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Summary Cerrado and Pantanal plants can provide fruits with high nutritional value and antioxidants. This study

aims to evaluate four fruit flours (from jatob�a pulp, cumbaru almond, bocaiuva pulp and bocaiuva

almond) and their effects on the gut microbiota in healthy (HD) and post-COVID-19 individuals (PC).

An in vitro batch system was carried out, the microbiota was analysed by 16S rRNA amplicon sequencing

and the short-chain fatty acids ratio was determined. Furthermore, the effect of jatob�a pulp flour oil

(JAO) on cell viability, oxidative stress and DNA damage was investigated in a myelo-monocytic cell line.

Beyond confirming a microbiota imbalance in PC, we identified flour-specific effects: (i) reduction of Veil-

lonellaceae with jatob�a extract in PC samples; (ii) decrease in Akkermansia with jatoba and cumbaru

flours; (iii) decreasing trend of Faecalibacterium and Ruminococcus with all flours tested, with the excep-

tion of the bocaiuva almond in HD samples for Ruminococcus and (iv) increase in Lactobacillus and Bifi-

dobacterium in PC samples with bocaiuva almond flour. JAO displayed antioxidant properties protecting

cells from daunorubicin-induced cytotoxicity, oxidative stress and DNA damage. The promising

microbiota-modulating abilities of some flours and the chemopreventive effects of JAO deserve to be fur-

ther explored in human intervention studies.

Keywords Acrocomia aculeata, Dipteryx alata Vogel, Hymenaea courbaril, short-chain fatty acids (SCFAs), antioxidants, gut microbiota.

Introduction

The Cerrado and Pantanal are biomes of South Amer-
ica that gather a great diversity of plant species.
Among these plants, we can find many that have edi-
ble parts that could enrich the human diet. The fruit
pulps and almonds of the Cerrado and Pantanal plants
can be consumed raw or processed in the form of
flours by local artisan food producers (Damasceno-
Junior et al., 2010). The jatob�a pulp (Hymenaea cour-
baril), cumbaru almond (Dypteryx alata Vogel),
bocaiuva almond (Acrocomia aculeata) and bocaiuva
pulp are examples of materials for the manufacture of
fruit flours, which can be sold in the local market, fairs
and solidary economy shops. Cerrado and Pantanal

fruits have great potential for economic growth due to
their great diversity and nutritional content (Bor-
tolotto et al., 2017).
Brazilian Cerrado and Pantanal plants are influ-

enced by climatic and geographical variations such as
extreme temperature conditions, high incidence of UV
radiation and occurrence of fires. As a result, these
plants show adaptations such as high production of
antioxidant enzymes and phenolic compounds (Arruda
et al., 2022). The nutritional composition of fruit
flours may therefore exert beneficial effects after con-
sumption. However, there is no scientific knowledge
on the influence of their bioactive compounds on the
human gut microbiota.
The human gut microbiota plays an important,

multi-layered role in host physiology, including protec-
tion from infection and education and modulation of
the immune system (Gibson et al., 2017). Imbalances
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in the gut microbiota (i.e., dysbiosis) can trigger
inflammatory pathways in disease and have been
linked to several gastrointestinal disorders, such as
inflammatory bowel disease and irritable bowel syn-
drome, and to wider systemic manifestations, such as
obesity, type 1 diabetes and atopy (Buford, 2017;
Wilmes et al., 2022).

Recently, evidence has suggested distinct dysbiotic
features in the gut microbiota of patients with coron-
avirus disease 2019 (COVID-19), which may persist in
the long-term COVID-19 (Chhibber-Goel et al., 2021;
Gaibani et al., 2021; Lau et al., 2022). Increases in
microorganisms with pathogenic potential (e.g., Ente-
rococcus and mucus degraders) and reductions of
microorganisms with known immunomodulatory
potential (e.g., short-chain fatty acid (SCFA) produc-
ers) have been reported up to 6 months after viral
clearance (Liu et al., 2022). In this context, the regular
consumption of probiotic, prebiotic food and products
to modulate the gut microbiota could have relevant
implications for the prevention and mitigation of
COVID-19 (Lau et al., 2022).

Prebiotic is ‘a substrate that is selectively utilised by
host microorganisms conferring a health benefit’ (Gib-
son et al., 2017). Currently established prebiotics are
carbohydrates, oligo and polysaccharides, but other
substances such as polyphenols and polyunsaturated
fatty acids converted to their respective conjugated
fatty acids may fit the definition if there is evidence in
the target host (Gibson et al., 2017).

The consumption of fruit flours may also have
effects on cell protection and oxidative stress preven-
tion due to the content of antioxidants. Jatob�a pulp
extracts, fractions or compounds have shown antioxi-
dant, anti-inflammatory, myorelaxant activities and
anticancer properties (Jayaprakasam et al., 2007;
Bezerra et al., 2013; Keiji et al., 1999).

In the present work, we used a gut model system,
which simulated the human colon, to investigate the
impact of four Brazilian fruit flours from Cerrado and
Pantanal (i.e., jatob�a pulp, cumbaru almond, bocaiuva
pulp and bocaiuva almond) on gut microbiota compo-
sition and metabolic profile of healthy and post-
COVID-19 subjects. Furthermore, we investigated the
effect of jatob�a pulp oil (JAO) on oxidative stress and
DNA damage induced by a cytotoxic anthracycline
(daunorubicin) in a myelo-monocytic cell line.

Materials and Methods

Characterisation of Cerrado and Pantanal fruit flours

The artisanal flours used in this study were obtained
from the local market in the region of Mato Grosso
do Sul, Brazil. The bocaiuva pulp and almond flours
were obtained from the local market of Miranda (lat:

20° 140 34″ S, long: 56° 210 50″ W). The flours of
jatob�a and almond of cumbaru were purchased in the
municipal market of Campo Grande (lat: 20° 260 34″
S, long: 54° 380 47″ W). To access the Genetic Her-
itage, this work was registered in the National System
for the Management of Genetic Heritage and Associ-
ated Traditional Knowledge (SisGen, under n°
A90CEAF).
The nutritional profile of the fruit flours was charac-

terised by official reference methods (ashes: UNI ISO
2171; proteins: UNI 10274 831/12/93 and ISO 1871
(15/12/75)); total dietary fibre according to Lee
et al. (1992). The energy value of the foods was esti-
mated using the Atwater conversion factors (Merril &
Watt, 1973).
The amino acid profile analysis was carried out

according to AccQ-Tag Ultra Derivatization AminoA-
cids Kit (SKU: 186003836) UPLC� Amino Acid
Analysis Application Solution (Waters, Wilmslow,
UK).

pH-controlled batch culture systems

Stool sample collection and preparation
Faecal samples were donated by three individuals up
to 10 days after SARS-CoV-2 clearance and by three
healthy individuals. The samples were collected in an
anaerobic jar (AnaeroJarTM 2.5 L, Oxoid Ltd.) includ-
ing a gas-generating kit (AnaeroGenTM, Oxoid). On
the day of the experiment, each faecal sample (20 g)
was diluted in 100 mL of anaerobic phosphate buffer
solution (0.1 mol/L, pH 7.4, w/w) and homogenised
(Stomacher 400, Seward, West Sussex, UK) for 2 min
at 240 paddle beats per min. Samples were added to
anaerobic fermenters within 15 min of voiding (Costa-
bile et al., 2010).

In vitro batch culture fermentations
The flours were subjected to the simulated gastroin-
testinal digestion procedure as previously described by
Guergoletto et al. (2016). Batch culture fermentation
experimental condition, media composition and
setting-up were carried out according to Corona
et al. (2020).
Jatob�a pulp flour (1% w/v), cumbaru almond flour

(1% w/v), bocaiuva pulp flour (1% w/v) and bocaiuva
almond flour (1% w/v) were fermented, along with
inulin (Orafti� Inulin, BENEO, Germany) (1% w/v,
positive control) and faecal slurry without any sub-
strate addition (negative control). The plant-derived
samples used in this part of the process were lyophi-
lised digested flours, inoculated into the stirring batch-
culture vessels containing faecal slurry (1%).
The experiment was carried out in triplicate, using a

stool sample from a different donor each time. Flours
or inulin were added to each container immediately
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before adding 5 mL of faecal inoculum (1:10, w/v), to
simulate the conditions of the distal region of the
human large intestine (pH 6.7-6.9). Samples (4 mL)
were collected at different time points (0, 4, 6 and
24 h) for microbiota profiling and metabolites analysis
(see below). Samples were centrifuged for 20 min at
19,0009 g and supernatant fractions were removed for
SCFAs, ferric reducing antioxidant power assay
(FRAP) and total phenolic content analysis (TPC),
whereas the pellet was kept for microbial DNA extrac-
tion. All samples were stored at �80 °C prior to
analysis.

Gut microbiota profiling through 16S rRNA amplicon
sequencing
Microbial DNA was extracted from 250 mg of fermen-
tation samples using the QIAamp DNA Stool Mini
Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. The sequencing of the 16S
rRNA gene was performed according to Corona
et al. (2020). For each sample, the hypervariable V3–
V4 regions of the 16S rRNA gene were PCR-amplified
using the S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21
primers (Klindworth et al., 2013) with Illumina over-
hang adapter sequences. Sequencing reads were depos-
ited in the National Center for Biotechnology
Information Sequence Read Archive (Bioproject ID:
PRJNA913064) and sequences were processed using a
pipeline combining PANDAseq (Masella et al., 2012)
and QIIME 2 (Bolyen et al., 2019). After length and
quality filtering, reads were binned into amplicon
sequence variants (ASVs) using DADA2 (Callahan
et al., 2016). Taxonomy was assigned via the
VSEARCH algorithm (Rognes et al., 2016), using the
Greengenes database as a reference. Alpha diversity
was measured using the Shannon index and the num-
ber of observed ASVs. Beta diversity was computed
based on weighted and unweighted UniFrac distances
and visualised on a principal coordinates analysis
(PCoA) plot.

Analysis of short-chain fatty acids
Acetic acid (C2), propionic acid (C3) and butyric acid
(C4) were purchased from Merck (Darmstadt, Ger-
many). All the stock solutions were prepared in water
and stored at �20 °C. 4-Acetoamido-7-mercapto-2,1,3-
benzoxadiazole (AABD-SH) was purchased from
Biosynth Carbosynth Ltd. (Compton, UK). Triph-
enylphosphine (TPP), 2,2’-dipyridyl disulfide (DPDS)
and mobile phase solvents were from Fisher Scientific
UK Ltd. (Loughborough, UK).

Samples taken at 0, 4, 6 and 24 h were analysed for
SCFA content. Fermentation supernatant samples
were derivatised based on the method described by
Song et al. (2019). Briefly, 380 lL of water and 20 lL
of internal standard (where appropriate) were added

to 200 lL of centrifuged stool samples and mixed well.
The solution was transferred to a membrane filter
(Microcon-30 kDa centrifugal filter unit with ultracel-
30 membrane, Merck KGaA, Darmstadt, Germany)
and centrifuged at 19,0009 g for 20 min at 4 °C to
remove any floating particulates in the supernatant.
Afterwards, the supernatants were collected to perform
the derivatisation.
For derivatisation of SCFAs, 20 lL each of 20 mM

AABD-SH, 20 mM TPP and 20 mM DPDS in
dichloromethane were added to the supernatant and
derivatisation was performed at room temperature for
5 min while vortexing. The reaction solution was dried
under nitrogen, and then reconstituted with 200 lL
methanol prior to UPLC-MS/MS analysis. The cali-
bration curves were generated with standard solutions
(100 nM to 1 mM). Derivatives were measured on the
UPLC MS/MS system consisting of an Aquity UPLC
H-Class coupled to a Xevo TQ-S micro-ESI mass
spectrometer (both Waters, Wilmslow, UK). Separa-
tion was achieved on the HSS T3 column (1.8 lm, 2.1
9 100 mm) with an HSS T3 VanGuard column (both
Waters) held at 45 °C with mobile phase A
(water + 0.1 % formic acid) and mobile phase B (ace-
tonitrile + 0.1% formic acid) at a flow rate of 0.6 mL/
min and a gradient of initial 99% A for 1 min, fol-
lowed by a linear decrease to 5% A after 5 min, held
at 5% until 6.5 min, switched back to 99% A at
6.55 min, held until 8 min. Mass spectrometry was
conducted in positive ion mode with an ionisation
voltage of 3.5 kV and desolvation gas flow of 650 L/h
at a temperature of 450 °C. Transitions were taken
from Song et al. (2019). Data analysis, including base-
line correction and QC batch correction, was carried
out in Matlab using in-house scripts (modified from
Behrends et al. (2011)).

Total Phenolic Content and Ferric Reducing Antioxidant
Power
During fermentation, aliquots were taken at 0 and
24 h to access the TPC and the in vitro antioxidant
activity. The TPC was determined spectrophotometri-
cally using the Folin–Ciocalteau assay (Swain &
Hills, 1959). The results were expressed as mM gallic
acid equivalent (mM GAE). To assess the antioxidant
activity, FRAP was determined (Benzie &
Strain, 1996). The results were expressed as lM ascor-
bic acid equivalent (lM AAE). Both methods had the
volumes adapted to a 96-well plate and read in a
microplate reader (Thermo Scientific Multiskan EX).

Effect of the jatob�a pulp oil on cell viability, oxidative
stress and DNA damage

Prior to cell culture analysis, the JAO was extracted
according to Bligh & Dyer (1959).
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Cell culture
The acute myeloid leukaemia cell line MV411 cell line
(ATCC) was grown in 90% RPMI 1640 medium
(Sigma R8758) supplemented with 10% FBS (Fisher
11550356) and 1% pen/strep (Sigma P4333) at 37 °C
with 5% CO2 and 95% humidity. The cells were stably
infected with a lentivirus vector expressing the green
fluorescent protein (GFP) (Arroyo and Calle, unpub-
lished data). The parental cell line was used for the
immunofluorescence experiments whereas the GFP cell
line was used for the cytotoxic and oxidative stress
experiments.

Cytotoxic, oxidative stress and DNA damage assay
For the cell viability and oxidative stress experiments,
MV411-eGFP cells were seeded in 96-well plates (flat
bottom) (4 9 104 cells/200 ll/well) and incubated at
37 °C with 5% CO2 and 95% humidity. After 24 h,
the cells were divided 1:2 and treated with serial ten-
fold dilutions of JAO (from 37.5 lg/mL to 3.75 ng/
mL) or vehicle (dimethyl sulfoxide – DMSO) for 24 h.
After 24 h, daunorubicin (25 nM) was added to half
of the wells and the plate was incubated at 37 °C with
5% CO2 and 95% humidity for another 24 h. The day
after, Cell Rox (250 nM) (Thermofisher) was added to
the appropriate wells and the plate was incubated for
1 h at 37 °C with 5% CO2 and 95% humidity in the
dark. The plate was analysed by flow cytometry using
a BD AccuriTM C6 Flow cytometer to discriminate
GFP-(dead cells) from GFP (alive cells) and detect
oxidative stress within the samples by measuring the
fluorescence emitted by Cell Rox. For the DNA dam-
age experiments, MV411-cells were seeded in 24-well
plates (1.6 9 105 cells/1 mL/well) and incubated at
37 °C with 5% CO2 and 95% humidity. After 24 h,
the cells were divided 1:2 and treated with JAO
(37.5 ng/mL) or vehicle (DMSO) for 24 h. After 24 h,
daunorubicin (25 nM) was added to half of the appro-
priate wells and the plate was incubated at 37 °C with
5% CO2 and 95% humidity for another 24–48 h,
when the cells were collected for analysis of DNA
damage.

Flow cytometry
The samples were processed for analysis of apoptosis/
viability and oxidative stress by flow cytometry BD
AccuriTM C6, using the GFP signal, measured in the
FL1-A channel (533/30) and Cell Rox, measured in
the FL4-A channel (780/605). The cell population was
identified and gated based on the forward and side
scatter signals profile (FSC/SSC). The combination of
these two parameters allows for the discrimination of
the cells by size and internal complexity in single-cell
analysis. Among this population, we performed dou-
blets discrimination by plotting area (-A) against the
height (-H) for the forward scatter (FSC-A vs. FSC-H).

Doublets present double the area and width values of
single cells whilst the height is roughly the same. Dis-
proportions between height and area are used to iden-
tify doublets. This accurate discrimination ensures the
exclusion of false fluorescence emission. For each cell
population, we recorded a minimum of 10,000 events
in a medium flow rate in the ungated sample. Results
were given in percentage of GFP positive cells (M6
population) and median fluorescence intensity (MFI)
for Cell Rox. The cleaning and validations of the flow
cytometry were done before each use. Firstly, the
cleaning was done with 10% bleach for 2 min, then
the rinsing was done with water for 2 min. Finally, the
first validation was done with Spherotech 8-Peak vali-
dation beads and the second one with Spherotech 6-
Peak validation beads.

Analysis of DNA damage by immunofluorescence
Analysis of DNA damage was performed as described
(Esposito et al., 2015). Briefly, the cells were trans-
ferred from the wells to individual Eppendorf tubes,
then centrifuged for 5 min at 5009 g. After that, the
supernatant was discarded, and the pellet was resus-
pended in 200 lL of PBS and half of the cells were
spun for 5 min at 3009 g on a glass slide using a
cytospin cytocentrifuge. Following that, the slides were
fixed in 4% paraformaldehyde for 15 min and washed
three times with PBS 19 for 5 min. The cells were per-
meabilised and blocked in 10% FBS/1% BSA/0.5%
TX-100/TBS 19 for 15 min. Then, the slides were
washed three times in cold PBS 19 and incubated with
the primary antibody mouse anti yH2AX (1:200) in
10%FBS/1% BSA/TBS 19 and incubated in the dark
overnight at 4 °C. The day after, the slides were
washed three times with PBS 19 for 5 min to remove
the primary antibody. The slides were then incubated
with the secondary antibody Donkey anti-mouse DL
488 Jackson/Stratech 715-485-150 (1:200) in DAPI 0.2
lg/mL/10%FBS/1% BA/TBS 19 in the dark for 1 h.
The slides were washed three times for 10 min with
PBS 19/0.05% Tween 2, then mounted with Mowiol-
DABCO, by adding 1 drop of mounting medium on
the edge of the cells and covered with the coverslip.
The slides were stored at room temperature for 24 h
and then examined under the microscope. Pictures
were captured using Evos FL Digital Inverted Fluores-
cence Microscope.

Statistical analysis

The fruit flour characterisation, TPC and FRAP data
were submitted to analysis of variance (ANOVA) and
Tukey’s test, for comparison of means at the level of
5% of significance, using the STATISTICA 12.0 pro-
gram (StatSoft Inc., Tulsa, OK). The cell culture data
were submitted to a 2-Way ANOVA Sidak’s multiple
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comparison test for oxidative stress induced by
daunorubicin or 2-Way ANOVA Tukey’s multiple
comparison test for the cytotoxic effect of daunoru-
bicin and DNA damage. The figures were developed in
GraphPadPrism 8 (GraphPad Software, San Diego,
CA).

As for the microbiota data, the statistical analysis
was performed using R Studio 1.0.44 on R software
version 3.3.2 (https://www.r-project.org) implemented
with the R packages stats and vegan (https://cran.r-
project.org/web/packages/vegan). The significance of
data separation in the PCoA plot was tested by PER-
MANOVA using the function adonis in vegan. Bar
plots were built using the R package made4 (Culhane
et al., 2005). Non-parametric tests (Kruskal–Wallis test
or Wilcoxon test) were used to assess differences in
alpha diversity and relative taxon abundance. Kendall
rank correlation test was used to assess the associa-
tions between genus-level relative abundances and
SCFA levels. A P-value ≤0.05 was considered statisti-
cally significant; a P-value between 0.05 and 0.2 was
considered a trend.

Results

Characterisation of Cerrado and Pantanal fruit flours

The tested flours showed differences in terms of
macronutrient composition, especially because they
were derived either from the almond or from the pulp
of fruits (Table 1). All flours showed moisture below
10% (w/w), which is a desirable stability indicator
since the low moisture content prevents enzymatic
activity and undesirable microbial growth.

The Jatob�a pulp flour presented 44.49 g/100 g of
fibre, a higher value compared to the other flours,
which was also reflected in higher values of both sol-
uble and insoluble fibres (P < 0.05). Cumbaru almond
flour presented the highest protein content, with
25.70 g/100 g (P < 0.05). The flours made of almonds
had high lipid content of 61.18 g/100 g and 41.21 g/
100 g for bocaiuva almond and cumbaru almond
flour, respectively. All flours are calorie-dense food,
however, bocaiuva almond flour stood out as having
the highest energy value, especially due to its high lipid
content.

Regarding essential amino acids, cumbaru almond
flour, bocaiuva pulp and bocaiuva almond flour pre-
sented scores 3.03, 7 and 6.3 times higher, respectively,
when compared to jatob�a pulp flour. The bocaiuva
pulp and bocaiuva almond flours did not differ from
each other in terms of essential amino acids, however,
bocaiuva almond flour showed higher levels of trypto-
phan, threonine and lysine, while bocaiuva pulp
flour had higher levels of leucine, isoleucine and
phenylalanine.

The amino acid profile showed that jatob�a fruit
flour has a higher content of the non-essential amino
acids proline and asparagine. Cumbaru almond flour
presented the highest concentrations of the non-
essential amino acids aspartate and glutamate
(P < 0.05). Serine and glutamine levels did not differ
for all fruit flour samples (P > 0.05).

Colonic fermentation system

Impact on faecal-derived microbial communities
The 16S rRNA gene-based next-generation sequencing
of all fermentation samples yielded a total of 2,142,849
high-quality reads, with an average of 14,881 � 4,498
sequences per sample, binned into 4,849 ASVs.
No significant differences were observed in alpha

diversity across the entire dataset, regardless of the ori-
gin of the faecal sample (post-COVID-19 – PC, or
healthy donor – HD), experimental condition (fruit
flours, inulin and negative control) and time point (0,
4, 6 and 24 h of fermentation – T0, T4, T6 and T24)
(P > 0.05, Wilcoxon test). However, it should be noted
that the diversity of both PC and HD faecal-derived
microbial communities tended to decrease over time in
all experimental conditions (Figure S1).
As for beta diversity, the PCoA of inter-sample varia-

tion based on weighted (Figure 1) and unweighted (Fig-
ure S2) UniFrac distances showed significant segregation
between PC and HD faecal-derived microbial communi-
ties, regardless of experimental condition and time point
(P < 0.001, PERMANOVA), thus suggesting the exis-
tence of distinctive features of the microbiota at baseline
and over time. When focusing on each group (PC and
HD), we found that the samples were significantly
separated by experimental condition and time point
(P < 0.001), underlining a differential impact of fruit
flours over time. Interestingly, such an impact was overall
more marked than that of inulin and negative control.
From the taxonomic standpoint, the differences

between the PC and HD faecal-derived microbial com-
munities at baseline were mostly attributable to
decreased relative abundances of some Firmicutes mem-
bers, namely Christensenellaceae and Ruminococcus, and
Akkermansia in the former, along with increased pro-
portions of Faecalibacterium, Veillonella and unclassi-
fied Lachnospiraceae (P ≤ 0.05, Wilcoxon test)
(Figure 2). Regarding the impact of fruit flours, we
observed both common and peculiar microbial signa-
tures of response (Figure 3). Among the features shared
between PC and HD, it is worth noting that 24 h of
fermentation with the fruit flours resulted in decreased
proportions of Lachnospiraceae and Ruminococcaceae,
and increased amounts of Enterobacteriaceae (P ≤ 0.2).
Although in the absence of statistical significance, these
variations were also observed in the control vessels
(i.e., with the addition of inulin or without any
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extract – negative control). When looking for fruit
flour-specific effects, we observed: (i) a reduction of
Veillonellaceae with jatob�a extract in PC samples; (ii) a
decrease in Akkermansia with jatoba and cumbaru
flours; (iii) a decreasing trend of Faecalibacterium and
Ruminococcus in the presence of all flours tested, with
the exception of the bocaiuva almond in HD samples
for Ruminococcus; and (iv) an increase in Lactobacillus
and Bifidobacterium in PC samples with bocaiuva
almond flour (P ≤ 0.2).

Analysis of short-chain fatty acids
Table 2 shows the concentrations of the major SCFAs
at 0, 4, 6 and 24 h of fermentation with fruit flours,

inulin and negative control. Overall, SCFA concentra-
tions tended to increase after 24-h fermentation due to
substrate utilisation by gut bacteria. Jatob�a pulp flour
generated higher butyrate production when compared
to the other flours in HD (P < 0.05), whereas no
changes were observed in PC. None of the flours gener-
ated major changes in propionate production in both
donors. No significant correlations were found between
SCFA levels and genus-level relative abundances during
fermentation (P > 0.05, Kendall rank correlation test).

Total Phenolic Content and Ferric Reducing Power
To measure the antioxidant activity during colonic fer-
mentation, the TPC content and FRAP were

Table 1 Proximate composition and amino acid profile of Cerrado and Pantanal fruit flours. Data are presented as mean � stan-
dard deviation (n = 3)

Jatob�a pulp Cumbaru almond Bocaiuva pulp Bocaiuva almond

Component (g/100 g)

Moisture 8.30A � 0.11 4.90B � 0.70 8.60A � 0.08 5.60B � 0.10

Ash 3.60A � 0.10 2.70B � 0.10 3.80A � 0.09 1.80C � 0.04

Protein 7.40C � 0.25 25.70A � 0.60 3.20D � 0.70 12.50B � 0.40

Lipid 3.05D � 0.30 41.21B � 0.80 19.46C � 0.50 61.18A � 0.40

Carbohydrate 33.16B � 0.57 3.42C � 0.85 38.55A � 0.90 1.62C � 0.60

Total fibre 44.49A � 0.39 22.07C � 1.28 26.39B � 1.10 17.13D � 0.80

Soluble fibre 11.13A � 0.27 2.32C � 0.37 8.85B � 0.70 1.80C � 0.38

Insoluble fibre 33.36A � 0.60 19.75B � 1.47 16.54C � 1.00 15.76C � 1.40

Energy value (kcal/100 g) 189.70D � 2.40 487.31B � 2.91 342.14C � 6.39 607.10A � 8.20

Amino acid profile (mg/g protein)

Glycine 2.83B,C � 0.78 8.8A,B � 0.59 1.8C � 0.86 10.0A � 2.00

Lysine* 2.6C � 0.32 36.9B � 0.05 3.3C � 0.51 49.0A � 2.68

Alanine 22.5B � 2.51 33.4B � 1.55 44.9B � 2.45 75.2A � 9.53

GABA 1.4C � 0.21 5.3B,C � 0.49 32.5A � 1.76 10.9B � 0.94

Serine 45.4A � 0.52 21.1A � 0.70 22.5A � 5.33 42.1A � 6.83

Proline 345.4A � 7.32 23.7B � 3.56 14.6B � 0.64 10.6B � 1.73

Asparagine 446.1A � 5.02 73.0B � 2.13 18.2D � 1.28 48.9C � 2.03

Glutamine 1.4A � 0.25 0.2A � 0.06 2.8A � 1.23 2.0A � 0.70

Aspartate 27.0C � 0.68 128.4A � 7.36 67.0B � 2.11 45.3B,C � 3.71

Glutamate 7.0C � 0.71 418.8A � 4.41 42.8C � 5.09 175.2B � 10.72

Threonine* 25.1A,B � 0.29 12.9B � 0.11 15.7B � 0.22 40.8A � 6.49

Homoserine 3 n.d. 0.2B � 0.10 1.2A � 0.09 0.3B � 0.01

Methionine* n.d. 1.2B � 0.07 n.d. 12.2A � 0.29

Valine* 23.3C � 4.35 49.9B,C � 1.51 153.9A � 28.17 118.6A,B � 0.43

Leucine* 6.6C � 0.25 31.2C � 0.57 184.5A � 9.52 92.5B � 5.29

Isoleucine* 5.1D � 0.60 50.4C � 1.11 136.9A � 4.87 116.7B � 4.44

Histidine* 1.2A � 0.35 1.6A � 0.17 n.d. 0.4A � 0.03

Aminoadipate 0.9B � 0.08 0.1B � 0.08 109.5A � 3.86 1.5B � 0.33

Phenylalanine* 8.4D � 0.44 64.0C � 4.27 102.6A � 5.21 82.3B.C � 5.42

Arginine 6.5A � 0.35 8.5 � 0.37 6.0A � 0.74 2.1B � 0.71

Citrulline 0.3A � 0.03 0.5A � 0.02 n.d. 0.6A � 0.02

Tyrosine 5.7C � 1.63 14.3B,C � 0.61 28.6A � 2.05 23.8A,B � 4.05

Tryptophane* 15.4B � 0.87 15.6B � 2.37 10.8B � 2.99 39.0A � 0.71

Essential amino acid score (%) 8.8C � 1.1 26.4B � 1.4 60.9A � 7.3 55.2A � 3.6

A-DDifferent uppercase letters within a row indicate significant differences (P < 0.05).

GABA, gamma-aminobutyric acid; n.d., not detected.

*Essential amino acids.

� 2022 Institute of Food, Science and Technology (IFSTTF).International Journal of Food Science and Technology 2023
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monitored (Figures 4 and 5). As regards the fermenta-
tion process, no differences were found for TPC over
time. On the other hand, FRAP analysis showed an
increase in antioxidant activity after 24 h for jatob�a
pulp and bocaiuva pulp flours exclusively in PC
(P < 0.05). The other treatments did not result in

significant differences in FRAP for either HD or PC
(P < 0.05).
However, it was possible to observe an increase in

TPC at T0 in the treatments with the fruit flour sam-
ples when compared to the negative control and even
to the inulin treatment (positive control). This was due

Figure 1 Faecal-derived microbial communi-

ties of post-COVID-19 donors separate from

those of healthy donors in 24-h fermentation

experiments in the presence of fruit flours,

inulin or without additions. Left, principal

coordinates analysis (PCoA) based on

weighted UniFrac distances, showing all

fermentation samples, coloured by a group

of donors (post-COVID-19 donors, PC, red

vs. healthy donors, HD, blue). A significant

separation between groups was found,

regardless of experimental condition (fruit

flours, inulin and negative control) and time

point (0, 4, 6 and 24 h of fermentation – T0,

T4, T6 and T24) (P < 0.001, PERMA-

NOVA). Right, PCoA plots show the fer-

mentation samples for PC (top panel) and

HD (bottom panel). Within each group of

donors, the samples were separated signifi-

cantly by experimental condition (fruit

flours, inulin and negative control) and time

point (T0, T4, T6 and T24) (P < 0.001).

Figure 2 Genus-level relative abundance profiles of faecal-derived microbial communities of post-COVID-19 and healthy donors at 0, 4, 6 and

24 h of fermentation in the presence of fruit flours, inulin or without additions. *, unclassified amplicon sequence variants reported at higher

taxonomic level; **, other. For each group of donors (post-COVID-19, PC and healthy donors, HD), the profiles are shown in the following

order: samples at 0, 4, 6 and 24 h fermentation (T0, T4, T6 and T24) in the presence of inulin (yellow), jatob�a (green), cumbaru (light blue),

bocaiuva pulp (red), bocaiuva almond (orange) and negative control (grey). The black arrow below the histograms indicates the temporal suc-

cession for each quadruplet of samples (T0, T4, T6 and T24).

� 2022 Institute of Food, Science and Technology (IFSTTF). International Journal of Food Science and Technology 2023
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to the presence of phenolic compounds in these fruit
flours.

Effect of the jatob�a pulp oil on cell viability, oxidative
stress, and DNA damage

We tested the antioxidant properties of JAO in a
myelo-monocytic cell line (MV411-eGFP), engineered
to express enhanced GFP (eGFP), as described in the
materials and methods. We first determined the half-
maximal inhibitory concentration (IC50) for JAO by
incubating the cells with escalating concentrations of
JAO extract and measuring the percentage of eGFP-
positive (alive) and negative cells (dead). The results
indicated that the IC50 for JAO in MV411 is 71 lg/
mL (Figure 6a). We then decided to assess the effect
of non-toxic and non-pharmacological concentrations
of JAO (ranging from 3.75 ng/mL to 37.5 lg/mL) on

oxidative stress and DNA damage induced by
daunorubicin, an anthracycline antibiotic widely used
in chemotherapy, which possesses several mechanisms
of action, including intercalation into DNA strands,
topoisomerase II inhibition, formation of DNA
double-strand breaks and production of reactive oxy-
gen species (ROS) (Al-Aamriri et al., 2019). Following
exposure of MV411 cells to daunorubicin, a significant
increase in oxidative stress, measured as fluorescence
emitted by Cell ROX, was observed (MFI Cell ROX
in vehicle vs. daunorubicin, 249912.292� 93116.016 vs.
356684.786�117841.971, P < 0.05; fold increase,
1.42�0.47) (Figure 6b and Figure S3). This was
accompanied by a cytotoxic effect (fraction of eGFP-
cells in vehicle vs. daunorubicin, 0.084 � 0.028 vs.
0.242 � 0.185, P < 0.05; fold increase, 2.88 � 2.2)
(Figure 6c and Figure S3). Twenty-four hours pre-
exposure with JAO extract reduced daunorubicin-

Figure 3 Families and genera of faecal-derived microbial communities of post-COVID-19 (PC) and healthy donors (HD), differing over time

in 24-h fermentation experiments in the presence of fruit flours, inulin or without additions. Boxplots showing the relative abundance distribu-

tion of bacterial taxa in the different study groups at 0, 4, 6 and 24 h fermentation (T0, T4, T6 and T24). Only significantly different taxa or

trends are shown (P ≤ 0.2, Wilcoxon test). Bocaiuva_p, bocaiuva pulp; bocaiuva_a, bocaiuva almond; control, without any additions.

� 2022 Institute of Food, Science and Technology (IFSTTF).International Journal of Food Science and Technology 2023
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induced oxidative stress and cytotoxic effect to levels
comparable to the vehicle (DMSO) (Figure 6b and c
and Figure S3), demonstrating a chemopreventive
effect against daunorubicin-induced cytotoxic effect
and oxidative stress.

Incubation with daunorubicin also induced a signifi-
cant increase in DNA damage (double-strand breaks),
measured as the percentage of cells showing more than
6 cH2AX foci (% cells with >6cH2AX foci in vehicle
vs. daunorubicin after 48-h exposure, 0 � 0 vs.
54.95 � 11.07, P < 0.05) (Figure 6d and e). Twenty-
four hours pre-exposure with JAO (37 ng/mL) reduced
daunorubicin-induced DNA damage to levels compa-
rable to vehicle (DMSO) (% cells with >6cH2AX foci
in vehicle vs. JAO after 24-h exposure, 0 � 0 vs.
5.55 � 9.62, P = 0.34; daunorubicin vs. daunoru-
bicin+JAO after 24-h exposure, 54.95 � 11.07 vs.
9.34 � 8.94, P < 0.01) (Figure 6d and e and Fig-
ure S4), demonstrating that JAO pulp exerted a
chemopreventive effect even against daunorubicin-
induced DNA damage.

Discussion

The Brazilian pulp and almond fruit flours tested in
this study presented important nutritional values, with
proteins, sugars, fibre, and lipids. The total fibre in
jatob�a pulp flour was present in greater quantity than
in other flours, which may contribute to a beneficial
activity for use by gut bacteria (Gibson et al., 2017).
Bocaiuva almond flour had the highest lipid content,
even when compared to in natura bocaiuva almond in
the literature (Hiane et al., 2006). Bocaiuva pulp and
almond flour were also potentially good sources of
some essential amino acids, as they had a higher essen-
tial amino acid score than other flours. However, for a
protein to be considered of good quality, it must be
well absorbed after digestion. To assess this, a direct
study by measuring nitrogen balance along with body
weight and body composition is required (Joint WHO/
FAO/UNU, 2007). The protein content and amino
acid profile of foods are important substrates for gut
fermentation, as they provide nitrogen sources for the

Table 2 Concentrations of major short-chain fatty acids (acetate, propionate and butyrate) at 0, 4, 6 and 24 h of fermentation of
Brazilian fruit flours, inulin and negative control in stirred pH-controlled batch culture systems with stool samples from healthy
(HD) and post-COVID-19 donors (PC). Data are presented as mean � standard deviation (n = 3)

Treatment

Time

point (h)

HD PC

Acetate Propionate Butyrate Acetate Propionate Butyrate

Inulin (positive control) 0 4.28 � 0.25 3.77 � 0.05 4.74 � 0.28 4.12 � 0.48 3.75 � 0.29 5.26 � 0.06

4 4.28 � 0.46 3.61 � 0.11 4.85 � 0.25 4.93 � 0.44 4.54* � 0.24 5.65 � 0.26

6 4.63 � 0.15 3.58 � 0.27 4.69 � 0.50 4.95* � 0.17 4.40* � 0.11 5.59* � 0.16

24 5.40*A � 0.24 4.98*A � 0.23 7.21*A � 0.43 5.15*A,B � 0.24 4.73*A � 0.02 6.68*A � 0.20

Jatob�a pulp flour 0 4.10 � 0.0 3.41 � 0.00 4.79 � 0.14 3.74 � 0.05 4.19 � 0.01 5.72 � 0.39

4 3.87 � 0.43 3.55 � 0.43 4.89 � 0.30 4.25* � 0.27 4.43* � 0.11 5.61 � 0.36

6 3.99 � 0.36 3.43 � 0.08 5.07 � 0.45 4.50* � 0.31 3.91 � 0.71 5.60 � 0.10

24 4.78A,B � 0.52 4.01 A,B,C � 0.59 6.38*A,B � 0.19 4.59*C � 0.44 3.99 A � 0.34 5.74 A,B � 0.16

Cumbaru almond flour 0 3.61 � 0.01 2.81 � 0.00 4.55 � 0.24 3.08 � 0.33 3.03 � 0.42 4.70 � 0.12

4 4.01 � 0.42 2.96* � 0.04 4.58 � 0.41 3.20 � 0.18 2.63 � 0.10 4.43 � 0.41

6 3.74* � 0.02 2.94 � 0.15 4.44 � 0.19 4.20* � 0.26 3.83* � 0.63 5.46* � 0.29

24 3.90B � 0.40 3.39*B,C � 0.33 5.36*B,C � 0.61 4.21*B,C � 0.27 4.01*A � 0.42 4.81B � 0.03

Bocaiuva pulp flour 0 4.29 � 0.02 3.32 � 0.40 4.80 � 0.20 4.28 � 0.19 3.07 � 0.06 4.82 � 0.25

4 4.03 � 0.28 3.49 � 0.05 4.70 � 0.24 4.36 � 0.32 3.94* � 0.34 5.19 � 0.45

6 4.05* � 0.18 3.38 � 0.25 4.59 � 0.06 4.18 � 0.34 3.53 � 0.47 5.33 � 0.36

24 4.5 A,B � 0.30 3.30 B,C � 0.27 5.5*B,C � 0.42 4.55 B,C � 0.08 3.70*A � 0.19 5.07B � 0.30

Bocaiuva almond flour 0 3.05 � 0.20 3.27 � 0.27 4.52 � 0.15 4.77 � 0.75 4.19 � 0.22 5.09 � 0.13

4 4.34* � 0.29 3.49 � 0.37 4.73* � 0.15 5.60 � 0.05 4.08 � 0.68 4.83 � 0.30

6 4.36* � 0.32 3.38 � 0.50 4.59 � 0.30 5.36 � 0.12 4.22 � 0.17 5.14 � 0.32

24 4.27*B � 0.22 3.15C � 0.13 4.56C,D � 0.27 5.67A � 0.17 4.68A � 0.94 5.56A,B � 1.19

Negative control 0 4.10 � 0.34 3.45 � 0.01 4.57 � 0.01 3.43 � 0.49 3.51 � 0.69 4.57 � 0.09

4 3.90 � 0.01 3.36 � 0.09 4.80 � 0.08 4.35* � 0.22 3.90 � 0.04 5.43* � 0.04

6 4.33 � 0.26 4.37* � 1.05 4.09 � 0.90 4.54 � 0.28 4.08 � 0.24 5.56* � 0.12

24 4.79*A,B � 0.54 4.49*A,B � 0.84 4.27*D � 0.24 4.63*B,C � 0.31 4.42A � 0.51 5.24*B � 0.10

A-DSignificant differences of each SCFA at 24 h of fermentation using one-way ANOVA with Tukey’s post-hoc comparison (P < 0.05).

*Significant differences compared to baseline (0 h) within the same substrate (using t-test, P < 0.05).

� 2022 Institute of Food, Science and Technology (IFSTTF). International Journal of Food Science and Technology 2023
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proliferation of bacteria. It has been suggested that
specific amino acid mixtures are likely to be of benefit
to the human colonic microbiota, in addition to diet-
ary fibre and prebiotics (Bifari et al., 2017).

The small intestine is highly specialised in the break-
down, emulsification and absorption of nutrients and
few nutrients escape the digestive process. The human
body lacks the enzymes necessary to digest the wide
range of complex carbohydrates allowing them to
escape digestion in the small intestine. In the colon,
however, they can be used as an energy source by
specific resident bacteria (Louis & Flint, 2009; de Vos
et al., 2022). Indeed, various gut microbes contribute
to the metabolisation of these non-digestible polysac-
charides into several endpoints of anaerobic fermenta-
tion, including SCFAs. These compounds regulate
numerous metabolic pathways both in the intestine
and at a distant level, that is, at the level of the liver,
adipose tissue, muscles, and brain. It is in fact well
known that SCFAs contribute to numerous physiolog-
ical effects, ranging from modulation of energy

homeostasis, glucose/lipid metabolism, inflammation
and even immunity and cancer (Pascale et al., 2018;
Silva et al., 2020; Marrocco et al., 2022).
Colonic fermentation models provide insights into

the processes in the gut and are considered screening
tools for many dietary ingredients. In this study, we
chose to ferment fruit flours of pulp and almonds from
Cerrado and Pantanal to observe the effect of these
whole foods on microbiota modulation and produc-
tion of SCFAs. Under these circumstances, the inten-
tion of these experiments was to use the food as it is
sold in the local market and ready for consumption,
considering all its characteristics of macronutrients
that can positively impact the health of consumers.
However, we are aware that it has been documented
in the literature that the proximate composition of
foods can directly affect the composition of the micro-
biota (Leeming et al., 2021). It should also be said that
due to experimental constraints (mainly the working
volume of our gut model system), we did not monitor
changes in macronutrients and amino acid profile,

Figure 4 Total phenolic content (mM gallic acid equivalent – GAE) of the supernatants collected at baseline and after 24 h of in vitro colonic

fermentation of Brazilian fruit flours, inulin and negative control with stool samples from healthy and post-COVID-19 donors. AB, bocai�uva

almond flour; CU, cumbaru almond flour; GAE, gallic acid equivalent; JA, jatob�a pulp flour; PB, bocaiuva pulp flour.

� 2022 Institute of Food, Science and Technology (IFSTTF).International Journal of Food Science and Technology 2023
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which limits our considerations on the beneficial health
effects of fruit flours.

As for stool donors, we chose subjects who had
COVID-19 (PC) and healthy volunteers (HD). Indeed,
it has recently been hypothesised that the gut microbiota
plays a key role in the context of COVID-19 and also
contributes to its long-term effects after viral clearance
(Groves et al., 2020; Lau et al., 2022; Sun et al., 2022).
In particular, reduced bacterial diversity, together with a
reduction in the relative abundance of health-associated
bacteria such as SCFA producers belonging to the
Lachnospiraceae and Ruminococcaceae families, has
been observed in patients with COVID-19 (Gaibani
et al., 2021; Ren et al., 2021; Yeoh et al., 2021). In our
dataset, although the reduction in biodiversity is consis-
tent with what is commonly observed in in vitro models,
it was possible to confirm the depletion of some taxa
generally considered health-promoting in PC, such as
Ruminococcus, Christensenellaceae and Akkermansia (Gu
et al., 2020; Tao et al., 2020; Gaibani et al., 2021; Lau
et al., 2022; Nashed et al., 2022). We also confirmed
PC-related enrichment in potential opportunistic patho-
gens, including Veillonellaceae members (Gu et al., 2020;
Tao et al., 2020).

Taking into account the impact of fruit extracts on
the faecal-derived microbial communities, it is interest-
ing to note that the jatob�a extract counteracted the
increase of Veillonellaceae in PC while that of
bocaiuva almond the further decrease of Ruminococ-
cus. Moreover, the fermentation of the bocaiuva
almond led to an enrichment of Lactobacillus and Bifi-
dobacterium, underlining a relevant prebiotic potential.
TPC and FRAP analyses were conducted to analyse

the content of total phenolic compounds and antioxi-
dants during colonic fermentation, considering that gut
bacteria may be involved in their biotransformation, as
reported in some simulated in vitro models (Gibson
et al., 2017). However, it was not possible to observe
differences in TPC between baseline and after 24 h,
whereas in the FRAP analysis only for jatob�a and
bocaiuva pulp flours (PC donors), an increase in antiox-
idant activity was observed. It is estimated that 90%–
95% of polyphenols contained in food are not absorbed
by the small intestine and, therefore, can reach the
colon (Gibson et al., 2017). However, the amount of
phenolic compounds and antioxidants that reach the
colon and the bloodstream is limited compared to the
content found in food right after consumption, as these

Figure 5 FRAP results (lM ascorbic acid equivalent – AAE) of the supernatants collected at baseline and after 24 h of in vitro colonic fer-

mentation of Brazilian fruit flours, inulin and negative control with stool samples from healthy and post-COVID-19 donors. AAE, ascorbic

acid equivalent; AB, bocai�uva almond flour; CU, cumbaru almond flour; JA, jatob�a pulp flour; PB, bocaiuva pulp flour. *Statistical differences
after 24 h in the same donor (P < 0.05).
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substances are highly reactive to alkaline conditions
and can be easily oxidised, resulting in degradation or
failure to detect (Lafarga et al., 2019). Furthermore, the
basal medium used in the colonic fermentation simula-
tion contains microorganisms that degrade and convert
components in the medium, such as phenolic com-
pounds into phenolic acid or lactone metabolites (Aura
& Maukonen, 2015). In juc�ara pulp, a fruit with a high
content of phenolic compounds and anthocyanins,
Guergoletto et al. (2016) found a decrease in the
amount of these components after simulated digestion,
indicating degradation by gut bacteria during the
fermentation process.

Phenolic compounds have gained a lot of attention
as a dietary intervention to augment endogenous oxida-
tive defences. This is important because ROS can dam-
age DNA, proteins and lipids and trigger pathogenetic
processes. Most importantly, ROS are not only the
result of exposure to genotoxic substances of environ-
mental origin but also are continuously produced in
aerobic organisms both as by-products of normal oxy-
gen metabolism and as bactericidal agents by activated
phagocytic cells. Therefore, a correct redox balance is
considered very important for the prevention and treat-
ment of various degenerative diseases, including cancer
(Schieber & Chandel, 2014; Robinson et al., 2021).

Figure 6 Effect of Jatob�a pulp oil (JAO) on daunorubicin-induced oxidative stress and DNA damage. (a) IC50 of Jatob�a pulp oil (JAO) in

macrophage cell line MV411. Non-linear regression concentration/response curve reporting cell viability, determined by Trypan blue exclusion

upon treatment with JAO for 72 h. Data are shown as average � SD of triplicate wells and are representative of four independent experiments.

The IC50 was calculated using GraphPad Prism software. (b) JAO protects from the oxidative stress induced by daunorubicin. The bar chart

reports the oxidative stress as Median Fluorescence Intensity (MFI) of Cell ROX for MV411 pre-treated with either vehicle (DMSO) or

increasing concentrations of JAO for 24 h before incubation with daunorubicin (DNR 25 nM) for additional 24 h. Data show mean � SD of

triplicate wells and are representative of four independent experiments. A 2-way ANOVA Sidak’s multiple comparison test **P < 0.01. (c)

JAO protects from the cytotoxic effect of daunorubicin. The bar chart reports the cytotoxic effect as a fraction of GFP-cells for MV411 pre-

treated with either vehicle (DMSO) or increasing concentrations of JAO for 24 h before incubation with 25 nM DNR for an additional 24 h.

Data show mean � SD of triplicate wells and are representative of four independent experiments. A 2-way ANOVA Sidak’s multiple compar-

ison tests *P < 0.05. (d) JAO protects from the DNA damage induced by daunorubicin. The bar chart reports the DNA damage as a percent-

age of MV411 cells with more than 6 cH2AX foci. The cells were pre-treated with either vehicle (DMSO) or 37 ng/mL of JAO for 24 h before

incubation with 25 nM DNR for an additional 48 h. Data show mean � SD of triplicate wells and are representative of four independent

experiments. A 2-way ANOVA Tukey’s multiple comparison tests ***P < 0.001. ****P < 0.0001. (e) Digital microscope images showing DNA

damage cH2AX foci in MV411 cells pre-treated with either vehicle (DMSO) or 37 ng/mL of JAO for 24 h before incubation with 25 nM

DNR for an additional 4 h. Images were captured using Evos FL Digital Inverted Fluorescence Microscope (a particular from magnification

409).
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Finally, we chose to test the antioxidant properties
of jatob�a pulp in a cell model because JAO is known
to contain bioactive substances such as g-tocopherol,
b-sitosterol, campesterol, stigmasterol and stigmas-
tanol (Oliveira et al., 2018), which could protect cells
by hindering the harmful action of free radicals. Cell
models are extremely useful and well-characterised
experimental models that can be employed to investi-
gate the effect of genetic and pharmacological manipu-
lations, as well as the delicate balance between
pro- and antioxidant activities. The oxidative response
is particularly prevalent in cells of the innate immune
system, including granulocytes, monocytes and macro-
phages, as it is central to the antimicrobial action of
these cells. Therefore, myelo-monocytic cell lines such
as MV411 and THP1 represent gold-standard experi-
mental models for studying the mechanisms of redox
homeostasis (Karwaciak et al., 2017).

After determining the IC50 of JAO in the myelo-
monocytic cell line MV411, we decided to further test
non-toxic, nutritional concentrations (from 3.75 ng/
mL to 37.5 lg/mL), which could be easily reached in
the bloodstream and other tissues with an ordinary
intake of fruits. In our study, JAO showed a protective
antioxidant and antigenotoxic effect as it was able to
reduce both oxidative stress and DNA damage
induced by daunorubicin. Our data are in agreement
with Spera et al. (2019) that showed that H. courbaril
seed extract possessed antioxidant and antigenotoxic
properties. However, the authors also reported that
high concentrations of H. courbaril extracts (50–
100 lg/mL) possessed a cytotoxic effect against
B16F10 murine melanoma cells. More studies are
therefore needed to evaluate the effects of non-
nutritional concentrations of JAO in cancer cells and
explore JAO as a pharmacological tool (Halli-
well, 2013), as it has been reported for resveratrol and
hydroxytyrosol, polyphenols abundant in edible plants
such as grapes, olives and annurca apples (Corona
et al., 2009; Borska et al., 2016; Martino et al., 2019).

Conclusions

To the best of our knowledge, this is the first in vitro
study to evaluate the impact of native fruit flours from
the Brazilian Cerrado and Pantanal on gut microbiota
composition and metabolic profile. In addition to their
high nutritional value, some of these fruit flours
showed a promising ability to modulate gut microbiota
imbalances, which could be relevant in post-COVID-
19. We also showed that JAO has chemopreventive
effects as it reduces daunorubicin-induced oxidative
stress, DNA damage and cytotoxic effect. Taken
together, these preliminary data demonstrate all the
strengths and limitations of our study and lay the

foundations for the design of an in vivo human inter-
vention study to confirm the promising trends herein
observed, along with studies in animal models to unra-
vel the underlying mechanisms and evaluate the poten-
tial role of these flours in other contexts as well.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Figure S1. The alpha diversity of faecal-derived
microbial communities from post-COVID-19 and
healthy donors tends to decrease over time in 24-h fer-
mentation experiments in the presence of fruit flours,
inulin or without additions. Boxplots showing the dis-
tribution of alpha diversity values, according to the
Shannon index (upper panel) and the number of
observed amplicon sequence variants (ASVs, lower
panel), for the faecal-derived microbial communities
from post-COVID-19 (PC) and healthy (HD) donors
at time point 0, 4, 6 and 24 h of fermentation (T0, T4,
T6 and T24) in the presence of fruits flours (jatob�a,
cumbaru, bocaiuva pulp and bocaiuva almond), inulin
or without additions (control -).

Figure S2. Unweighted UniFrac-based principal
coordinates analysis (PCoA) of faecal-derived micro-
bial communities of post-COVID-19 and healthy
donors over 24 h of fermentation in the presence of
fruit flours, inulin or without additions. Left, PCoA
plot showing all fermentation samples, coloured by a
group of donors (post-COVID-19 donors, PC, red vs.
healthy donors, HD, blue). A significant separation
between groups was found, regardless of experimental
condition (fruit flours, inulin and negative control)
and time point (0, 4, 6 and 24 h of fermentation – T0,
T4, T6 and T24) (P < 0.001, PERMANOVA). Right,
PCoA plots show the fermentation samples for PC
(top panel) and HD (bottom panel). Within each
group of donors, the samples were separated signifi-
cantly by experimental condition (fruit flours, inulin
and negative control) and time point (T0, T4, T6 and
T24) (P < 0.001).

Figure S3. Effect of Jatob�a pulp oil (JAO) alone or
in combination with daunorubin on oxidative stress
and viability. MV411 cells were infected with a lentivi-
ral vector expressing eGFP and positive cells were iso-
lated by cell sorting. The GFP fluorescence emission is
proportional to the number of cells. Representative
FACS plots indicating the Forward and Side scatter of
MV411 cells included in the analysis (population P1),

� 2022 Institute of Food, Science and Technology (IFSTTF). International Journal of Food Science and Technology 2023

Brazilian fruit flours affect gut microbiota C. S. I. Mauro et al. 15

 13652621, 0, D
ow

nloaded from
 https://ifst.onlinelibrary.w

iley.com
/doi/10.1111/ijfs.16274 by A

rea Sistem
i D

ipart &
 D

ocum
ent, W

iley O
nline L

ibrary on [27/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the gating strategy to exclude duplets from the analysis
(population P2), the gates M1 and M2 to discriminate
GFP� from GFP+ cells and the gate M7 that reports
the intensity of oxidative stress.

Figure S4. Effect of Jatob�a pulp oil (JAO) alone or
in combination with daunorubin on DNA damage.

Digital microscope images showing DNA damage
cH2AX foci in MV411 cells pre-treated with either
vehicle (DMSO) or 37 ng/mL of JAO for 24 h before
incubation with 25 nM DNR for an additional 48 h.
Images were captured using Evos FL Digital Inverted
Fluorescence Microscope (magnification 409).
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