source of carotenoids. In this regard,
Alia-Tejacal et al. [18] and Yahia et al. [2] identified the mamey sapote
(Pouteria sapota) fruit as an alternative source of carotenoids. Mamey is a
tropical fruit native from Mexico and Central America, and it is valued
for its sensory characteristics and high nutritional value (carbohydrates,
fiber, minerals, vitamins A, C, and E, and antioxidant compounds) [2,19,
20]. Mamey is well known for its salmon-red pulp, smooth texture, and
sweet flavor, often used as an ingredient in jam, sorbet, ice pop, gelatin,
yogurt, desserts and bakery [18].

Although several studies on the characterization and post-harvest
handling of mamey have been conducted, there is little evidence con-
cerning the antioxidant potential of mamey carotenoids and no in vivo
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(purity >97%, Sigma-Aldrich, Mexico) in ethanol, using pure ethanol as
the blank. The results were expressed as mg of f-carotene/100 g of fresh
weight. Determinations were performed in triplicate.

2.3. In vitro antioxidant capacity

The antioxidant capacities of the carotenoid extracts were deter-
mined by the method developed by Re et al. [24] with some modifica-
tions. First, 5 mL of an aqueous solution of 7 mM 2,
2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS;
Sigma-Aldrich, Mexico) was prepared. The ABTS®" radical cations were
produced by reacting the ABTS stock solution with 2.45 mM K5S,0g and
allowing the mixture to stand at room temperature in the dark for 16 h.
Then, the solution was diluted with ethanol to an absorbance of 0.70 &
0.02 at 734 nm (Genesys 10S UV-Vis spectrophotometer, Thermo Fisher
Scientific, USA) and recorded as the initial absorbance. Then, 980 pL of
the diluted ABTS*" was mixed with 20 L of the carotenoid extract, and
the absorbance was measured after 6 min. The percentage of inhibition
was calculated using Eq. (1):

Inhibition percentage = [(Initial absorbance — Final absorbance) / (Initial absorbance)] x 100% 1)

studies have been conducted to evaluate its antioxidant capacity, which
is especially important because it is well-known that the antioxidant
properties can vary between in vitro and in vivo conditions [6,21,22].
Therefore, we propose that mamey may be an excellent source of ca-
rotenoids with effective antioxidant properties both in vitro and in vivo,
similar to carrot. Hence, the objective of this study was to compare the
antioxidant capacity of the carotenoids extracted from mamey with
those extracted from carrot. To evaluate the in vivo antioxidant capacity,
the resistance against oxidative stress in the nematode C. elegans was
studied.

2. Materials and methods
2.1. Materials

Mamey (Pouteria sapota) and carrot (Daucus carota) were obtained
from a local supermarket in the city of Puebla, Mexico. Both products
were washed with water to remove impurities and other contaminants
and peeled, and the pulp was homogenized using an immersion mixer
(2612, Oster, China). The mamey skin was carefully cleaned to remove
traces of pulp and cut into small pieces. The mamey pulp, mamey skin,
and carrot were stored in polystyrene bags at —20 °C until further use.

2.2. Carotenoids

The extraction of carotenoids was based on the method described
elsewhere [23] with some modifications. Samples of 10 g (mamey pulp,
mamey skin, or carrot) were mixed with 50 mL of a hexane: acetone:
ethanol solution (70 : 15: 15 v/v/v, respectively). The mixture was
magnetically stirred for 1 h; afterwards, 5 mL of 40% KOH in methanol
was added and incubated at room temperature in the dark for 2 h until
saponification. Then, 30 mL of hexane was added, the mixture was
shaken vigorously, and the upper layer was collected. The extraction
was repeated with the lower layer; then, the upper layer was collected
again. Both supernatants were mixed and filtered through NaySO4
powder to remove traces of water. Later, the supernatant was concen-
trated in a rotary evaporator (R-124, Biichi, Switzerland) at 35 °C, dis-
solved in ethanol, and spectrophotometrically analyzed at 450 nm
(Genesys 10S UV-Vis spectrophotometer, Thermo Fisher Scientific,
USA). A calibration curve was prepared using p-carotene (0-20 ppm)

A calibration curve was prepared by dissolving Trolox (6-hydroxy-
2,5,7,8-tetramethychroman-2-carboxylic acid; Sigma-Aldrich, Mexico)
in ethanol. Trolox solutions (0-1500 pM) were subjected to the same
treatment with ABTS®", as previously described using pure ethanol as
the blank. The Trolox concentration was plotted against the inhibition
percentage to obtain the calibration curve. The results were expressed as
micromole of Trolox equivalent antioxidant capacity (TEAC)/100 g of
fresh weight. Determinations were performed in triplicate.

2.4. In vivo antioxidant capacity

The biological model used was the wild strain of C. elegans, Bristol
N2, which feeds on the auxotrophic uracil bacteria Escherichia coli OP50.
The nematodes were maintained at 22 + 2 °C in nematode growth
medium (NGM) plates supplemented with 200 pL of E. coli OP50 [25].
Both organisms were obtained through the Chemical and Biological
Sciences Department of the Universidad de las Américas Puebla.

The eggs were obtained via synchronization to ensure that all nem-
atodes were in the same larval stage for the experimental assays [9]. For
this purpose, the nematodes were taken at the adult stage (third day),
washed with M9 solution (6 g/L NasHPOy, 3 g/L KHyPO4, 5 g/L NaCl,
0.215 g/L MgS04-7H20) to eliminate the bacteria, and centrifuged at
4600 rpm and 4 °C for 1 min (centrifuge Z 366K, HERMLE Labortechnik,
Germany). The supernatant was removed, 1 mL of M9 solution was
added, and centrifuged again under the same conditions. The superna-
tant was removed, 1 mL of 1 M NaOH was added, and then it was
vortex-shaken (Vortex-Gene 2 G560, Scientific Industries, USA) for 30 s
and centrifuged under the same conditions. The supernatant was
removed, and 500 pL of 1 M NaOH and 500 pL of 1 M NaOH: 5% NaClO
(60 : 40 v/v) were added; it was then vortex-shaken for 60 s and
centrifuged under the same conditions. The supernatant was removed,
washed two times with 1 mL of M9 solution and centrifuged between
each wash, increasing the centrifugation speed to 5600 rpm. Finally, the
supernatant was removed, and the residue was placed on new NGM
plates with fresh E. coli OP50. The plates were incubated at 22 + 2 °C.

The synchronized nematodes were divided into the following groups
for oxidative stress resistance assays: control group (without antioxi-
dant), antioxidant group (225 pg/mL of Trolox) and carotenoid groups
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(20, 30 and 40 pg/mL of carotenoid extracts or f-carotene).

For the oxidative stress resistance assays, the methodology described
elsewhere [21] was used with some modifications. First, 60 & 5 nema-
todes in the L4 stage (2-2.5 days), which were previously exposed to the
antioxidants, were transferred to new NGM plates with 400 pM of
juglone (5 hydroxy-1,4-naphthoquinone; Sigma-Aldrich, Mexico),
which induces lethal oxidative stress. The survival of C. elegans was
evaluated every hour for 8 h and the nematodes were scored as dead if
they failed to respond upon stimulation with a platinum wire [4].

Simultaneously, the nematodes in the L4 stage were synchronized,
and the eggs obtained were placed in new NGM plates with bacteria and
antioxidants and incubated at 22 =+ 2 °C until the L4 stage was reached
again. The survival was evaluated following the methodology above.
This procedure was repeated until the oxidative stress resistance of three
different generations (F1, F2, and F3) were evaluated for each condition.
Experiments were performed in triplicate.

2.5. Statistical analysis

The means and standard deviations (SD) from all determinations
performed in triplicate were reported. Data were analyzed using the
ANOVA test and means comparison routines (Fisher, p < 0.05). The
survival assays of C. elegans were analyzed using the Kaplan-Meier
methodology and log-rank test to determine significant differences (p <
0.05). All analyses were performed using the Minitab Statistical Soft-
ware (18th version, Minitab Inc., USA).

3. Results
3.1. Carotenoid extraction and antioxidant capacity

Carotenoids are natural compounds responsible for the typical colors
of mamey and carrot because they provide red, orange, and yellow to-
nalities, according to their type and content. In this regard, the mamey
pulp is typically associated with red—orange color tonalities, whereas
orange is the most common color for carrot. Table 1 shows the carot-
enoid contents and carotenoid antioxidant capacities for the mamey
pulp, mamey skin, and carrot. We decided to investigate the carotenoid
content in the mamey skin, although the skin is not used in the food
industry and is frequently discarded. The highest content of carotenoids
was found in carrot (p < 0.05). The highest antioxidant capacity cor-
responds to the carrot carotenoid extract (CCE), followed by the mamey
pulp carotenoid extract (MPCE), whereas the mamey skin carotenoid
extract (MSCE) had the lowest antioxidant capacity. The inhibition
percentages were between 60% (MPCE) and 70% (CCE), whereas for the
MSCE it was near 25%. These differences are associated with the type
and content of carotenoids found in each sample. Although the carot-
enoid content in carrot was higher than in mamey pulp (p < 0.05), no
significant differences were observed amongst the antioxidant capacities
of the extracts (p > 0.05).

Table 1
Contents and antioxidant capacities of mamey and carrot carotenoids.

Sample Carotenoids (mg of Antioxidant capacity (micromole
p-carotene/100 g) TE/100 g)
Mamey 4.42 +0.12° 87.75 + 5.744
pulp
Mamey 0.85 =+ 0.20° 53.53 £+ 11.61°¢
skin
Carrot 5.47 + 0.04° 90.24 + 11.66¢

Data shown correspond to means =+ standard deviations (n = 3). Different letters
between samples indicate significant differences (p < 0.05) between carotenoid
contents and antioxidant capacities of mamey and carrot. TE: Trolox
equivalents.
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3.2. Evaluation of in vivo antioxidant capacity

To compare and evaluate the antioxidant capacities of the mamey
and carrot carotenoid extracts, a compound that serves as a control
antioxidant, Trolox (vitamin E analog), was included at a concentration
of 225 pg/mL. The above concentration was chosen to mimic the per-
centage of inhibition of the in vitro assays exerted by the carotenoid
extracts. The nematodes treated with Trolox (Fig. 1) significantly
increased their resistance against oxidative stress compared to untreated
nematodes (p < 0.05) in all three generations (F1, F2, and F3).
Furthermore, the resistance increased with each generation (F3 > F2 >
F1) because the antioxidant effect was enhanced, indicating the exis-
tence of a hereditary effect (Table S1).

The nematodes treated with pure p-carotene (Fig. 2) showed a sig-
nificant increase in their resistance against oxidative stress compared to
the untreated nematodes (p < 0.05), similar to the Trolox-treated
nematodes. Moreover, higher concentrations of pure p-carotene were
more effective than lower concentrations. The percentage of survivors
are shown in Table S1. The number of survivors increased, particularly
in the F3 generation, through an inherited effect caused by the pure
B-carotene.

The nematodes treated with the MPCE (Fig. 3) also increased
significantly (p < 0.05) their resistance against oxidative stress and the
number of survivors (Table S1). The survivors increased with each
passing generation (F3 > F2 > F1). The same inherited effect seen with
Trolox and p-carotene was shown. Additionally, the lowest concentra-
tion of the extract (20 pg/mL) was as effective as that of higher con-
centrations (30 and 40 pug/mL).

The nematodes treated with the MSCE showed different responses
compared to the other carotenoid extracts. The in vitro results showed
that the MSCE was not capable of reversing the radical formation.
Regardless, the in vivo assays revealed that the MSCE exhibited a pro-
tective effect against oxidative stress (Fig. 4), which was very similar to
the effect of the other carotenoids. The resistance of the F1 nematodes
increased as the MSCE concentration increased (20 pg/mL > 30 pug/mL
> 40 pg/mL) (Fig. 4a). However, the resistance of the F2 nematodes
decreased at higher concentrations (p < 0.05) (Fig. 4b). Moreover, the
F3 nematodes were less resistant to the oxidative stress (p < 0.05)
(Fig. 4¢), although some survivors were found at the concentration of 20
pg/mlL (Table S1).

Finally, the nematodes treated with the CCE showed a significant
increase in the resistance compared with untreated nematodes (p <
0.05), which was higher at a concentration of 40 pg/mL (Fig. 5). The
survivors increased with each passing generation (F3 > F2 > F1)
(Table S1). Again, it was shown that the enhanced resistance of
C. elegans is caused by an inherited effect of the carotenoids. However,
unlike the MPCE, the higher concentration (40 pg/mL) was more
effective than the other concentrations.

4. Discussion
4.1. Carotenoid composition and antioxidant activity

Color is a key factor to determine the appearance and acceptability of
food and is a testimony that pigments with antioxidant activity, such as
carotenoids, are present in the product. For example, Yahia et al. [2]
identified p-carotene as the main carotenoid (~98%) in mamey.
Meanwhile, other carotenoids, such as sapotexanthin, cryptocapsin,
B-cryptoxanthin, neoxanthin, and lutein, have also been identified but in
smaller quantities [19,26]. In contrast, p-carotene, o-carotene, and
lutein have been identified as the predominant carotenoids in carrots
[17].

The results of the carotenoid contents in mamey pulp and carrot are
consistent with those reported by multiple authors who found values of
1.13 £ 0.01 [2], 2.60 to 3.40 [18], and 3.79 + 1.25 to 8.08 + 2.31 [26]
mg of p-carotene/100 g for mamey and 6.00 + 0.39 to 12.52 £+ 0.49
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carrot. The differences between the contents can be explained by mul-
tiple factors, such as the genotype, the harvesting time, the ripening
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Fig. 1. Oxidative stress resistance of Trolox-
treated nematodes. The results are expressed as
the percentage of half-life time of nematodes
treated with Trolox (225 pg/mL) when they were
exposed to oxidative stress (400 pM juglone)
compared to the control (0 pg/mL). a) First
generation (F1); b) Second generation (F2); c)
Third generation (F3). The data shown corre-
spond to means + standard deviations from three
independent measurements. Different letters
indicate significant differences (p < 0.05) be-
tween treated and untreated nematodes in each
generation.

Fig. 2. Oxidative stress resistance of
nematodes treated with p-carotene. The
results are expressed as the percentage of
half-life time of nematodes treated with
B-carotene (20, 30, and 40 pg/mL) when
they were exposed to oxidative stress
(400 pM juglone) compared to the control
(0 pg/mL). a) First generation (F1); b)
Second generation (F2); c¢) Third genera-
tion (F3). The data shown correspond to
means + standard deviations from three
independent measurements. Different let-
ters indicate significant differences (p <
0.05) between treatments in each

generation.

Fig. 3. Oxidative stress resistance of nem-
atodes treated with the mamey pulp
carotenoid extract (MPCE). The results are
expressed as the percentage of half-life
time of nematodes treated with the MPCE
(20, 30, and 40 pg/mL) when they were
exposed to oxidative stress (400 pM
juglone) compared to the control (0 pg/
mL). a) First generation (F1); b) Second
generation (F2); c¢) Third generation (F3).
The data shown correspond to means =+
standard deviations from three indepen-
dent measurements. Different letters indi-
cate significant differences (p < 0.05)

between treatments in each generation.

the extraction method, and the fiber contents [2,30]. Interestingly,
although the carotenoid content in the mamey pulp is slightly inferior
compared to carrot, the findings suggest that mamey is a significant
source of carotenoids, as previously mentioned by Moo-Huchin et al.
[23] and Murillo et al. [19].
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Other fruits, especially tropical fruits, are recognized as important
sources of carotenoids. This is the case of mango, a tropical fruit with
traits similar to mamey, rich in B-carotene and a-carotene [31]. Vara-
kumar, Kumar, and Reddy [32] determined the carotenoid content in
seven varieties of mango (Mangifera indica) and found out that it ranged
from 0.98 + 0.15 to 5.81 + 0.22 mg of p-carotene/100 g. Moreover,
other tropical fruits similar to mamey such as sapodilla (Manilkara
sapota), dragon fruit (Hylocereus undatus), green star apple (Chrys-
ophyllum cainito), mamoncillo (Melicoccus bijugatus), and black sapote
(Diospyros digyna) have carotenoid contents of 1.69 + 0.06, 2.93 + 0.73,
4.25 + 1.45, 3.85 + 0.08, and 7.99 + 0.38 mg of p-carotene/100 g,
respectively [23].

Regarding the antioxidant activity, Moo-Huchin et al. [23] found
that mamey exhibits an antioxidant activity of 393.81 £+ 0.36 pmol
TEAC, which is considerably higher than the one found in this study.
Regardless, this is expected because the researchers obtained a carot-
enoid content of 36.12 + 1.24 mg p-carotene/100 g, which is almost ten
times more than the value in the present work. In contrast, the ABTS
radical inhibition percentage of 5 pM p-carotene reported by You et al.
[22] was 40%. During the current study, the percentages of inhibition
obtained were near 70% for both mamey and carrot extracts, thus
confirming that a combination of compounds in both extracts (besides
fB-carotene) generates a synergistic effect that enhances the antioxidant
activity of the carotenoids.

4.2. Oxidative stress resistance

C. elegans can undergo experimental oxidative stress upon being

exposed to certain pro-oxidant compounds, such as HyO», tert-butylhy-
droperoxide, arsenite, paraquat, and juglone. This leads to increased
levels of O3 and ROS, shortening the nematode lifespan and survival [33,
34]. C. elegans has been a suitable model for understanding biological
responses to various synthetic and natural compounds and their influ-
ence on aging, lifespan, and gene regulation [5,35]. This characteristic
allowed us to investigate the antioxidant capacities of the MPCE, MSCE,
and CCE in C. elegans.

Trolox, a water-soluble vitamin E analog, is a well-known antioxi-
dant that has been previously used to protect against the oxidative
damage in nematodes. In this sense, Zhang, Xue, Yang, Ma, Han, and Qin
[36] and Kim et al. [37] demonstrated that Trolox and vitamin E were
capable of reversing the oxidative damage in C. elegans, thus prolonging
their lifespan. These results are consistent with the results of this study,
supporting the value of C. elegans as a biological model to assess the
antioxidant activity of many substances and the capacity of Trolox to
reduce the oxidative stress damage.

In the nematodes treated with B-carotene and MSCE, the continuous
exposure to carotenoids has proven to be harmful and the number of
survivors decreased. According to You et al. [22], this can be attributed
to the degradation of p-carotene into oxidized products that are harmful
to the nematode, shortening its lifespan, such as 5,6-epoxy-p-carotene,
5,8-epoxy-p-carotene, 5,6,5'6’-diepoxy-p-carotene, 5,6-epoxy-p-ionone,
B-cyclocitral, p-ionone, among others [38]. Moreover, several re-
searchers have suggested that high levels of antioxidants generate a
pro-oxidant and toxic effect on the organism, whereas lower concen-
trations display a protective effect [4,7,14,39,40]. Interestingly,
although higher MSCE concentrations demonstrated to be toxic, survival
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was superior to that of untreated nematodes. This likely was caused by
the enhancement of the antioxidant defense mechanisms and the stress
response, a phenomenon called hormesis, in which the continuous
exposure to mild oxidative conditions, such as low concentrations of
pro-oxidant and/or antioxidant compounds, temperatures between 30
and 35 °C and dietary restriction, increases the lifespan and survival of
the nematode under adverse conditions [12,34].

On the other hand, MPCE and CCE increased the resistance against
oxidative stress, the effect was superior to the f-carotene but inferior
when compared to Trolox. Nevertheless, these results revealed the
antioxidant potentials of mamey and carrot carotenoids on living or-
ganisms through their capacity for singlet oxygen quenching and deac-
tivation of free radicals [1,6,14]. Some researchers point out that the
resistance against oxidative stress is enhanced when natural sources of
antioxidants, such as orange juice [6], spinach polyphenol extracts [8],
or phenolic extracts from marigold flowers (Tagetes erecta) [41] are used
instead of pure compounds. This may be attributed to the complex
mixture of compounds in the extracts or the food matrix, either
enhancing their activity through synergistic interactions or affecting
their bioavailability [6,21]. Furthermore, Yazaki et al. [14] stated that
the lifespan is influenced by both environmental factors (nutrients, ox-
ygen, antioxidants, toxic substances, and pathogens) and heritage
(20-50%). This was consistent with the results of the oxidative stress
resistance assays and survival fractions of C. elegans treated with Trolox
and carotenoids in later generations (F2 and F3).

The increases in the oxidative stress resistance of nematodes treated
with carotenoids agrees with the findings reported by other researchers.
For example, Pons et al. [6] showed that the continuous exposure to
p-carotene (3 and 30 pg/mL) for seven days increased the resistance of
the nematodes more than 50%. Similarly, You et al. [22] reported that
the synthetic carotenoids BAS and BTS (0.1 mM) increased the size,
fertility, and longevity of C. elegans. Moreover, Lashmanova et al. [42]
found that fucoxanthin (0.3-10 pM) also increased the longevity and the
oxidative stress resistance of C. elegans. However, f-carotene had no
effect on the nematodes, which could be attributed to its poor absorption
rate.

Over the past few years, several studies that employed C. elegans
have shown that the protective effect of the antioxidants (including
carotenoids) is not solely determined by their ability to scavenge free
radicals and counter the ROS production. The oxidative stress resistance
also involves the regulation of the antioxidant defenses, the expression
of antioxidant enzyme genes, the modulation of transcription factors
and signaling pathways, and the reduction of mitochondrial ROS pro-
duction, all of which have an impact on the growth, metabolism, and
survival of C. elegans [14,15,22]. In a previous work, the continuous
exposure to Trolox increased the oxidative stress resistance of C. elegans
offspring. However, the offspring of the nematodes that were not
exposed to Trolox beyond the first generation, were still resistant to the
oxidative damage and slightly increased their survival rate, suggesting
an adaptive mechanism that enhances the survival following the expo-
sure to the antioxidant [10].

C. elegans exhibits defense mechanisms against oxidative stress
similar to those of humans, such as antioxidant enzymes, glutathione
system, and stress response signaling pathways [11]. A key regulator of
the oxidative stress response is DAF-16, a forkhead class transcription
factor homologous to the mammal FOXO protein family, which is
regulated by the insulin/IGF-1 signaling (IIS) pathway [35,43]. The IIS
pathway is an evolutionary conserved pathway that regulates aging,
longevity, and stress response in mammals and C. elegans [12,44]. In
C. elegans, the IIS comprises an insulin/IGF-1 receptor (DAF-2), which
regulates the activity of a phosphorylation cascade that modulates
DAF-16 [45,46]. Under normal conditions, the IIS pathway down-
regulates the DAF-16 activity by preventing its translocation into the
nucleus [11]. Environmental conditions such as stress, heat, nutrient
depletion, heavy metals, and ultraviolet irradiation stimulate DAF-16
translocation into the nucleus, activating the expression of genes
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involve in the oxidative stress resistance and longevity [12].
DAF-16/FOXO is responsible for the activation of genes implicated in
the antioxidant defense mechanisms such as superoxide dismutase-3
(sod-3), catalase-1 (ctl-1), and small heat shock protein-16.2 (hsp-16.2)
[39,43]. Many bioactive compounds in foods can extend the lifespan of
nematodes via DAF-16 pathway. For example, acai (Euterpe oleracea)
extract increased the expression of CTL-1 expression via DAF-16, thus
prolonging the lifespan and increasing the oxidative stress resistance in
C. elegans [47].

Another key genetic pathway that modulates the oxidative stress
response and longevity in C. elegans is SKN-1 [46]. SKN-1 is the nuclear
factor erythroid 2-related factor 2 (Nrf2) mammalian ortholog, which
regulates phase II detoxification genes and modulates lifespan [13,44].
Nrf2/SKN-1 defends against age-related diseases such as neurodegen-
erative, chronic inflammation, and cancer [45]. SKN-1 activity is
inhibited by IIS kinases under normal conditions [46,48]. Under
oxidative stress conditions, however, SKN-1 is phosphorylated and
activated via the p38 MAPK, PMK-1 [49]. The phosphorylation of SKN-1
promotes its translocation into the nucleus, binds to antioxidant
response element (ARE) sequences in the upstream promoter regions of
diverse antioxidant genes, and promotes the expression of phase II
detoxification enzymes such as glutathione S-transferase 4 (GST-4) [13,
39,50]. For example, Yue et al. [46] showed that p-coumeric acid was
capable of reducing the oxidative damage and extended the lifespan of
C. elegans via SKN-1. Hydralazine also extended the lifespan of
C. elegans, increased the locomotion, reduced the superoxide concen-
tration, and increased the expression of GST-4 via SKN-1 pathway [13].

Carotenoids have demonstrated the ability to scavenge free radicals
and counter the ROS production. However, carotenoids can also regu-
late and activate the antioxidant defense mechanisms to protect against
the oxidative damage [14]. In this sense, the leaf extract of cashew tree
(Anacardium occidentale) containing p-carotene, lutein, and polyphenols,
reduced the intracellular ROS levels, promoted the expression of SOD-3,
and increased the survival rate of C. elegans [39]. Liu et al. [15] and
Yazaki et al. [14] also reported that astaxanthin increased the nuclear
translocation of DAF-16 via IIS pathway, decreasing the oxidative
damage and prolonging the lifespan of C. elegans. On the other hand,
lycopene and adonixanthin reduced the ROS production and protected
against cell death induced by light exposure in 661 W cells via Nrf2 [51].
Moreover, the pasteurized red orange (Citrus sinensis L. Osbeck) juice,
rich in violaxanthin, zeaxanthin, lycopene, and p-carotene, reduced the
ROS levels, increased the survival rate, and promoted the oxidative
stress resistance in C. elegans via SKN-1 and DAF-16 by increasing the
expression of gst-4 and sod-3 genes, respectively [52].

The results from the in vivo antioxidant activity assays evidenced the
potential of Trolox and carotenoids from mamey and carrot to neutralize
the oxidative damage in C. elegans. The increases in the survival and
oxidative stress resistance involve the direct antioxidant mechanisms as
well as the activation of antioxidant genes, probably, through the DAF-
16/FOXO and/or SKN-1/Nrf2 pathways. Further studies are needed to
elucidate the signaling pathways involved in the lifespan extension and
oxidative stress resistance of C. elegans treated with carotenoids.

5. Conclusions

In summary, the carotenoid content of carrot was higher than that of
mamey, even so the fruit can be regarded as an important source of
carotenoids and antioxidant compounds with equal effectiveness in both
in vitro and in vivo studies. The MPCE and CCE increased the survival of
C. elegans exposed to oxidative stress conditions. The protective effect
was superior compared to that of p-carotene. The resistance was
enhanced in the next generations after the exposure to carotenoids,
either through the DAF-16 and/or SKN-1 signaling pathways. Future
perspectives should involve the elucidation of the molecular and
biochemical pathways of the carotenoids responsible for increasing the
survival and resistance against oxidative stress of C. elegans, as well as
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the identification of the compounds present in the carotenoid extracts.
Although the consumption of fruits rich in phytochemical com-
pounds has been associated with health benefits, the results of this study
are limited to the ability of carotenoids to overcome the oxidative
damage in C. elegans, a model organism. The results cannot be scaled to
human beings. However, there is a strong possibility that the antioxidant
activity of the carotenoids is connected to their ability to scavenge ROS
as well as to activate the antioxidant defense mechanisms through
conserved signaling pathways in both nematodes and humans.
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