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ARTICLE INFO ABSTRACT

Keywords: Jabuticaba is a Brazilian berry known for its therapeutic potential against cancer, obesity, insulin resistance (IR),
Berries and others. It is a natural source of bioactive compounds, leading to better glucose metabolism, and attenuating
Dys‘?iosis obesity and IR through the reduction of pro-inflammatory status. The present study aimed to observe the pre-
lér;:;i(;;lcs biotic effect of freeze-dried jabuticaba peel (J) consumption on gut bacteria profile and describe its effects on IR

derived from the lipopolysaccharides/Toll-like receptor-4 inflammatory pathway. Jabuticaba peel was chemi-
cally characterized, and its bioactive compounds were quantified. Twenty-four C57BL/6 mice were feed with a
control diet (n = 6), control diet + J (n = 6), high-fat diet (HF) (n = 6), and HF + J (n = 6) for thirteen weeks.
Gut bacteriota (16s RNA sequencing), glucose metabolism (fasting glucose and insulin, OGTT, ITT, HOMA-IR,
and B, QUICKI), and inflammatory status (serum lipopolysaccharide, and protein expression) were assessed.
The main bioactive compounds found in J were dietary fiber, and anthocyanins, and its consumption along with
a healthy diet reduced the abundance of Firmicutes and Actinobacteriota phyla (p < 0.01), increased the Mur-
ibaculaceae and Lachnospiraceae families, and Faecalicatena genus (p < 0.05). The correlation test indicates a
negative correlation between the Muribaculaceae and glucose metabolism. Jabuticaba peel is a nutritive source of
bioactive compounds with prebiotic effects.

Insulin resistance
Bioactive compounds

1. Introduction

Excessive intake of saturated and trans fatty acids and simple sugars
promotes dysbiosis in addition to obesity (Cani, 2019; Wilkins et al.,
2019). Dysbiosis (related to obesity) is characterized by the predomi-
nance of intestinal bacteria from the phylum Firmicutes and reduction of
Bacteroidetes, generating metabolites such as lipopolysaccharide (LPS)
and trimethylamine-N-oxide (Wang et al., 2019; Wilkins et al., 2019).
Thanks to the literary and technological expansion of -omic techniques,
microbial signatures and profile (microbiome) and their metabolites
(metabolomics) have been linked to the health and/or disease status of
each host (Davies, 2001; Peterson et al., 2009; Proctor et al., 2019).

The LPS is a molecule found in the cell wall of gram-negative

bacteria, such a molecule is responsible for activating the pro-
inflammatory response via Toll-like receptor 4 (TLR4), producing in-
flammatory cytokines and cellular oxidative stress, causing phosphory-
lation of insulin receptors resulting in insulin resistance (IR) impairing
glucose metabolism (Bagarolli et al., 2017; Miura et al., 2017; Wang
etal., 2019). Thus, the modulation of the profile of gut bacteriota as well
as its metabolites through the ingestion of berries became a therapeutic
target aiming at the resolution of comorbidities related to insulin
resistance and LPS-inflammation (Gasparrini et al.,, 2021; Lail et al.,
2021).

Jabuticaba (Plinia cauliflora) is a typical Brazilian berry (Schreck-
inger et al., 2010) whose pulp is widely consumed in natura and has high
technological applicability in the food industry, but its dark violet skin is
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usually discarded (Leite-Legatti et al., 2012). Due to its chemical
composition, the jabuticaba peel has therapeutic potential with high
levels of dietary fibers, and polyphenols, mainly anthocyanins, helping
to prevent and treat diseases such as insulin resistance, obesity, cancer,
Alzheimer and others (Batista et al., 2017, 2018; Dragano et al., 2013;
Lamas et al., 2020).

Therefore, we seek to identify, for the first time, through the next
sequencing generation the profile of gut bacteriota of animals fed an
obesity/dysbiosis-inducing diet, supplemented with jabuticaba peel
freeze-dried, as its chemical composition may be able to modulate the
gut microbiota, avoiding insulin resistance via inflammatory signaling
induced by LPS/TLRA4.

2. Material and methods
2.1. Sample characterization

The jabuticaba fruits (Plinia cauliflora (Mart.) Kausel) were donated
by a producer from the city of Casa Blanca, Sao Paulo, Brazil. The fruits
were washed, sanitized, manually pulped, the peels were frozen
(—18°C), and then freeze-dried (Liobras®). After the drying, the sample
was pulverized, packed, and stocked protected from light.

The proximate composition of freeze-dried jabuticaba peel (J) was
determined by the content of humidity (constant drying at 100 °C), total
protein (Kjeldahl 6.25 conversion factor), ashes (muffle incineration at
550 °C) (AOAC, 1995), total lipids (Bligh and Dyer, 1959), and carbo-
hydrate was calculated by the following formula (%carbohydrate = 100
- %humidity - %total protein - %ash - %total lipids). The energy content
was estimated by the sum of carbohydrates (excluding fiber content) and
protein multiplied by 4 calories/g, and lipids by 9 calories/g.

The extract was obtained using 1g of J in 60 mL of an acidified 70%
hydro-methanolic solution (0.1 HCl/14.9/85; v/v/v) under magnetic
agitation for 1 h, at room temperature (20 °C), and then filtered. Total
polyphenol content, monomeric anthocyanin, ferric reduction antioxi-
dant power (FRAP), and hydrophilic oxygen radical absorbance capacity
(ORAC) were determined by UV-Vis and fluorescence emission spec-
troscopy assay, and phenolics compounds were determined by high-
performance liquid chromatography (HPLC) equipped with a photo-
diode array detector (DAD) and fluorescence detectors (FLD) (according
to protocols validated by da Silva et al. (da Silva et al., 2016)).

2.2. Preclinical study

This experiment was based on the ethics requirements of the Na-
tional Council for Animal Experimentation Control (CONCEA) and was
approved by the Ethics Committee on Animal Use (CEUA/UNICAMP
protocol 4895-1/2018). The access to Brazilian genetic heritage was
registered at the Ministry of the Environment via SISGEN (protocol
A2C81F8).

Twenty-four male black mice (C57BL/6), 5 weeks old, provided by
the Multidisciplinary Center of Biological Investigation (CEMIB/UNI-
CAMP), were allocated collectively in polyethylene boxes, under envi-
ronmental controlled conditions of temperature (22+2 °C), humidity
(60-70%), a light-dark cycle of 12 h, with free access to water and food
during the whole experimental period.

The AIN-93G diet (Reeves et al., 1993) was offered during the
acclimatization, followed by the AIN-93M diet (normolipidic and
hyperlipidic, 35% of fat) offered during thirteen weeks of experimen-
tation, besides both diets supplemented with 4% of J (this dosage had a
better impact over glucose metabolism according to Dragano et al.,
2013), resulting in four experimental groups of 6 animals. The diet’s
formulations are described in Table 1. After being manufactured the
diets were kept in a conventional refrigerator (10 °C), hidden from light,
to avoid phenolic degradation.

The dietary consumption and weight gain of animals were monitored
every two days. Feed efficiency and energy intake were calculated

383

Current Research in Food Science 5 (2022) 382-391

Table 1

Nutritional composition of experimental diets.
Nutrient (g/kg) C CJ HF HFJ
Casein 137.24 137.24 137.24 137.24
Cornstarch 467.47 467.47 267.15 267.15
Dextrinized cornstarch 155.59 155.59 88.92 88.92
Sucrose 100.38 100.38 57.36 57.36
Soybean Oil 40 40 40 40
Lard - - 310 310
Cellulose 50 50 50 50
Mineral mix 35 35 35 35
Vitamin mix 10 10 10 10
L-cystine 2 2 2 2
Choline Bitartrate 3 3 3 3
tBHQ 0.008 0.008 0.008 0.008
J - 40 - 40
Total weight 1000.00 1040.00 1000.00 1040.00
Total polyphenols - 3.28 - 3.28
Total anthocyanin - 0.30 - 0.30
Total dietary fiber 50 63.5 50 63.5
Total energyea 3802 3888 5032 5118

C: Control group (AIN93-M diet). J: Freeze-dried jabuticaba peel. HF: High-Fat
group (AIN93-M with adjusted 35% from lard). tBHQ: Tert-
butylhydroquinone. .,: Calories.

(Novelli et al., 2007) based on the total energy of each experimental
diet. Blood was collected by cardiac puncture under anesthesia (keta-
mine and xylazine); the liver and the sum of adipose tissue (mesenteric,
retroperitoneal, and epididymal) were weighted, and liver fragments
were immediately frozen in liquid nitrogen.

After 6 h of fasting, the glucose was measured in the peripheral tail
vein, using a glucose meter (Abbott®) to register the time zero. After the
gavage of 2g of glucose/kg of body weight, the glycemia was registered
at 15, 30, 60, 90, and 120 min to determine the oral glucose tolerance
test (OGTT). To perform the Insulin Tolerance Test (ITT), fasting gly-
cemia was measured to register the time zero, also after 6 h fasting, then
a peritoneal injection of human insulin (0.75UI/kg) was administrated
in the animals, measuring glycemia at 5, 10, 15, 20, and 25 min. Results
were used to plot the area under the curve (AUC) and the graph of
glucose decay through the times.

Biochemical analyses (glycemia, insulin, and LPS levels) were
measured in the serum using commercial kits according to the manu-
factures (LaborLab®, Millipore©, and Thermo scientific™). The Ho-
meostatic Model Assessment (HOMA) of IR, HOMA-B (Matthews et al.,
1985), and Quantitative Insulin Sensitivity Check Index (QUICK) (Katz
et al., 2000) were calculated.

For western blotting assay, protein from frozen liver fragments was
extracted with RIPA buffer using the Polytron (Brinkmann®). Then, the
insoluble content was removed by centrifugation at 4 °C for 20 min, and
the protein concentration in homogenates was determined using Brad-
ford reagent. Thus, samples containing 75 pg of protein were boiled in
Laemmli buffer for 5 min (1:1). The electrophoresis separation was
carried into SDS-PAGE of 8%, and 15% (for high and low protein mo-
lecular weight respectively), following that, proteins were transferred to
a nitrocellulose membrane. The membranes were blocked within none
to 3% bovine serum albumin, incubated with specific antibodies over-
night 4 °C mouse anti-TLR4 (sc-53462, Santa Cruz Biotechnology);
rabbit anti-MyD88 (bs-1047R, Bioss); mouse anti-nuclear factor-kappa B
(NFkB) (ab13594, Abcam); mouse anti-tumor necrosis factor-alpha
(TNF-a) (ab48394, Abcam); goat anti-phospho-insulin receptor sub-
strate (IRS) tyrosine (sc-17196, Santa Cruz Biotechnology); and mouse
anti-p-actin (ab8227, Abcam), then incubated with specific secondary
antibodies for 2 h, at room temperature. To detect reactive band was
used chemiluminescent substrate, and the densitometry of antigen
bands was quantified by UN-Scan Software. f-actin was used as an
endogenous control.



P.S. Loubet Filho et al.
2.3. Metataxonomic analysis

After euthanasia, the colon of animals was removed using sanitized
scissors, and all fecal content was placed in sterile RNA/DNA-free tubes,
this content was extracted from the gut bacterial genetic material (using
QIAmp DNA stool kit).

The DNA library followed the manufacturer’s instructions (Illu-
mina). The V4 region of the 16S rRNA gene was amplified, including
llumina sequencing adapters (forward: 5'-TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAG-specific-locus sequencing; reverse: 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-specific-locus
sequencing). Libraries were quantified and pooled in equimolar
amounts. For sequencing, the Illumina MiSeq platform was used, with
reads of 2 x 250bp.

The DADA2 program (Callahan et al., 2016) was used for amplicon
modeling and error correction without the construction of operational
taxonomic units (OTU), with a complete pipeline, implemented to
transform sequencer fastq files into inferred, dismembered, and
chimera-free sample sequences. The assigned taxonomy function takes
as input a set of amplicom sequencing variants (ASV) to be classified,
and a reference sequence training set with known taxonomy and assigns
taxonomies. The GTDB: Genome Taxonomy Database was used as a
reference (Parks et al., 2017). The taxonomic classifications generated
by DADAZ2, and their quantifications, were imported into the phyloseq
program.

Alpha (Shannon diversity) and beta (Detrended Correspondence
Analysis) diversity analyses were performed on the phyloseq package as
described (Callahan et al., 2016). ASVs that were not classified at least to
the family level were filtered, and ASVs marked as the same species were
clustered. After applying these filters, the tables of gross abundance and
relative abundance counts were obtained. The taxonomic counts con-
tained in the phyloseq were imported into the edgeR package for
normalization of the library sizes of each sample; subsequently, the
counts were transformed to the base 2 logarithms of the counts per
million (logCPM) of each sample (voom transformation). After adjusting
the linear limma model, differential taxonomic abundance was tested
for each group with moderate t-tests (Smyth, 2004). For more details of
the bioinformatic analysis, check supplementary material.

Gas chromatography with a flame ionization detector (GC-FID) was
used to determine short-chain fatty acids in the feces collected from the
animal’s boxes before the euthanasia begin (G. Zhao et al., 2006).
Chromatography conditions were: injector and detector temperatures
set at 200 °C, injected volume was 1 pL (autosampler, Shimadzu®), split
mode 1:5 for 1 min; carrier helium gas at 1.0 mL min~'. The column
oven was programmed at 100 °C, then heated at 8 °C/min until reaching
190 °C, held for 3.25 min; validation parameters are presented in the
supplementary material (Table S1). The total cholesterol was deter-
mined by a commercial kit (LaborLab®) in lipids extracted from the
feces collected (FOLCH et al., 1957).

2.4. Statistics

The results of the chemical analysis are expressed as mean =+ stan-
dard deviation and those obtained from in vivo experimental analysis as
mean + standard error of the mean. The data were submitted to analysis
of variance (ANOVA) with post-hoc on Tukey’s test with a p-value <0.05
within the experimental groups. For metataxonomic analysis, a moder-
ated t-test (p-value <0.05) was used to compare the profile of gut bac-
teria of every single diet distinctly. The Pearson correlation test was
carried out comparing the better and the worst phenotypes for glucose
metabolism (CJ and HF respectively), considering p-value <0.05 as a
significant difference.
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3. Results
3.1. Freeze-dried jabuticaba peel characterization

J major nutrient is carbohydrate, although dietary fiber represents
43% of its total (Batista et al., 2017). As following comes protein and
lipid, resulting in 2.1 calories per gram of J. The sample showed high
content of polyphenols (Rufino et al., 2010), anthocyanins (total content
of 769 mg/100g), and antioxidant capacity (Table 2). Furthermore, five
different types of anthocyanins and gallic acid were tentatively identi-
fied and quantified in J with external standards (Table 3).

3.2. Preclinical study

The supplementation of J softens the weight gain for normocaloric
and high-fat diet groups. The lean groups showed a higher dietary intake
compared to obese groups, also reflecting on higher energy intake.
However, despite these observations, the obese groups showed a greater
feed efficiency when compared to lean groups, resulting in the highest
values of weight gain and adipose tissue (Table 4).

The high-fat diets successfully induced animals to IR, animals fed
with the C and CJ diet presented improved glucose metabolism (fasting
glycemia, OGTT, ITT, HOMA-IR, and QUICKI), even though J con-
sumption was not enough to prevent IR in obese animals (HFJ - Fig. 1).

The western blotting analysis showed lower inflammatory markers
expression in the CJ group compared to the HF groups and confirmed
the improvement in glucose metabolism by presenting better levels of
the active form of insulin receptor (phosphorylated-tyrosine). The LPS
inflammatory pathway does not influence these markers since it did not
differ statistically among the groups (Supplementary material -
Table S2).

The consumption of J increased the cholesterol excretion in feces;
also, the lean groups presented significantly higher levels of short-chain
fatty acids (SCFA) in fecal content when compared to both obese groups
(Fig. 3).

As observed in DCA2 (Fig. 4C), different types of diets (C or HF) can
cluster the bacteria profile community towards opposed directions
(19.8% of variance). In contrast, J intake is capable of clustering bac-
teria communities towards a distinct direction from both C and HF diets,
across DCA1 varying 50%. There was no difference indicated by alpha
diversity between the groups (Fig. 4B). When inserted in the control diet
J supplementation reduced the relative abundance of Actinobacteriota,
Firmicutes, and Firmicutes_I, while in the high-fat diet it reduced the
Patescibacteria phylum abundance (Fig. 4A and Table 5).

Table 2
Chemical composition and bioactive compounds in freeze-dried jabuticaba
peel.

Nutrient (g/100g) Mean + SD
Humidity 12.01 + 0.3
Ash 2.06 + 0.07
Total protein 5.94 + 0.4
Lipids 1.42 + 0.01
Carbohydrate 44.88

Total fiber” 33.77 + 1.20
Insoluble fiber 25.34 + 0.33
Soluble fiber 8.49 + 0.48
Energycal 216.06
Antioxidant capacity (mg/100g) Mean + SD

8219.94 + 99.56
663.27 +£11.91
44.96 + 1.75
92.04 + 2.08

Total phenolic content (GAE)
Monomeric anthocyanin*
ORAC (TE)

FRAP (TE)

SD: Standard deviation. *: values obtained from Batista et al. (2017). e
Calories. GAE: Gallic acid equivalent. *: Kuromanin. ORAC: Oxygen radical
antioxidant capacity. FRAP: Ferric reducing antioxidant power. TE: Trolox
equivalent.
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Table 3

Phenolic compounds extracted from freeze-dried jabuticaba peel.
nm” Retention time Compound mg/L mg/100 g J

Mean + SD

280 9.42 Gallic acid 0.99 11.39 + 1.58
520 27.59 Cyanidin-3-O-glucoside 58.76  675.74 + 51.57
520 24.62 Delphinidin- 3-O-glucoside 5.54 63.67 + 2.67
520 37.44 Malvidin-3-O-glucoside 1.50 17.27 +£1.57
520 30.99 Pelargonidin-3-O-glucoside ~ 0.90 10.3 + 0.17
520 34.68 Peonidin 0.24 2.79 + 0.84

@ Wavelength (DAD) emission/excitation (FLD). Retention time in minutes.

Table 4
Body composition and dietary consumption of animals.
Parameter C cJ HF HEJ
Weight gaing 11.38 + 10.13 + 16.08 + 1.63 12.75 +
0.93° 0.46° 0.99%
Adipose tissueg 12.86 + 12.36 + 19.75 +£ 2.06*°  20.91 &+
1.63° 1.51° 1.77%
Feed intakeg 3.65 £ 0.05% 3.74 + 0.04* 2.77 +0.03° 2.67 + 0.03°
Energy 13.87 + 14.51 + 13.92 + 13.62 +
intakeca) 0.18° 0.16 0.12% 0.14°
Feed 83.65 + 70.05 £ 117.24 + 95.04 +
efficiencyo, 1.16¢ 0.82¢ 1.04° 1.06"

C: Control. CJ: Control + J. HF: High-fat diet. HFJ: High-fat diet + J. ;: Grams.
cal: Calories. o, Percentage. n = 6 animals/group. The values are expressed as
mean =+ standard error of the mean. Different letters in the same row present
statistical differences (of at least p < 0.05).

The most abundant family observed in all groups was Planococca-
ceae. The Muribaculaceae is observed only in groups supplemented with
J, and Lachnospiraceae had greater relative abundance in supplemented
groups than in controls. CJ shows a greater abundance of Desulfovi-
brionaceae and Saccharimonadaceae, while groups HF and HFJ Atopo-
biaceae and Bifidobacteriaceae (Fig. 4B).

The most observed genera are Solibacillus, and Staphylococcus A
among all groups; Faecalibaculum has greater abundance in the HF and
HFJ groups, while the J supplemented groups have a greater abundance
of Faecalicatena (Fig. 4C). The statistically different genera between the
groups are shown in Table 5.

Comparing the better and the worst parameters for glucose meta-
bolism related to the gut microbiota the HF animals presented a higher
abundance of Actinobacteriota, Fimicutes I, and Firmicutes, whereas CJ
had a higher abundance of Bacteroidota and Patescibacteria phylum.

A Glycemia B Insulin
4
3 T
—_
3
> 2
£
. |
o
3 & & £
E F 5
T .
o 4 @
< <*
3 3
2, - x2
1
o o
< & & & <

r2d

Current Research in Food Science 5 (2022) 382-391

Thirty-one genera of bacteria statistically differ between CJ and HF
groups (Table 6). The Pearson test indicated twenty-two bacteria genera
correlated with, at least, one parameter evaluated (Supplementary
Material — Fig. S1). Nine bacteria genera are represented in the heatmap
(Fig. 5); these bacteria represent at least seven statistical, positive or
negative, correlations with the observed parameters, besides being cited
for other authors who also worked with gut bacteriota, preclinical ex-
periments, or glucose metabolism.

4. Discussion

Several studies have contributed to a better understanding of the link
among bacteria, intestinal health, and their effects on host health status.
This unprecedented study evaluated the prebiotic effect of freeze-dried
jabuticaba peel in dysbiosis/obesity-induced preclinical model, and
through classical LPS endotoxin-activated inflammation observed the
anti-diabetic and inflammatory effects of J related to the profile of gut
bacteria.

4.1. Freeze-dried jabuticaba peel characterization

To date, to most regulatory authorities, the criteria to be met for
classifying a prebiotic food and/or compound still are: (i) being resistant
to biochemical transformations and not being absorbed throughout the
gastrointestinal tract, (ii) undergoing biotransformation (fermentation)
by gut bacteria, and (iii) may induce growth and/or activity of certain
gut bacteria, resulting in improved health of the host (Gibson et al.,
2010).

The anti-obesogenic, -diabetogenic, and -inflammatory effects
attributed to J come from the phenolics, more specifically anthocyanins
(the major phenolic present in its composition), which are absorbed
(around 20%) by gastric cells; due to pH, digestive enzymes, bile acids,
and even food matrix (control or high-fat diets), these compounds pass
through a chemical transformation that can be absorbed in the small
intestine; however, a significant portion of them reaches the colon,
where they serve as a substrate to gut microbiota (Fernandes et al.,
2014; Quatrin et al., 2020; Tarko and Duda-Chodak, 2020).

The biotransformation of J’s anthocyanins by the bacteriota results
in many phenolic metabolites that can be absorbed or utilized by gut
microbiota, increasing short-chain fatty acids production, and inhibiting
the growth of pathological bacteria (Quatrin et al., 2020); thus
improving the bacteriota profile and health parameters of CJ group that
ingested about 150 mg of anthocyanins/day along with a healthy diet
(Tables 3 and 4). It is important to emphasize that some phenolic
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Fig. 1. Serum and clinical parameters of glucose metabolism from experimental animals fed with different diets (n = 6/group). (A) Fasting glycemia, and (B) Fasting
insulin serum levels, (C) Area under the curve of oral glucose tolerance test, (D) Area under the curve of insulin tolerance test, Homeostatic model assessment of (E)
insulin resistance, and (F) beta cells, and (G) Quantitative insulin sensitivity check index. Statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).
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Fig. 2. Western blotting analysis of (A) TLR4, (B) MYD88, (C) NF«B, (D) TNF-a, and (E) P-IRS (tyrosine) levels from the liver of 3 animals per experimental group.

Statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).

compounds (extracted from the jabuticaba peel) have antibacterial ac-
tivity, inhibiting the growth of gram-negative bacteria (Albuquerque
et al., 2019).

Some dietary fibers are classified as prebiotics by the criteria
mentioned before, which along with (poly)phenols and anthocyanins,
favored the reduction of Actinobacteriota, and Firmicutes in the control
diet; also, when supplemented in a high-fat diet it could favor the growth
of Patescibacteria phylum (Table 5 and Fig. 4). Supporting our results,
the consumption of fresh berries, their extracts, or isolated anthocyanins
has the capacity of modulating gut bacteria, reflecting beneficially in
several health parameters related to glucose metabolism (De Filippo
et al., 2010; Esposito et al., 2015; Foito et al., 2018; Lee et al., 2018).

The results observed in the present study are in agreement with the
new definition of prebiotics, ‘a substrate that is selectively utilized by host
microorganisms conferring a health benefit’, including (poly)phenols, some
amino- and bile acids, vitamins, and other molecules in the list of food
and components with gut microbiota modulation power (Gibson et al.,
2017).

4.2. Preclinical study

Studies on several animal species, mainly mammals, confirm that
feed efficiency can be influenced by the greater abundance of the
phylum Firmicutes and by the genus Lactobacillus (Jami et al., 2014;
Turnbaugh et al., 2006; Yan et al., 2017). The bacteria genera Lacto-
bacillus, Lactobacillus B, and Lactobacillus H found greater in the HF
group are positively correlated to feed efficiency, suggesting that despite
lower feed intake than C, and CJ, the HF group obtained a higher
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conversion of feed intake into body mass, which reflects on the higher
fat accumulation also evidenced by the reduction of phylum Firmicutes_I
and Firmicutes in lean groups.

The IR occurs by the recognition of TLR4 to LPS, stimulating a serial
cell signalization through MYD-88, IRAK, and TRAF-6 (Roquetto et al.,
2015). As a consequence, NFkB and IKB activate nucleus transcription
factors that contribute to the reduction of glucose uptake by expressing
pro-inflammatory cytokines, like TNF-a and interleukin-6, causing
impairment in tyrosine phosphorylation of insulin receptor (IRS) (Bag-
arolli et al., 2017; Rogero and Calder, 2018).

Due to the greater abundance of phylum Firmicutes, serum LPS levels
increase, signaling TLR4 activating the inflammatory cascade (Rogero
and Calder, 2018; Roquetto et al., 2015). This scenario observed in
obesity-related dysbiosis was not found in our experiment. Although
phylum Firmicutes is less abundant in C and CJ groups (Table 5), the
serum LPS did not differ among different types of diet or the supple-
mentation of J (Table 52), and molecular analyzes did not show a change
in protein expression activating the LPS/TLR-4/MYD-88 pathway
(Fig. 2).

The correlation test of our data indicates that genera found in HF
(Bifidobacterium, Lactobacillus, Lactobacillus H, and Atopobiaceae) have a
statistically positive relation with impaired peripheral glucose meta-
bolism (Fig. 5). On the other hand, CJ had a greater abundance of
bacteria from the phylum Bacteroidota and showed a negative statistic
correlation between glucose metabolism and the Muribaculaceae family.

It is known that the Bacteroidota phylum plays a role in obesity/
metabolic health, although its greater abundance or Bacteroidota/Fir-
micutes ratio is not sufficient to assess the glucose metabolism (Johnson
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Fig. 3. Total cholesterol and short-chain fatty acids from animal feces. n = 6 animals/groups. Statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).

W Actinobacteriota Ml Firmicutes Proteobacteria
I Bacteroidota M Firmicutes_A Verrucomicrobiota
M Campylobacterota Firmicutes_|

Desulfobacterota_A | Patescibacteria

DCA

.
-
- HE
- HR

DCA2 [19.8%]

0o o
DCAT [50.1%]

Treatment

20

Fig. 4. Relative abundance of the gut bacterial (A) phylum, (B) family, and (C) genera. Each bar represents each animal’s (n = 6) relative abundance in the four
different experimental groups (C, CJ, HF, and HFJ). (D) Beta and (E) Alpha diversity (Detrended correspondence analysis and Shannon index, respectively) of gut

bacteriota of experimental groups. No statistical difference for ecological tests.

etal., 2017; Magne et al., 2020) the supplementation of different berries
to animals indeed improve its abundance and glycemic parameters
(Esposito et al., 2015; Lee et al., 2018).

As well as CJ, the intake of Saskatoon berry and Cyanidin-3-
glucoside was able to improve the glucose metabolism showing a
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negative correlation to the greater abundance of the Muribaculaceae
family (Huang et al.,, 2020; R. Zhao et al.,, 2021). Classified as a
degrading polysaccharide microorganism (Lagkouvardos et al., 2019)
the Muribaculaceae growth was stimulated by the ingestion of isolated
fiber from cranberry but not to its isolated phenolics ingestion
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Table 5
Comparison of differential relative abundance of OTUs among the controls and
supplemented groups.
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Table 6
Comparison of differential relative abundance of OTUs among the better and the
worst phenotypes for glucose metabolism.

Phylum logFC p-value*® C CcJ Phylum logFC p-value*® CcJ HF
Actinobacteriota 6415 4,6E-06 + - Actinobacteriota -8,35 1,10E-07 - +
Firmicutes 4476 3,1E-03 + - Patescibacteria 7,27 3,67E-06 +
Firmicutes I 7329 3,4E-03 + - Bacteroidota 2,57 8,17E-04 +
Phylum logFC p-value*® HF HFJ Firmicutes_I —5,34 6,73E-03 - +
Patescibacteri 6557 3.3E-05 - - - Firmicutes —3,54 1,11E-02 - +

atescibacteria - R - + Genera logFC p-value* cJ HF
Genera logFC p-value* C o Bifidobacterium ~11,51 3,09E-08 - +

— — — e Lactobacillus -9,03 3,20E-07 - +
GCA-900066575 =544 4,44E:05 - + Lactobacillus H ~8,66 1,44E-06 - +
Leaf454 -5,78 4,44E-05 - + Leaf454 6,15 8,18E-06 + -
Anaerotignum —3,61 8,91E-05 - + Atopobiaceae® -8,93 2,20E-05 - +
Dubosiella 5,42 891E-05 4+ - GCA-900066575 5,12 2,36E-05 + -
Lachnospiraceae —5,42 8,91E-05 + Paramuribaculum 5,37 2,49E-05 + -
Paramuribaculum —-5,01 8,91E-05 - + Anaerotignum 3.80 2.49E-05 + _
CAG-95 —5,00 9,13E-05 - + CAG-95 5,36 2,52E-05 + -
Lactobacillus . 4,96 1,47E-04 + - Staphylococcus -9,71 2,62E-05 - +
A.topobmceafz 7,38 1,71E-04 + - Saccharimonadaceae™ 8,45 3,63E-05 + -
Bifidobacterium 5,26 2,19E-04 + - Duncaniella 5,17 4,17E-05 + -
Faecalicatena —5,63 3,54E04 - + Acutalibacter 4,69 1,07E-04 + -
Acutalibacter —4,09 6,97E-04 - + Ruthenibacterium 4,23 3,55E-04 + -
Aerococcus , —4,70 1,88E-03 - + Erysipelatoclostridium —4,73 4,75E-04 - +
Muribaculaceae —4,86 2,29E-03 - + Faecalibaculum —-5,73 5,74E-04 + -
Dorea -3,15 2,65E-03 - + Faecalicatena 5,15 1,13E-03 + -
Staphylococcus 6,20 2,78E-03 + - Dubosiella -3,97 1,21E-03 - +
Streptococcus -3,18 3,82E-03 - + Dorea 3,11 2,52E-03 + _
Ruthenibacterium -3,29 4,67E-03 - + Muribaculaceae® 4,65 2,56E-03 + -
« ) 8

CAG-611 3,69 6,97E-03 + Pseudomonas_E —3,61 4,02E-03 - +
Pseudomonas E 3,15 1,08E-02 + - Aerococcus 4,18 5,15E-03 + -
Acutalibacteraceae” —2,98 1,57E-02 - + Oscillospiraceae™ 4.05 5.21E-03 + —
Oscillospiraceae™ —3,46 1,73E-02 - + CAG-41 3.55 5,48E-03 + _
Erysipelatoclostridium 2,83 2,25E-02 =+ - Lysinibacillus ~8,16 5,66E-03 _ +
Sporosarcina 6,60 2,29E-02 + - Paenibacillus —4,74 1,10E-02 - +
Adlercreutzia 2,90 2,41E-02 + - Lawsonibacter 3,33 1,36E-02 + -
Paenibacillus 414 2,76E-02 + - Acutalibacteraceae” 2,91 1,70E-02 + -
CAG-41 —2,64 4,19E-02 - Lachnospiraceae” 2,73 2,42E-02 + -
Enterobacteriaceae” 5,09 4,36E-02 + - Helicobacteraceae” 2,02 4,60E-02 + -
Genera logFC p-value* . o E HFJ Sporosarcina_C —4,06 4,82E-02 - +
Anaerotignum M -3,70 1,53E-04 - + CJ: Control + J. HF: High-fat diet. LogFC: Obtained by log2 (CJ/HF). n = 6
Eggerthellaceae —4,59 L,O5E-03 - + animals/group. A positive sign indicates major relative abundance, whereas a
Lysinibacillus 10,91 1,05E-03 + - 1's/group. A Positive sig . ) ve > W
Lactobacillus B 5,01 1,45E-03 " _ I;egatlv-e sign 11?c1.1cat.es minor relative abundance. *: Adjusted p-value (<0.05).
Pseudomonas E 3,94 3,91E-03 + - : Family identification.
Lactobacillus 4,63 5,82E-03 + -
Leaf454 -317  586E-03 - + to a synergistic interaction with different phytochemicals groups and
Oscillibacter -3,15 6,51E-03 - + . K Mikotai ] L. 2019: Tarl d Duda-Chodak
Streptococcus 323 6.88E.03 4 h nutrients (Koss-Mikotajczyk et al., ; Tarko an uda-Chodak,
Saccharimonadaceae” -5,20 8,09E-03 - + 2020).
Duncaniella —2,95 8,09E-03 - + Our research group already elucidated the anti-diabetic and in-
Staphylococcus 6,12 8,09E-03 + - flammatory effects of J, and so these results are attributed to the (poly)
CAG-611* 3,31 8,43E-03 + - s . . . . .

. L phenolic compounds (mainly the anthocyanins) reducing the oxidative
Erysipelatoclostridium 3,59 8,82E-03 + - . . L. . . .
Faecalibaculum 437 9.32E-03 " B stress, improving parameters of antioxidant capacity in vitro, and
Peptostreptococcaceae™ 4,83 1,26E-02 + - endogenous antioxidant capacity in vivo and clinical trials, optimizing
GCA-900066575 -2,39 1,37E-02 - + the glucose homeostasis by avoiding the insulin resistance via Akt/
Faecalicatena -3,23 3,39E-02 - + forkhead box protein pathway (Batista et al., 2017; Dragano et al., 2013;
Kineothrix -3,68 3,39E-02 - + Pl t al 2016)

Lactobacillus H 3,40 3,05E-02 + - azacta., ‘ ) . )
Staphylococcus A 374 4,15E-02 i - According to the reduced expression of pro-inflammatory proteins,

C: Control. CJ: Control + J. HF: High-fat diet. HFJ: High-fat diet + J. LogFC:
Obtained by log2 (C/CJ or HF/HFJ). n = 6 animals/group. A positive sign in-
dicates major relative abundance, whereas a negative sign indicates minor
relative abundance. *: Adjusted p-value (<0.05). # Family identification.

(Rodriguez-Daza et al., 2020).

Besides the abundance caused by the substrate offer Muribaculaceae,
per se, was not able to improve the glucose metabolism of animals from
this study (Rodriguez-Daza et al., 2020), fostering a classical hypothesis
about the effect of complex food matrix versus isolated compounds
(nutrient or non-nutrient) and its potential bioactivity (Jacobs and
Tapsell, 2007). It is suggested that anthocyanins are more bioaccessible
and tend to exert their bioactivity if embedded into food matrices thanks
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fasting glucose levels, OGTT and ITT AUCs, considerable improvement
in clinical indexes of pancreatic function (HOMA-IR and B, and QUICKI)
(Fig. 1), and the maintenance of tyrosine phosphorylation of IRS (Fig. 2),
we can imply that J, along with a healthy diet, may have contributed to
these parameters through its composition, by reducing the oxidative cell
stress (Dragano et al., 2013).

However, the supplementation of J in the HF diets did not prevent
obesity per se, it was capable to attenuate the inflammatory liver bio-
markers and reducing IR in mice treated for six up to ten weeks (Batista
et al., 2017; Dragano et al., 2013; Lenquiste et al., 2012). In contrast, in
the present experiment, the animals were fed during 13 weeks with HFJ,
and we could only observe the numerical reduction of liver NFkB; we
suggest that future papers can better explore the J’s health effects
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Fig. 5. Correlations between gut bacteria genera
and weight gain, adipose tissue, feed intake, feed

efficiency, glycemia, OGTT, ITT, cholesterol,
butyric, and propionic acids. The correlations are
indicated by color (positive: purple; negative:

Lactobacillus
Lactobacillus H
Atopobiaceae
Duncaniella
Faecalicatena
Dorea
Muribaculaceae

Lawsonibacter

influenced by time, and diets composition.

The bacteria communities found are divergent from each other, and
yet all groups did not present statistical differences in species diversity
(Fig. 4B and C), suggesting that the composition of diets modulated gut
bacteria more than the supplementation of J. Although beta diversity
overlaps CJ and HFJ bacteria’s communities toward different directions
from C and HF, the prebiotic effect of J is dependent on what diet it is
inserted in.

The excretion of cholesterol in feces increased in groups supple-
mented with J, and the minimum intake of 100 mg of J/day was suffi-
cient to increase this parameter and reduce weight gain, even though
there was a difference in feed intake between CJ and HFJ. These effects
result from soluble dietary fibers by adsorbing lipids from the gastro-
intestinal tract and increasing their fecal excretion, reaffirming the
ability to reduce circulating lipids in serum and liver by supplementing J
(Batista et al., 2018; Cazarin et al., 2014).

The SCFAs, obtained from the fermentation of polysaccharides by the
gut bacteriota, are suggested as a theory of obesity’s etiology since they
increase the energy absorbed by the enterocytes; these molecules are
commonly observed in serum, cecum, and feces of obese animals and
humans (Greiner and Backhed, 2011; Khan et al., 2016). However, in
this experiment, the bacteria found in non-obese groups indicate a
positive correlation between higher dietary fiber intake and higher
SCFAs production and excretion (Figs. 3 and 5).

The decreased levels of Firmicutes along with Actinobacteria and
Bifidobacterium are associated with SCFA production (Chung et al.,
2020; Schnorr et al., 2014) evidenced in CJ (Table 5 and Fig. 3). These
findings support an emerging theory where the influence on the ener-
getic homeostasis of the host is due to the intestinal bacteria profile and
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blue). Statistical differences (*p < 0.05; **p <
0.01; ***p < 0.001). Atopobiaceae and Mur-
ibaculaceae are represented as bacteria family
because both genera are not identified yet. (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

not to the harvesting energy from fermentation (Sharma and Tripathi,
2018).

5. Conclusions

The jabuticaba peel is a natural source of bioactive compounds, such
as dietary fiber and (poly)phenols (mainly anthocyanins), with consid-
erable antioxidant capacity. Its consumption leads to the attenuation of
parameters of non-communicable diseases. This investigation confirms
the prebiotic role of the jabuticaba peel. The gut microbiota composition
and its metabolites are positively modulated by freeze-dried jabuticaba
peel intake when inserted into a healthy diet, improving glucose meta-
bolism by reducing inflammation. We highlight the role of the Mur-
ibaculaceae family in modulating the glucose metabolism and suggest
future studies regarding these microorganisms and complex food
matrices and isolated compounds of berries to better understand theirs
exact mechanisms of action. The high-fat diets also were capable of
modulating the gut bacteriota into a dysbiotic obesity status, impairing
glucose metabolism, and SCFA production, plus improving obesity per se
through the feed efficiency.
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