
RESEARCH ARTICLE

Campomanesia adamantium O Berg. fruit,

native to Brazil, can protect against oxidative

stress and promote longevity
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Silva3, Carlos Alexandre Carollo3, Jaqueline Ferreira Campos1, Kely de Picoli Souza1,

Edson Lucas dos SantosID
1*

1 Research Group on Biotechnology and Bioprospecting Applied to Metabolism (GEBBAM), Federal

University of Grande Dourados, Dourados, Mato Grosso do Sul, Brazil, 2 Research Group in Biochemistry

and Toxicology in Caenorhabditis elegans, Federal University of Pampa, Uruguaiana, Rio Grande do Sul,

Brazil, 3 Laboratory of Natural Products and Mass Spectrometry, Federal University of Mato Grosso do Sul,

Campo Grande, MS, Brazil

* edsonsantosphd@gmail.com

Abstract

Campomanesia adamantium O. Berg. is a fruit tree species native to the Brazilian Cerrado

biome whose fruits are consumed raw by the population. The present study determined the

chemical composition of the C. adamantium fruit pulp (FPCA) and investigated its in vitro

antioxidant potential and its biological effects in a Caenorhabditis elegans model. The chem-

ical profile obtained by LC-DAD-MS identified 27 compounds, including phenolic com-

pounds, flavonoids, and organic carboxylic acids, in addition to antioxidant lipophilic

pigments and ascorbic acid. The in vitro antioxidant activity was analysed by the radical

scavenging method. In vivo, FPCA showed no acute reproductive or locomotor toxicity. It

promoted protection against thermal and oxidative stress and increased the lifespan of C.

elegans. It also upregulated the antioxidant enzymes superoxide dismutase and glutathione

S-transferase and activated the transcription factor DAF-16. These results provide unprece-

dented in vitro and in vivo evidence for the potential functional use of FPCA in the prevention

of oxidative stress and promotion of longevity.

Introduction

The Cerrado is a global biodiversity hotspot, being recognized as the richest tropical savanna

in the world and housing approximately 12,000 species of native plants that have been cata-

logued, several of which have a strong cultural and economic impact on local communities [1].

Timber, dyeing, ornamental, medicinal, and food species stand out for their regional rele-

vance. Food plant genera have different species that produce edible fruits, with varied shapes,

attractive colours, and characteristic flavours [2, 3].

The fruit species of the Cerrado have many and diverse bioactive compounds, and these

compounds can be beneficial to human health, representing a potential source of food with
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functional properties to be incorporated into the diet or to be used in the cosmetic and phar-

maceutical industries [3, 4]. The fruits are considered excellent sources of natural antioxidant

compounds that are important constituents of the human diet. Those compounds are a hetero-

geneous group of molecules that can donate hydrogen atoms or electrons, and their stable

intermediate radicals prevent the oxidation of molecules in the body [5]. The benefits of fruit

consumption can be attributed to the presence of specific compounds, such as minerals, fibres,

vitamins, phenolic compounds, and flavonoids. All these nutrients are closely correlated with

a reduced risk of cardiovascular and chronic diseases [6–8]. The biological activities of a given

food are associated with synergistic or antagonistic biochemical interactions between nutri-

ents, promoting physiological responses capable of modulating metabolism in oxidative stress

processes [9]. Thus, foods that act in signalling pathways capable of minimizing oxidative

stress can modulate and delay the progression of ageing [10–12].

Among these native fruits is Campomanesia adamantium O. Berg (Myrtaceae), a fruit tree

species found in various regions, especially the Cerrado. It is popularly known as guavira or

gabiroba. The fruits produced by this species are available for a short time during the year,

which hinders their production and commercialization.

In folk medicine, the leaves and fruits of C. adamantium are used as antirheumatic, anti-

diarrhoeal, hypocholesterolaemic and anti-inflammatory agents [13]. Scientifically, different

parts of this plant have already been described because they have different pharmacological

properties. The leaves and roots have anti-leukaemic activity by activating intracellular calcium

and caspase-3 and inducing apoptosis [14]. In addition, the roots have antioxidant activities in
vitro and in vivo and cholesterol- and triglyceride-lowering effects [15]. The essential oil of the

fruits shows anti-inflammatory and antinociceptive activities [13]. Fruit peels have antihyper-

algesic, antidepressant, and anti-inflammatory effects [16] and are also able to inhibit cycloox-

ygenases 1 and 2 and platelet aggregation [17]. Its fruit pulp is described as having

antiproliferative action against murine melanoma cells [18] and in vitro antioxidant activity

that protects against oxidative stress–inducing agents in a cellular hepatoxicity model [19].

Despite these scientific studies that demonstrate the functional properties of different parts

of C. adamantium, there are still few studies on the biological and nutraceutical properties of

its fruits, the plant part directly consumed by the population. Thus, the objectives of this study

were to determine the chemical composition, characterize antioxidant compounds, and evalu-

ate the in vitro and in vivo antioxidant activity of the C. adamantium fruit pulp (FPCA); and to

investigate its toxicological parameters and its effects on lifespan in Caenorhabditis elegans.

Material and methods

Materials

The chemicals were purchased from Sigma-Aldrich: formic acid, 2,2-diphenyl-1-picrylhydra-

zyl, 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid, Juglone (5-hydroxy-1,4-naphtho-

quinone) 2,6-dichlorophenolindophenol-sodium (DCIP), potassium persulfate, butylated

hydroxytoluene (BHT), quercetin, oxalic acid and sodium hypochlorite; Dinâmica: methanol,

acetone, hexane, Folin-Ciocalteu, sodium carbonate, aluminum chloride hexahydrate, ascorbic

acid and sodium hydroxide; Diversey: Sumaveg1.

Collection and preparation of C. adamantium fruit pulp

The fruits of the species C. adamantium were collected in fragments of the Cerrado Biome,

located in the municipality of Dourados (S 21˚ 59’ 41.8" and W 55˚ 19’ 24.9"), Mato Grosso do

Sul state, Brazil. To obtain the pulp of the C. adamantium fruit (FPCA), the fruits were washed

in running water to remove impurities, sanitized by immersion in Sumaveg1 solution (3.3 g/L
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of water) for 15 minutes, rinsed with drinking water, depulped, followed by lyophilization and

storage at -80˚C. For the experimental assays, 0.005 g of FPCA was resuspended in 5 mL of

sterile ultrapure water and homogenized by constant agitation for 5 minutes. Then, it was

placed in light-protected tubes and refrigerated at 4˚C for 24 hours, aiming to achieve better

dissolution of the pulp and its chemical constituents. Only after this period, FPCA was used in

the experimental analyses, as shown the following flow chart.

Identification of the constituents by LC-DAD-MS

The sample of FPCA (40 mg) was extracted with methanol and deionized water added 0.1%

formic acid (7:3, v/v) (3 mL) for 15 min in the ultrasonic bath. Subsequently, the sample was

centrifuged, and the supernatant was filtered on Millex1 (PTFE membrane, 0.22 μm) to be

injected into the chromatographic system (injection volume 5 μL). The sample was injected on

a UFLC Prominence Shimadzu coupled to a diode array detector (DAD) and a mass spectrom-

eter (MicrOTOF-Q III, Bruker Daltonics, Billerica, MA, USA). Kinetex C18 column (2.6 μm,

150 × 2.1 mm, Phenomenex) was used for analyses, applying a flow rate of 0.3 mL/min and

oven temperature of 50˚C. The mobile phase was composed of deionized water (solvent A)

and acetonitrile (solvent B), both added 0.1% formic acid (v/v), and the following gradient elu-

tion profile was applied: 0–2 min 3% B, 2–25 min 3–25% B, 25–40 min 25–80% B and 40–43

min at 80% B. For the MS analyses, nitrogen was used as nebulizer gas at 4 Bar, dry gas at 9 L/

min, and collision gas. The analyses were acquired in negative and positive ion modes.

Determination of total phenolic compounds and flavonoids

To determine the levels of phenolic compounds and flavonoids, the FPCA was centrifuged at

5000 rpm for 10 minutes, and the supernatant was used for the analyses.

Phenolic compounds. The levels of phenolic compounds present in the FPCA were deter-

mined using the Folin-Ciocalteu colorimetric method. For this, 2.5 mL of Folin-Ciocalteu

reagent (1:10 v/v, diluted in distilled water) was added to 0.5 mL of FPCA (at a concentration

of 500 μg/mL). This solution was incubated in the dark for 5 minutes. Subsequently, 2.0 mL of

14% aqueous sodium carbonate (Na2CO3) was added and incubated at room temperature for

120 minutes, protected from light. The absorbance was measured at 760 nm using a T70 UV/

Vis spectrophotometer (PG Instruments Limited, Leicestershire, UK). A calibration curve

with gallic acid (0.0004–0.0217 mg/mL) was used as a standard. The phenolic compounds in

the FPCA were expressed as mg gallic acid equivalent (GAE) per gram of pulp. Three indepen-

dent assays were performed in triplicates.

Total flavonoids. To determine the levels of flavonoids in the FPCA, a 2% ethanolic solu-

tion of aluminum chloride hexahydrate (AlCl3�6H2O) (4.5 mL) was added to 0.5 mL of pulp

(at a concentration of 500 μg/mL), and this solution was kept in the dark for 30 minutes at

room temperature. Subsequently, the absorbances were measured at 415 nm (T70 UV/Vis

spectrophotometer, PG Instruments Limited, Leicestershire, UK). The calibration curve was

prepared using the standard compound quercetin (0.0004–0.0217 mg/mL). The total content

of flavonoids in the FPCA was expressed as mg quercetin equivalent (QE) per gram of pulp.

Three independent assays were performed in triplicates.

Determination of lipophilic compounds

For the determination of lipophilic antioxidant compounds β-carotene, lycopene, and chloro-

phyll a and b, 150 mg of FPCA was vigorously agitated in 10 mL of an acetone-hexane mixture

(4:6, v/v) for 1 minute, and then filtered using qualitative filter paper Whatman1 Grade 4. The

absorbances of the filtrate were measured at 453, 505, 645, and 663 nm. The contents of β-
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carotene, lycopene, and chlorophyll a and b were calculated using mathematical equations:

b � carotene ¼ 0:216� Abs663 � 1:220� Abs645 � 0:304� Abs505þ 0:452

� Abs453 ð1Þ

Lycopene ¼ � 0:0458� Abs663þ 0:204� Abs645þ 0:304� Abs505 � 0:0452

� Abs453 ð2Þ

Chlorophylla a ¼ 0:999� Abs663 � 0:0989� Abs645 ð3Þ

Chlorophylla b ¼ � 0:328� Abs663þ 1:77� Abs645 ð4Þ

The results were expressed in mg/100 g of FPCA. Three independent assays were per-

formed in triplicates.

Determination of ascorbic acid

To determine the concentration of ascorbic acid, 0.5 g of FPCA was vigorously homogenized in

50 mL of oxalic acid. Then, 20 mL of this solution was transferred to a 50 mL volumetric flask

and the volume was completed with oxalic acid. The mixture was filtered using qualitative filter

paper, Whatman1Grade 4. The filtrate was used to titrate a solution of the indicator (DCIP),

2,6-dichlorophenolindophenol-sodium. The titration was completed when a persistent pink

color appeared for 15 s. Ascorbic acid was used as a standard control. The results were calcu-

lated based on the following equation and expressed in mg of ascorbic acid/100 g of FPCA:

mg Ascorbic acid
100gFPCA

¼
DCIPFPCA

DCIPstandard
�

100

MFPCA
�
ðMsolvent þMFPCAÞ

MFPCA
�

50 mL
10 mL

� F

F ¼
MAA

50
�

1

25
� 10 ð5Þ

Where, DCIPFPCA and DCIPstandard are the volumes used for titration of the sample and

standard, respectively, in mL. Msolvent and MFPCA are the respective masses of the solvent and

sample, added for sample titration, and an aliquot of the sample in grams. F is the amount of

ascorbic acid required to reduce DCIP (mg), and MAA is the mass of ascorbic acid (mg). Three

independent experiments were performed in triplicates.

Antioxidant activity In vitro
DPPH• free radical scavenging activity. To evaluate the DPPH• (2,2-diphenyl-1-picryl-

hydrazyl) free radical scavenging activity, 0.2 mL of the FPCA (0.1–1000 μg/mL) was mixed

with 1.8 mL of a DPPH solution (0.11 mM) diluted in 70% ethanol. The mixture was homoge-

nized and incubated at room temperature for 30 minutes, protected from light. The absor-

bance was measured at 517 nm. Ascorbic acid and butylated hydroxytoluene (BHT) (0.1–

1000 μg/mL) were used as reference antioxidants (positive controls). Three independent assays

were performed in triplicates. The inhibition curve was prepared, and the IC50 values (con-

centration required to inhibit 50% of the free radicals) were calculated. The percentage of

DPPH• free radical elimination was calculated from the control (0.11 mM DPPH solution)

using the following equation:

DPPH� free radical scavenging activity %ð Þ ¼ 1 �
Abs sample
Abs control

� 100 ð6Þ

PLOS ONE Campomanesia adamantium O Berg. fruit can protect against oxidative stress and promote longevity

PLOS ONE | https://doi.org/10.1371/journal.pone.0294316 November 16, 2023 4 / 24

https://doi.org/10.1371/journal.pone.0294316


ABTS•+ radical decolorization assay. The ABTS•+ (2,2’-azinobis-(3-ethylbenzothiazo-

line-6-sulfonic acid) radical scavenging capacity was performed by mixing 5 mL of the ABTS

solution (7 mM) with 88 μL of potassium persulfate solution (140 mM). The mixture was kept

at room temperature, protected from light, for 12–16 hours. Then, the solution was diluted in

absolute ethanol to obtain an absorbance of 0.70 ± 0.05 at 734 nm. Subsequently, 20 μL of the

FPCA (0.1–1500 μg/mL) was mixed with 1980 μL of the ABTS•+ radical solution. The solution

was homogenized and incubated for 6 minutes at room temperature, protected from light. The

absorbance was measured at 734 nm. Ascorbic acid and BHT were used as reference antioxi-

dants (positive controls). Two independent assays were performed in triplicates. The inhibi-

tion curve was prepared, and the IC50 values were calculated. The percentage of ABTS•+

inhibition was determined according to the following equation:

ABTS�þ radical inhibition %ð Þ ¼
Abs control � Abs sample

Abs control

� �

� 100 ð7Þ

In vivo assays

Strains and maintenance conditions of Caenorhabditis elegans. The nematode culture

was synchronized with 2% sodium hypochlorite and 5 M sodium hydroxide. In the sub-

chronic toxicity assays, eggs resistant to alkaline lysis were collected and transferred to Petri

dishes containing only NGM culture medium and E. coli (OP50) until reaching the L4 stage.

After reaching the L4 stage of development, these worms were transferred to microplates con-

taining M9 liquid medium and subjected to different concentrations of FPCA in the absence

of E. coli.
For the assays of reproductive toxicity, locomotor toxicity, stress responses, lifespan, and

the expression of superoxide dismutase, glutathione S-transferase, and transcription factor

DAF-16, the eggs resistant to alkaline lysis were collected and transferred to Petri dishes con-

taining NGM culture medium, E. coli (OP50) and FPCA concentrations (250, 500, or 1000 μg/

mL) or water (control) until they reached the L4 stage. When the worms reach the L4 stage of

development in the tests of reproductive and locomotor toxicity, thermal stress, and lifespan,

they continue to be maintained in plates containing NGM solid medium, E. coli, and different

concentrations of FPCA or water (control). However, for oxidative stress tests, SOD-3, GST-4,

and DAF-16 expression, when they reach the L4 phase of development, the worms are trans-

ferred to an M9 liquid medium in the absence of E. coli, with different concentrations of

FPCA.

Sub-chronic toxicity. In this assay, we evaluated the toxic effect of sub-chronic exposure

to FPCA on N2 worms. For this, an average of 10 synchronized L4 stage worms were trans-

ferred to 96-well microplates containing M9 culture medium (100 μL), in the absence of E. coli
and FPCA (100 μL) at different concentrations (10–1000 μg/mL). Subsequently, the worms

were incubated at 20˚C for 24 and 48 hours. As a negative control, the worms were incubated

with an M9 culture medium only (200 μL). After the incubation period, worm viability was

assessed by touch sensitivity using a platinum wire. Three independent experiments were per-

formed in triplicates.

Reproductive toxicity. To assess reproductive toxicity, we analyzed the effects of FPCA

on the reproductive capacity of worms. For this, the number of viable progeny was quantified

during a five-day reproductive period. In this assay, after synchronization, 5 L4 stage worms

pre-treated with water (negative control) or FPCA at concentrations of 250, 500, or 1000 μg/

mL were transferred daily to new plates containing NGM/E. coli (OP50) medium and water or

FPCA at the different experimental concentrations. The number of progeny was evaluated on

PLOS ONE Campomanesia adamantium O Berg. fruit can protect against oxidative stress and promote longevity

PLOS ONE | https://doi.org/10.1371/journal.pone.0294316 November 16, 2023 5 / 24

https://doi.org/10.1371/journal.pone.0294316


each plate after reaching the L3 or L4 larval stage. The results are expressed as the average of

three independent experiments.

Locomotor toxicity. The effect of FPCA on the locomotor toxicity of N2 nematodes was

evaluated in two phases of the nematode life cycle (S1 Fig). The first was the adult phase, corre-

sponding to the period from egg until the second day of L4, and the second was the ageing

phase, which went from the L4 stage until the seventh day of life. For this purpose, after syn-

chronization, an average of 10 nematodes in the L4 stage were transferred daily to new Petri

dishes containing the treatments with water (negative control) or FPCA (250, 500, or 1000 μg/

mL) until they reached the adult and ageing phases. After these periods, the nematodes were

transferred to new Petri dishes containing only NGM culture medium, followed by acclima-

tion for 1 min and subsequent evaluation. In the evaluations, the number of sinusoidal bends

performed in the 30-s locomotion period was counted. Three independent assays were per-

formed, each in triplicate with 10 nematodes per group.

Protection against heat stress. In the heat stress protection assays, an average of 20 L4

stage worms pre-treated for 30 minutes with water (negative control) or FPCA at concentra-

tions of 250, 500, or 1000 μg/mL were transferred to new plates containing NGM/ inactivated

by kanamycin E. coli (OP50) medium and water or FPCA (250, 500, or 1000 μg/mL), respec-

tively. Heat stress was induced by increasing the culturing temperature from 20˚C to 37˚C,

and assessed every hour of exposure during the 6-hour experimental period. The viability of

worms exposed to 37˚C at different incubation periods was confirmed after a recovery period

of 16 hours at 20˚C, using touch sensitivity with a platinum wire. Three independent experi-

ments were performed in triplicates.

Protection against oxidative stress. The assay for protection against oxidative stress was

performed by exposing the worms to the oxidizing agent Juglone (5-hydroxy-1,4-naphthoqui-

none) at a lethal concentration of 250 μM. After synchronization, an average of 10 L4 stage

worms pre-treated for 30 minutes with water (control) or experimental concentrations of

FPCA (250, 500, or 1000 μg/mL) were transferred to 96-well microplates containing 100 μL of

M9 culture medium, 100 μL of FPCA (250, 500, or 1000 μg/mL), and 50 μL of Juglone. As con-

trols, worms pre-incubated with water were exposed to either 250 μL of M9 culture medium

(negative control) or 200 μL of M9 medium plus 50 μL of Juglone (positive control). All micro-

plates were incubated at 20˚C, and worm viability was assessed every hour during the 6-hour

experimental period. Worm viability was confirmed using touch sensitivity with a platinum

wire. Three independent experiments were performed in triplicates.

Lifespan. In the lifespan assays, N2 nematodes in the L4 stage were used. On the first day

of the L4 stage (day 1), 20 nematodes per group were transferred to new Petri dishes contain-

ing NGM + E. coli OP50 with water (negative control) or FPCA (250, 500, or 1000 μg/mL).

During the first 6 days, corresponding to the reproduction period, the nematodes were trans-

ferred daily to new NGM dishes containing the respective treatments. From the seventh day

(day 7) on, transfers to new Petri dishes occurred every 2 days. The evaluations consisted of

classifying the nematodes as dead or alive until the day the last nematodes died. Nematodes

were considered dead when they did not move with or without stimulation by a platinum

wire. Nematodes with eggs hatched internally or not visualized in the Petri dishes had their

data excluded. Two independent assays were performed in triplicate.

Expression of SOD-3 and GST-4. To analyze the expression of the antioxidant enzymes

superoxide dismutase (SOD-3) and glutathione-S-transferase (GST-4), CF1553 and CL2166

strains marked with GFP were used. After synchronization, 5 L4 stage worms pre-treated with

water (negative control) or concentrations of FPCA (250, 500, or 1000 μg/mL) for 30 minutes

were immediately transferred to microscope slides containing 1 mM levamisole as an anes-

thetic. Subsequently, individual worm images were captured using an epifluorescence
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microscope (Nikon Eclipse 50i) connected to a digital camera (Samsung ST64). Images of 5

worms per group were expressed as the average pixel intensity, and the relative fluorescence of

the whole body was determined using ImageJ software. Three independent experiments were

performed in triplicates.

DAF-16 translocation. To evaluate the translocation of the transcription factor DAF-16,

we used the transgenic strain TJ356 with a fusion of the reporter gene daf-16::GFP, which

allows visualization of the cellular localization of DAF-16. In this assay, after synchronization,

30 L4 stage worms pre-treated with water (negative control) or concentrations of FPCA (250,

500, or 1000 μg/mL) for 30 minutes were immediately transferred to microscope slides. To

monitor the nuclear translocation of DAF-16-GFP, worm images were captured using an epi-

fluorescence microscope (Nikon Eclipse 50i) connected to a digital camera (Samsung ST64).

The worm images were classified based on the localization of GFP. Thirty animals per group

were analyzed, and three independent experiments were performed.

Statistical analysis

GraphPad Prism 5.1 software (San Diego, CA, USA) was used to perform the statistical analy-

ses. The data are expressed as the mean ± standard error of the mean (SEM). Significant differ-

ences between groups were determined using Student’s t-test for comparison between two

groups and analysis of variance (ANOVA) followed by Dunnett’s test for comparison between

two or more groups. The lifespan assays are represented by the Kaplan-Meier curve, and the P
values were calculated by the log-rank test. The results were considered significant when P
<0.05.

Results

Identification of the constituents by LC-DAD-MS

The constituents from C. adamantium fruits pulp (FPCA) were identified by LC-DAD-MS,

using UV, accurate mass, and MS/MS data. The spectral data were compared to data reported

in the literature and some compounds were confirmed by injection of authentic standards

(Fig 1 and Table 1).

The peaks 1 and 2 revealed the deprotonated ions at m/z 165.0415, 179.0574 and 191.0212,

which are putatively identified as pentonic acid, hexose, and citric acid. The compounds 3 and

4 showed a band near 280 nm in the UV spectra. Their deprotonated ions (m/z 289.0739 and

577.1389) confirmed the molecular formulae C15H14O6 and C30H26O12, and these data sug-

gested flavan-3-ol compounds and 4 a dimeric [20]. From m/z 577, the product ions m/z 407

and 289 confirmed the linkage of two units of procyanidin (B-type). The fragment m/z 407 is

yielded from retro Diels-Alder fission and subsequently loss of a water molecule, confirming

two hydroxyl substituents in the B ring of procyanidin (catechin/epicatechin) [14] and thus it

was identified as procyanidin dimer. Besides, compound 3 was identified and confirmed by

injection of standard catechin. The compounds 3 and 4 have been described from C. adaman-
tium leaves [14].

The compound 5 revealed an intense ion at m/z 453.1063 indicating C20H22O12. The frag-

ment ions m/z 313 are yielded by loss of a hydroxy-methoxy phenyl, while m/z 169 is relative

to gallic acid from losses of a hydroxy-methoxy phenyl and a hexose. These data are compati-

ble with hydroxy methoxy-phenyl O-hexosyl gallic acid [21].

The compounds 11–14, 18, 20–21, and 24 showed UV spectra similar to ellagic acid (λmax

�260 and 360 nm). The fragment ions at m/z 301 are relative to the ellagic acid molecule,

which was yielded from losses of 132 and 146 u indicating the substituents pentosyl and deoxy-

hexosyl [14, 22]. Thus, O-pentosyl ellagic acid (11 and 13) and O-deoxyhexosyl ellagic acid
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(14) could be identified. These compounds have been identified from C. adamantium roots

[14]. In addition, the peaks 18, 20, 21, and 24 revealed fragments ions yielded by losses of 15 u
(CH3

•) from ellagic acid molecule such as the ions m/z 300 [O-methyl ellagic acid- CH3
•]- (for

18 and 20), 328 [O-trimethyl ellagic- CH3
•]- (for 21), 313 [O-trimethyl ellagic- 2CH3

•]- (for 21

and 24), and 298 [O-trimethyl ellagic- 3CH3
•]- (for 21 and 24). Thus, the compounds 18, 20,

21, and 24 were identified as O-pentosyl O-methyl-ellagic acid, O-deoxyhexosyl O-methyl
ellagic acid, a tri-O-methy-ellagic acid derivative and O-trimethyl ellagic acid [14, 22]. The

compound 12 revealed spectral data compatible with ellagic acid [22], which was also con-

firmed by the injection of authentic standard.

The compounds 15–17, 19, and 22 showed UV spectra of flavonols (λmax�260 and 350

nm) [23]. These metabolites showed the same aglycone (m/z 300), which is relative to querce-

tin and they are yielded by radical losses of hexose, pentose, and deoxyhexose (15–17 and 19).

Therefore, 15–17 and 19 were identified as O-hexosyl quercetin, O-pentosyl quercetin, O-pen-

tosyl quercetin and O-deoxyhexosyl quercetin, these compounds have been described from C.

adamantium leaves [14]. In addition, 25 and 26 revealed absorption bands at� 290 and 335

nm, which indicated flavanones [23]. The deprotonated ions (m/z 269.0821 and 269.0827)

characterized the molecular formula C16H14O4, and the product ion m/z 165, yielded by retro

Diels-Alder fission, confirmed the presence of methyl substituent in the A-ring. Thus, the data

spectral and the elution profile are compatible with the metabolites 5,7-dihydroxy 6-methylfla-

vanone (25) and 5,7-dihydroxy 8-methylflavanone (26) [14, 24].

Yield and identification of bioactive compounds. The yield obtained from the fresh

pulp after the lyophilization process was 12.09%. The concentrations of bioactive compounds

present in FPCA are shown in Table 2.

Fig 1. Base peak chromatogram of C. adamantium pulp fruit (FPCA).

https://doi.org/10.1371/journal.pone.0294316.g001
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In vitro antioxidant activity

The evaluation of the in vitro antioxidant activity of FPCA, represented by the concentration

capable of inhibiting 50% (IC50) of DPPH• and ABTS•+ radicals, are shown in Table 3. The

Table 1. Constituents identified in C. adamantium pulp fruit (FPCA) by LC-DAD-MS.

Peak RT (min) Compound UV (nm) MF MS [M-H]- (m/z) MS/MS (m/z)

1 1.2 Pentonic acid - C5H10O6 165.0415 -

Hexose - C6H12O6 179.0574 -

2 1.6 Citric acid - C6H8O7 191.0212 -

3 9.0 Catechinst 282 C15H14O6 289.0739 245, 203, 179

4 9.2 Procyanidin dimer 281 C30H26O12 577.1389 407, 289, 245, 203

5 12.2 Hydroxy methoxy-phenyl O-hexosyl gallic acid 282 C20H22O12 453.1063 313, 183, 169

6 12.3 NI 280 C18H26O10 401.1471 245, 221, 203, 191, 177, 164

7 12.7 NI 283 C20H18O9 401.0905 301, 289, 245

8 13.5 NI - C20H32O10 431.1948 153

9 14.2 NI 284, 302sh C25H22O12 513.1067 401, 301, 289, 245, 215

10 15.9 NI 282 C17H30O10 393.1798 -

11 17.4 O-pentosyl ellagic acid 255, 358 C19H14O12 433.0438 301, 245, 229

12 17.7 Ellagic acidst 250, 360 C14H6O8 300.9999 283, 245, 229, 201, 173

13 18.1 O-pentosyl ellagic acid 252, 360 C19H14O12 433.0436 301, 229

14 18.3 O-deoxyhexosyl ellagic acid 272, 360 C20H16O12 447.0594 301, 245, 229

15 18.9 O-hexosyl quercetin 265, 348 C21H20O12 463.0900 300, 271, 255, 243

16 19.7 O-pentosyl quercetin 265, 355 C20H18O11 433.0808 300, 271, 255, 243

17 20.3 O-pentosyl quercetin 260, 350 C20H18O11 433.0798 300, 271, 255, 243, 179

18 20.9 O-pentosyl O-methy-ellagic acid 251, 352 C20H16O12 447.0585 315, 300, 271

19 21.1 O-deoxyhexosyl quercetin 251, 352 C21H20O11 447.0938 300, 271, 255, 243, 179

20 22.2 O-deoxyhexosyl O-methy ellagic acid 255, 360 C21H18O12 461.0745 315, 300

21 24.3 Tri-O-methy-ellagic acid derivative 270, 360 C24H24O15 551.1073 343, 328, 313, 298

22 25.5 Quercetinst 265, 357 C15H10O7 301.0355 271, 255, 243, 179, 151

23 30.5 NI - C18H32O5 327.2191 221, 211, 183, 171

24 31.1 O-trimethyl ellagic acid 285, 357 C17H12O8 343.0466 313, 298, 270

25 34.5 5,7-dihydroxy 6-methylflavanone 290, 333sh C16H14O4 269.0821 227, 199, 183, 171, 165

26 34.6 5,7-dihydroxy 8-methylflavanone -294, 336sh C16H14O4 269.0827 227, 199, 165

27 35.8 NI - C14H20O4 251.1288 233, 218, 207, 193, 167

NI: non identified; RT: retention time; MF: molecular formula; sh: shoulder; st: confirmed by injection of authentic standard. All the molecular formulae were

determined by accurate mass considering error and mSigma up to 10 and 30, respectively.

https://doi.org/10.1371/journal.pone.0294316.t001

Table 2. Bioactive compounds quantified in FPCA.

Compounds Results

Phenolic compounds 3972.42 ± 0.93 mg EAG/100 g

Flavonoids 85.13 ± 0.37 mg QE/100 g

β-Carotene 0.062 ± 0.014 mg/g

Lycopene 0.029 ± 0.010 mg/g

Chlorophyll a 0.113 ± 0.02 μg/g

Chlorophyll b 0.077 ± 0.031 μg/g

Ascorbic acid 1454.46 ± 27.17 mg/100 g

Values are expressed as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0294316.t002
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FPCA was more efficient in scavenging the ABTS•+ radical than the DPPH• radical, with an

IC50 approximately 2.36 times lower.

In vivo assays

Sub-chronic toxicity. Initially, the sub-chronic toxicity of different FPCA concentrations

(0.01–1 mg/mL) was evaluated in vivo. Fig 2A and 2B, respectively, show that at none of the

concentrations evaluated did FPCA promote toxicological changes, represented by the viability

of the nematodes after 24 and 48 h. From these results, we could safely define the concentra-

tions for the next assays.

Reproductive toxicity. The effect of FPCA on the number of viable progenies of N2 nem-

atodes is an indicator of reproductive toxicity. Fig 3A shows that none of the FPCA concentra-

tions evaluated promoted changes in the daily or total number of viable progenies (Fig 3B).

These results indicate that different concentrations of FPCA do not promote toxic effects that

impair the physiological patterns of nematode reproductive capacity.

Locomotor toxicity. The effect of FPCA on the locomotor capacity of nematodes up to

the young adult and ageing phases is an important toxicity parameter at different stages of the

life cycle. The results show that FPCA did not promote a decline or improvement in nematode

motility in the young adult phase (Fig 4A). On the other hand, a significant improvement in

the motility of the nematodes treated with the different concentrations of FPCA was observed

during the ageing phase (Fig 4B). At this stage of the life cycle, the body bending frequency of

the nematodes in the control group was 9.95 ± 0.45, whereas in the nematodes treated with

FPCA it was 11.30 ± 0.27 (250 μg/mL), 12.05 ± 0.35 (500 μg/mL), and 13.50 ± 0.40 (1000 μg/

mL). These are improvements of 13.56%, 21.10%, and 35.67% in the number of body bends

compared to the control group value.

Protection against heat stress. The thermal stress protection assay showed the protective

effect of FPCA on nematode viability during a 6-hour period (Fig 5). In the first hour of expo-

sure to heat stress, the control group had 76.32 ± 3.89% viable nematodes, while the nematodes

treated with FPCA at 250, 500, and 1000 μg/mL had viabilities of 93.75 ± 1.83%, 89.46 ± 3.57%

and 90.00 ± 5.00%, respectively. At the end of the experimental period (6 h), the control group

showed only 2.50 ± 1.33% viable nematodes, while the nematodes treated with FPCA 250, 500,

and 1000 μg/mL had viabilities of 13.89 ± 1.62%, 13.42 ± 4.40%, and 23.33 ± 1.66%,

respectively.

Protection against oxidative stress. The increase in resistance to oxidative stress demon-

strates a beneficial protective effect against the stressor Juglone, a powerful generator of reac-

tive oxygen species. In the oxidative stress protection assay, the nematodes treated with FPCA

resisted the action of the chemical oxidizing agent throughout the evaluation period (Fig 6).

Lifespan. To demonstrate the ability of FPCA to prolong life, we evaluated its effects on

the average and maximum lifespan of wild-type N2 nematodes. The results show that FPCA

increased the average and maximum lifespan of the nematodes in a dose-dependent manner

Table 3. Antioxidant activity of C. adamantium fruit pulp (FPCA).

Samples DPPH• ABTS•+

IC50 (μg/mL) IC50 (μg/mL)

Ascorbic acid 2.65 ± 0.20 1.43 ± 0.09

BHT 14.58 ± 2.15 10.15 ± 0.94

FPCA 210.5 ± 28.0 89.12 ± 0.03

Values are expressed as the mean ± SEM.

https://doi.org/10.1371/journal.pone.0294316.t003
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(Fig 7 and Table 4). The average lifespan of the nematodes treated with FPCA was extended by

3.5 days (250 μg/mL), 4.5 days (500 μg/mL), and 4.5 days (1000 μg/mL). The effects of FPCA

on maximum lifespan were even greater, prolonging the life of the nematodes by 5.5 days

(250 μg/mL), 7.5 days (500 μg/mL), and 8.5 days (1000 μg/mL).

Expression of SOD-3 and GST-4. The ability of FPCA to modulate target genes related to

the endogenous antioxidant defence system was observed in the transgenic strains CF1553

Fig 2. Sub-chronic toxicity of the C. adamantium fruit pulp (FPCA) in C. elegans N2 after: (A) 24 h and (B) 48 h.

Values are expressed as the mean ± SEM (n = 3). * P< 0.05, treated group vs. control group (M9).

https://doi.org/10.1371/journal.pone.0294316.g002
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(SOD-3:: GFP) and CL2166 (GST- 4:: GFP). The results showed significant increases in SOD-3

fluorescence of 6.33, 49.33, and 54.67% in nematodes treated with FPCA at 250, 500, and

1000 μg/mL, respectively (Fig 8). In addition, FPCA (1000 μg/ml) increased GST-4 expression

by 48.66% (Fig 9).

Subcellular localization of the DAF-16 transcription factor. DAF-16/FOXO is one of

the main transcription factors involved in the regulation of genes related to the antioxidant

defence system and longevity. In cells under basal stress, DAF-16/FOXO remains inactive in

the cytoplasmic region. To demonstrate the involvement of FPCA in the activation of this

pathway, we evaluated the subcellular localization of the DAF-16 transcription factor. The

results show that all FPCA concentrations induced DAF-16 translocation to the intermediary

and nuclear regions of the cells (Fig 10A and 10B). FPCA induced greater translocations to the

intermediary region of the cells; thus, the nematodes treated with FPCA (250, 500, and

1000 μg/mL) showed intermediary translocations of 91.67 ± 4.91, 84.50 ± 0.87, and

Fig 3. Effect of the C. adamantium fruit pulp (FPCA) on reproductive capacity in C. elegans N2. (A) Daily number

of progeny and (B) total number of progeny in 5 days. Values are expressed as the mean ± SEM. * P< 0.05, treated

group vs. control group.

https://doi.org/10.1371/journal.pone.0294316.g003
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79.50 ± 2.02%, respectively, while the control group exhibited 55.00 ± 8.66%. However, trans-

location to the nuclear region occurred only in the nematodes treated with FPCA, correspond-

ing to an increase of 4.67 ± 2.40% (250 μg/mL), 14.17 ± 0.93% (500 μg/mL), and 16.50 ± 3.62%

(1000 μg/mL).

Fig 4. Effects of C. adamantium fruit pulp (FPCA) on the locomotion of C. elegans N2 in the: (A) young adult phase and (B) ageing

phase. Values are expressed as the mean ± SEM. * P< 0.05 and *** P< 0.001, treated group vs. control group.

https://doi.org/10.1371/journal.pone.0294316.g004
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Discussion

The Brazilian Cerrado biome is home to different fruit species with unique organoleptic char-

acteristics, reflecting the diversity of bioactive compounds and their potential for the develop-

ment of nutraceutical foods. In this context, native fruits stand out because they are considered

natural sources of bioactive substances derived from secondary metabolites, such as alkaloids,

Fig 5. Protective effect of C. adamantium fruit pulp (FPCA) on C. elegans N2 exposed to heat stress. Values are expressed as the mean ± SEM. *
P< 0.05; ** P< 0.01; *** P< 0.001, treated group vs. control group (Juglone).

https://doi.org/10.1371/journal.pone.0294316.g005

Fig 6. Protective effect of the C. adamantium fruit pulp (FPCA) in C. elegans N2 exposed to oxidative stress induced by Juglone. Values are expressed as the

mean ± SEM. * P< 0.05; ** P< 0.01; *** P< 0.001, treated group vs. control group.

https://doi.org/10.1371/journal.pone.0294316.g006
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glycosides, fatty acids, terpenoids, and polyphenols [25] The beneficial properties of different

native fruits are associated with their chemical constituents that have relevant biological activi-

ties, such as antimicrobial [3, 24, 26], anti-proliferative [27, 28], anti-inflammatory [29, 30],

and antioxidant activities [31]. Among the native fruit species, we investigated the chemical

constituents and biological properties of the Campomanesia adamantium fruit pulp (FPCA).

The presence of phenolic compounds and ascorbic acid has also been verified in another spe-

cies of the genus Camponamesia, C. rufa, and linked to the antioxidant activity observed by

Abreu et al. [32].

In this study, we identified in the FPCA chemical constituents belonging to the class of phe-

nolic compounds, including phenolic acids (gallic acid and ellagic acid) and flavonoids (cate-

chin, epicatechin, quercetin, and methylflavan). Organic carboxylic acids (pentanoic acid and

citric acid) and monosaccharide hexose were also identified, along with ascorbic acid and lipo-

philic pigments, such as β-carotene, lycopene, and chlorophylls a and b. Phenolic compounds

are described as the main antioxidant bioactive compounds present in plants, and they can

Fig 7. Lifespan of C. elegans N2 treated with C. adamantium fruit pulp (FPCA). ***Statistically significant results (P< 0.0001), treated group vs. control

group.

https://doi.org/10.1371/journal.pone.0294316.g007

Table 4. Effects of treatments with FPCA on the lifespan of N2 nematodes.

Treatment (μg/

mL)

Mean lifespan

(Days)

Mean extension

(%)

Maximum lifespan

(Days)

Maximum extension

(%)

Log–rank Test vs.

Control

Total number of

nematodes

Control 16.00 ± 1.00 - 25.50 ± 0.05 - - 120

FPCA (250) 19.50 ± 1.50 21.87 31.00 ± 0.00 21.56 <0.0001*** 120

FPCA (500) 20.50 ± 1.50 28.12 33.00 ± 1.00 29.41 <0.0001*** 120

FPCA (1000) 20.50 ± 0.50 28.12 34.00 ± 3.00 33.33 <0.0001*** 120

https://doi.org/10.1371/journal.pone.0294316.t004
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eliminate free radicals and protect cellular constituents against oxidative damage [33]. Among

these, flavonoids act through different mechanisms, such as via direct elimination of reactive

oxygen species, chelation of metals, and activation of antioxidant enzymes [34]. Intermediate

compounds of pentanoic acid are involved in cellular defence mechanisms, inactivating the

enzyme neuronal nitric oxide synthase via oxidative demethylation, preventing nitric oxide

from reacting with the superoxide anion radical and forming peroxynitrite, which at high lev-

els is associated with the pathogenesis of neurodegenerative diseases [35, 36]. Citric acid, in

addition to being an intermediate agent of the tricarboxylic acid cycle in the metabolism of

aerobic organisms, is widely used in the food and pharmaceutical industry due to its buffering,

anticoagulant, anti-inflammatory, and antioxidant properties [37].

Ascorbic acid, known as vitamin C, is considered an essential micronutrient and is present

in vegetables and fruits [38]. This compound performs important functions in numerous

physiological processes, acting as a reducing agent in most reactions involving reactive oxygen

and nitrogen species and acting as an enzymatic cofactor of the main antioxidant enzymes

superoxide dismutase, catalase, and glutathione [39, 40]. The ingestion of ascorbic acid at

physiological concentrations is associated with the prevention of heart disease, anti-inflamma-

tory activity, collagen biosynthesis, antioxidant protection against UV rays [39], and increased

Fig 8. Expression of SOD-3::GFP in nematodes (CF1553 [sod-3p:GFP]) treated with C. adamantium fruit pulp (FPCA). Values are expressed as the

mean ± SEM. * P< 0.05 and ** P< 0.01, treated group vs. control group.

https://doi.org/10.1371/journal.pone.0294316.g008
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lifespan in mice [41] and in C. elegans [42]. Other studies have also identified phenolic com-

pounds, flavonoids, and ascorbic acid in the C. adamantium fruit extract and related them to

its antimicrobial and antioxidant properties [24, 43].

Carotenoids and chlorophyll pigments are described for their antioxidant properties and

are associated with the prevention of chronic diseases [44, 45]. Although humans and other

animals cannot synthesize carotenoids, these compounds have important biological activities

in reproduction, embryonic development, immune modulation, and ocular tissue mainte-

nance [46]. Chlorophyll, the main pigment of plants, has lipophilic characteristics and antimu-

tagenic and antioxidant properties [47, 48]. Thus, the antioxidant activity of FPCA

demonstrated by the direct scavenging of radicals can be attributed to the isolated and/or com-

bined effect of its chemical compounds, since they can act by different antioxidant mecha-

nisms, including promoting the neutralization of free radicals through donation of hydrogen

atoms and/or sequestering electrons from unstable molecules.

In recent decades, there has been a growing interest in natural antioxidant compounds that

have beneficial effects capable of promoting a better quality of life and healthy ageing [49–51].

For this purpose, fruits stand out because they are already part of the human diet. However, to

Fig 9. Expression of GST-4::GFP in nematodes (CL 2166 [gst-4p: GFP]) treated with C. adamantium fruit pulp (FPCA). Values are expressed as the

mean ± SEM. * P< 0.05, treated group vs. control group.

https://doi.org/10.1371/journal.pone.0294316.g009
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Fig 10. (A) Expression and (B) subcellular localization of DAF-16 in nematodes (TJ356 [daf-16p: daf-16a/b: GFP

+ role-6 (su1006)]) treated with C. adamantium fruit pulp (FPCA). Values are expressed as the mean ± SEM. ***
P< 0.001, cytoplasmic localization when compared to the control group. # P< 0.05 and ## P< 0.01, intermediary

localization when compared to the control group. ++ P< 0.01, nuclear localization when compared to the control

group.

https://doi.org/10.1371/journal.pone.0294316.g010
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ensure their efficacy and safe consumption, toxicological evaluations and confirmation of their

biological properties are necessary. From this perspective, the in vivo experimental model C.

elegans is an important tool to investigate the biological properties, toxicological effects, and

molecular mechanisms of isolated compounds and/or natural products [52].

The toxicological parameters evaluated show that the nematodes exposed to FPCA did not

present any impairment in their physiological or viability parameters. In contrast, a protective

effect of FPCA was demonstrated in the parameters of locomotor toxicity in middle-aged

adult nematodes. In C. elegans, muscle cells gradually lose vitality, causing a decline in mobility

and physiological changes that are closely related to the effects of ageing [53]. Body movements

become sporadic from the sixth to the tenth day of life, but adult nematodes with faster loco-

motor decline are more likely to have a shorter lifespan [54]. In addition, the absence of

changes observed in this study corroborates the study by Viscardi et al. [29], which demon-

strated that the peels and seeds of the C. adamantium fruit do not have toxic effects in mice.

The beneficial effects of FPCA were demonstrated in vivo in antioxidant assays under heat

and oxidative stress. When living organisms are exposed to stressors, such as high temperature,

the protein denaturation process begins, which affects numerous biomolecules and conse-

quently their structural and metabolic functions [18]. In this study, FPCA’s protective activity

demonstrated against heat stress may have been related to the presence of chemical constitu-

ents identified in FPCA, including the flavonoids epicatechin and catechin and their oligo-

mers, procyanidins, which due to their antioxidant and free radical scavenging properties have

shown protective effects against heat stress in C. elegans [55].

Oxidative stress is among the main factors that accelerate the ageing process and limit life-

span in both humans and other animals [56]. This study shows that nematodes, when treated

with FPCA and exposed to the pro-oxidant agent Juglone, a chemical agent that induces reac-

tive species production [57], were more resistant to oxidative stress, as demonstrated by their

greater viability. These data demonstrate the protective effect of FPCA against oxidative stress,

which may be related to its antioxidant capacity, involving the activation of direct mechanisms,

such as the removal of free radicals, and indirect mechanisms, such as modulation of the

endogenous antioxidant system through the expression of antioxidant enzymes that control

the levels of reactive oxygen species and reactive nitrogen species [58]. Other signalling path-

ways may also be involved in this process, given the wide variety of chemical constituents iden-

tified in FPCA that can act both in isolation and synergistically.

In C. elegans, resistance to different stresses is related to an increase in the lifespan [59].

This relationship was observed in the present study because, in addition to promoting protec-

tive effects against stressors, FPCA increased the average lifespan and prolonged the useful life

of C. elegans. Blueberry, another fruit rich in bioactive phytochemicals such as proanthocyani-

dins, also promotes beneficial effects against oxidative stress, improves locomotion, and

increases lifespan in nematodes by modulating DAF-16 and upregulating antioxidant gene

expression [60]. Cranberry, a fruit rich in phenolic compounds, increases lifespan and pro-

motes resistance to heat stress by modulating the antioxidant pathways DAF-16/FOXO and

SKN-1/Nrf-2 [61].

Among the evaluated mechanisms that may help in understanding the beneficial responses

promoted by FPCA is the modulation of the expression of target antioxidant genes, such as

superoxide dismutase (SOD-3) and glutathione S-transferase (GST-4), and the activation of

the transcription factor DAF-16 [62]. According to our results, FPCA activated and induced

the translocation of DAF-16 to the nucleus and modulated the expression of SOD-3 and GST-

4. The activation of endogenous antioxidant pathways is important for detoxification in C. ele-
gans because these induce mechanisms of protection against damage caused by stress and pro-

mote longevity [63]. In humans, the ageing process is associated with functional and
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morphological changes that lead to the progressive decline of biological functions. Interven-

tions, especially dietary interventions, that promote beneficial effects and positive impacts dur-

ing the ageing phase can prolong lifespan and promote health.

Conclusion

In conclusion, our results show that FPCA has a wide variety of chemical compounds and no

toxicity. It has a protective effect against heat and oxidative stress and increases the lifespan of

C. elegans by directly scavenging free radicals, increasing the expression of the antioxidant

enzymes superoxide dismutase and glutathione S-transferase, and activating the transcription

factor DAF-16. These findings demonstrate the functional potential of the C. adamantium
fruit species native to the Brazilian Cerrado biome for the control of oxidative stress, with a

perspective for the development of new products to promote a healthy lifespan and prevent

related diseases.
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andre Carollo, Kely de Picoli Souza, Edson Lucas dos Santos.

Writing – review & editing: Paola dos Santos da Rocha, Debora da Silva Baldivia, Denise

Brentan da Silva, Jaqueline Ferreira Campos, Kely de Picoli Souza, Edson Lucas dos Santos.

References
1. De Castro Peixoto J, Neves BJ, Vasconcelos FG, Napolitano HB, Da Silva Barbalho MG, Silva SD,

et al. Flavonoids from Brazilian Cerrado: Biosynthesis, Chemical and Biological Profile. Molecules

2019, Vol 24, Page 2891. 2019 Aug; 24(16):2891. https://doi.org/10.3390/MOLECULES24162891

PMID: 31395797

2. Hamacek FR, Della Lucia CM, da Silva BP, Moreira AVB, Pinheiro-Sant’Ana HM. Buriti of the cerrado

of Minas Gerais, Brazil: physical and chemical characterization and content of carotenoids and vita-

mins. Food Science and Technology. 2018 Jul; 38:263–9. https://doi.org/10.1590/FST.15417
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19. de Oliveira Fernandes T, de Ávila RI, de Moura SS, de Almeida Ribeiro G, Naves MMV, Valadares MC.

Campomanesia adamantium (Myrtaceae) fruits protect HEPG2 cells against carbon tetrachloride-

induced toxicity. Toxicol Rep. 2015 Jan; 2:184–93. https://doi.org/10.1016/J.TOXREP.2014.11.018

PMID: 28962350

20. Nocchi SR, Companhoni MVP, De Mello JCP, Dias Filho BP, Nakamura CV, Carollo CA, et al. Antiviral

Activity of Crude Hydroethanolic Extract from Schinus terebinthifolia against Herpes simplex Virus Type

1. Planta Med. 2017 Apr; 83(6):509–18. https://doi.org/10.1055/S-0042-117774/BIB

21. Santos CC de S, Masullo M, Cerulli A, Mari A, Estevam CDS, Pizza C, et al. Isolation of antioxidant phe-

nolics from Schinopsis brasiliensis based on a preliminary LC-MS profiling. Phytochemistry. 2017 Aug;

140:45–51. https://doi.org/10.1016/J.PHYTOCHEM.2017.04.008 PMID: 28448799

22. Reichert CL, Silva DB, Carollo CA, Weffort-Santos AM, Santos CAM. Metabolic profiling and correlation

analysis for the determination of killer compounds of proliferating and clonogenic HRT-18 colon cancer

cells from Lafoensia pacari. J Ethnopharmacol. 2018 Oct; 224:541–52. https://doi.org/10.1016/J.JEP.

2018.06.021 PMID: 29928972

23. Markham KR. Techniques of flavonoid identification. 1982;

24. Cardoso CAL, Salmazzo GR, Honda NK, Prates CB, Vieira MDC, Coelho RG. Antimicrobial activity of

the extracts and fractions of hexanic fruits of Campomanesia species (Myrtaceae). J Med Food. 2010;

13(5):1273–6. https://doi.org/10.1089/JMF.2009.0047 PMID: 20828322

25. Biazotto KR, De Souza Mesquita LM, Neves BV, Braga ARC, Tangerina MMP, Vilegas W, et al. Brazil-

ian Biodiversity Fruits: Discovering Bioactive Compounds from Underexplored Sources. J Agric Food

Chem. 2019 Feb; 67(7):1860–76. https://doi.org/10.1021/acs.jafc.8b05815 PMID: 30707576

26. dos Santos LF, Biduski B, Lopes ST, Bertolin TE, dos Santos LR. Brazilian native fruit pomace as a

source of bioactive compounds on starch-based films: Antimicrobial activities and food simulator

release. Int J Biol Macromol. 2023 Jul; 242:124900. https://doi.org/10.1016/j.ijbiomac.2023.124900

PMID: 37201884

27. Alves CCF, Oliveira JD, Estevam EBB, Xavier MN, Nicolella HD, Furtado RA, et al. Antiproliferative

activity of essential oils from three plants of the Brazilian Cerrado: Campomanesia adamantium (Myrta-

ceae), Protium ovatum (Burseraceae) and Cardiopetalum calophyllum (Annonaceae). Brazilian Journal

of Biology. 2019 Apr; 80(2):290–4. https://doi.org/10.1590/1519-6984.192643 PMID: 31017239

28. Machado AP da F, Alves M da R, Nascimento R de P do, Reguengo LM, Marostica Junior MR. Antiproli-

ferative effects and main molecular mechanisms of Brazilian native fruits and their by-products on lung

cancer. Food Research International. 2022 Dec; 162:111953. https://doi.org/10.1016/j.foodres.2022.

111953 PMID: 36461205

29. Viscardi DZ, Arrigo JDS, De Correia CAC, Kassuya CAL, Cardoso CAL, Maldonade IR, et al. Seed and

peel essential oils obtained from Campomanesia adamantium fruit inhibit inflammatory and pain

PLOS ONE Campomanesia adamantium O Berg. fruit can protect against oxidative stress and promote longevity

PLOS ONE | https://doi.org/10.1371/journal.pone.0294316 November 16, 2023 22 / 24

https://doi.org/10.1016/j.mad.2022.111707
http://www.ncbi.nlm.nih.gov/pubmed/35839856
https://doi.org/10.1016/J.BJP.2016.09.007
https://doi.org/10.3389/FPHAR.2017.00466/BIBTEX
https://doi.org/10.3389/FPHAR.2017.00466/BIBTEX
https://doi.org/10.1155/2016/7910340
http://www.ncbi.nlm.nih.gov/pubmed/27493705
https://doi.org/10.1179/1476830514Y.0000000145
https://doi.org/10.1179/1476830514Y.0000000145
http://www.ncbi.nlm.nih.gov/pubmed/25116451
https://doi.org/10.3389/FPHAR.2018.00617
https://doi.org/10.3389/FPHAR.2018.00617
http://www.ncbi.nlm.nih.gov/pubmed/29946259
https://home.liebertpub.com/jmf
https://doi.org/10.1089/JMF.2018.0001
http://www.ncbi.nlm.nih.gov/pubmed/29715052
https://doi.org/10.1016/J.TOXREP.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/28962350
https://doi.org/10.1055/S-0042-117774/BIB
https://doi.org/10.1016/J.PHYTOCHEM.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28448799
https://doi.org/10.1016/J.JEP.2018.06.021
https://doi.org/10.1016/J.JEP.2018.06.021
http://www.ncbi.nlm.nih.gov/pubmed/29928972
https://doi.org/10.1089/JMF.2009.0047
http://www.ncbi.nlm.nih.gov/pubmed/20828322
https://doi.org/10.1021/acs.jafc.8b05815
http://www.ncbi.nlm.nih.gov/pubmed/30707576
https://doi.org/10.1016/j.ijbiomac.2023.124900
http://www.ncbi.nlm.nih.gov/pubmed/37201884
https://doi.org/10.1590/1519-6984.192643
http://www.ncbi.nlm.nih.gov/pubmed/31017239
https://doi.org/10.1016/j.foodres.2022.111953
https://doi.org/10.1016/j.foodres.2022.111953
http://www.ncbi.nlm.nih.gov/pubmed/36461205
https://doi.org/10.1371/journal.pone.0294316


parameters in rodents. PLoS One. 2017 Feb; 12(2):e0157107. https://doi.org/10.1371/JOURNAL.

PONE.0157107 PMID: 28222179

30. Brito TG da S, Silva APSA da, Cunha RX da, Fonseca CSM da, Araújo TF da S, Campos JK de L, et al.
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Paramás AM. Epicatechin modulates stress-resistance in C. elegans via insulin/IGF-1 signaling path-

way. PLoS One. 2019 Jan; 14(1):e0199483. https://doi.org/10.1371/JOURNAL.PONE.0199483 PMID:

30689636

56. Arantes LP, Machado ML, Zamberlan DC, da Silveira TL, da Silva TC, da Cruz IBM, et al. Mechanisms

involved in anti-aging effects of guarana (Paullinia cupana) in Caenorhabditis elegans. Brazilian Journal

of Medical and Biological Research. 2018 Jul; 51(9):e7552. https://doi.org/10.1590/1414-

431X20187552 PMID: 29972429

57. Wang E, Wink M. Chlorophyll enhances oxidative stress tolerance in Caenorhabditis elegans and

extends its lifespan. PeerJ. 2016 Apr; 2016(4):e1879. https://doi.org/10.7717/PEERJ.1879/SUPP-6

58. Azevedo BC, Roxo M, Borges MC, Peixoto H, Crevelin EJ, Bertoni BW, et al. Antioxidant Activity of an

Aqueous Leaf Extract from Uncaria tomentosa and Its Major Alkaloids Mitraphylline and Isomitraphyl-

line in Caenorhabditis elegans. Molecules 2019, Vol 24, Page 3299. 2019 Sep; 24(18):3299. https://doi.

org/10.3390/MOLECULES24183299 PMID: 31510078

59. Jattujan P, Chalorak P, Siangcham T, Sangpairoj K, Nobsathian S, Poomtong T, et al. Holothuria sca-

bra extracts possess anti-oxidant activity and promote stress resistance and lifespan extension in Cae-

norhabditis elegans. Exp Gerontol. 2018 Sep; 110:158–71. https://doi.org/10.1016/J.EXGER.2018.06.

006 PMID: 29902502

60. Wang H, Liu J, Li T, Liu RH. Blueberry extract promotes longevity and stress tolerance via DAF-16 in

Caenorhabditis elegans. Food Funct. 2018 Oct; 9(10):5273–82. https://doi.org/10.1039/C8FO01680A

PMID: 30238944

61. Guha S, Cao M, Kane RM, Savino AM, Zou S, Dong Y. The longevity effect of cranberry extract in Cae-

norhabditis elegans is modulated by daf-16 and osr-1. Age (Dordr). 2013 Oct; 35(5):1559–74. https://

doi.org/10.1007/S11357-012-9459-X PMID: 22864793

62. Wang Y, Jian F, Wu J, Wang S. Stress-response protein expression and DAF-16 translocation were

induced in tributyltin-exposed Caenorhabditis elegans. Bull Environ Contam Toxicol. 2012 Oct; 89

(4):704–11. https://doi.org/10.1007/S00128-012-0760-2/TABLES/1

63. Salgueiro WG, Goldani BS, Peres T V., Miranda-Vizuete A, Aschner M, da Rocha JBT, et al. Insights

into the differential toxicological and antioxidant effects of 4-phenylchalcogenil-7-chloroquinolines in

Caenorhabditis elegans. Free Radic Biol Med. 2017 Sep; 110:133–41. https://doi.org/10.1016/J.

FREERADBIOMED.2017.05.020 PMID: 28571752

PLOS ONE Campomanesia adamantium O Berg. fruit can protect against oxidative stress and promote longevity

PLOS ONE | https://doi.org/10.1371/journal.pone.0294316 November 16, 2023 24 / 24

https://doi.org/10.1016/J.COFS.2019.04.004
https://doi.org/10.3390/plants12071533
http://www.ncbi.nlm.nih.gov/pubmed/37050159
https://doi.org/10.1002/JSFA.2599
https://doi.org/10.1002/EJLT.201000044
https://doi.org/10.1002/EJLT.201000044
https://doi.org/10.1016/j.arr.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29742452
https://doi.org/10.1016/J.FOODCHEM.2018.09.067
https://doi.org/10.1016/J.FOODCHEM.2018.09.067
http://www.ncbi.nlm.nih.gov/pubmed/30373018
https://doi.org/10.1016/J.FREERADBIOMED.2018.09.035
https://doi.org/10.1016/J.FREERADBIOMED.2018.09.035
http://www.ncbi.nlm.nih.gov/pubmed/30266681
https://doi.org/10.3908/WORMATLAS.8.4
https://doi.org/10.1371/JOURNAL.PONE.0199483
http://www.ncbi.nlm.nih.gov/pubmed/30689636
https://doi.org/10.1590/1414-431X20187552
https://doi.org/10.1590/1414-431X20187552
http://www.ncbi.nlm.nih.gov/pubmed/29972429
https://doi.org/10.7717/PEERJ.1879/SUPP-6
https://doi.org/10.3390/MOLECULES24183299
https://doi.org/10.3390/MOLECULES24183299
http://www.ncbi.nlm.nih.gov/pubmed/31510078
https://doi.org/10.1016/J.EXGER.2018.06.006
https://doi.org/10.1016/J.EXGER.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29902502
https://doi.org/10.1039/C8FO01680A
http://www.ncbi.nlm.nih.gov/pubmed/30238944
https://doi.org/10.1007/S11357-012-9459-X
https://doi.org/10.1007/S11357-012-9459-X
http://www.ncbi.nlm.nih.gov/pubmed/22864793
https://doi.org/10.1007/S00128-012-0760-2/TABLES/1
https://doi.org/10.1016/J.FREERADBIOMED.2017.05.020
https://doi.org/10.1016/J.FREERADBIOMED.2017.05.020
http://www.ncbi.nlm.nih.gov/pubmed/28571752
https://doi.org/10.1371/journal.pone.0294316

