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Abstract
Purpose  Obesity is an inflammatory-related disease, which recruits immune system cells triggering to imbalanced produc-
tion of cytokines. Obesity management and treatment using foods bioactive compounds have gained clinical and scientific 
relevance. Juçara (Euterpe edulis Mart.) fruit is rich in fibers, unsaturated lipids and, anthocyanins showing potential health 
benefits. Thus, we investigated the effect of juçara pulp intake on inflammatory status of monocytes from obese individuals.
Methods  It is a placebo-controlled, randomized double-blind trial. Twenty-seven obese participants (BMI between 30.0 and 
39.9 kg/m2) of both genders from 31 to 59-year-old, divided into two groups: 5 g juçara freeze-dried pulp or 5 g of placebo 
for 6 weeks. Before and after supplementation, blood samples were collected and monocytes obtained and stimulated with 
lipopolysaccharides. After 24 h of incubation, the cells and supernatants were analyzed.
Results  Post-treatment, juçara reduced TLR4, and IL-6 mRNA compared to placebo. Juçara also increased IL-10 mRNA 
in post-treatment. The protein expression of TLR4 pathway post-treatment, MYD88 expression reduced in juçara group 
compared to placebo. The juçara post-treatment reduced pIKKα/β compared to the placebo. Ob-R protein levels were higher 
in the juçara group post-treatment compared to pre-treatment. IL-6, TNF-α, and MCP-1 production by monocytes were 
reduced by juçara in post-treatment compared to pre-treatment levels. The supplementation increased IL-10 in juçara group 
with LPS compared to pre-treatment and versus juçara group without LPS.
Conclusion  These results demonstrated a proinflammatory state at the beginning, which was improved by juçara pulp con-
sumption. Our results suggest juçara pulp as a potential tool against the proinflammatory status of obesity.
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Introduction

Obesity chronic subclinical inflammation is a widely 
accepted concept and a vast research field nowadays. Indeed, 
one important trigger of the proinflammatory status in obe-
sity is the recruitment of monocyte cells and the activation 
of macrophages.

Monocytes are precursor cells of the innate immune 
system circulating in peripheral bloodstream, when infil-
trated in adipose or muscular tissues it differentiates into 
macrophages, which plays a key role in inflammatory 
processes [1]. Differentiation of macrophages can occur 
in two phenotypic subtypes known as classic M1 or alter-
native M2. The M1 macrophages have classical proin-
flammatory characteristics, commonly found in adipose 
tissue of obese humans and animal models triggering the 
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proinflammatory cellular response. On the other hand, 
M2 macrophages are present in the adipose tissue of lean 
individuals and participate in the maintenance of insu-
lin sensitivity of adipocytes, as well as the production of 
anti-inflammatory cytokines [2–4].

A common mechanism activated in macrophages is 
the inflammatory process mediated by toll-like receptors 
(TLRs) [5, 6]. Specifically, TLR4 receptors have been 
demonstrating they play critical roles in the pathogenesis 
of inflammatory noninfectious diseases, such as cardio-
vascular diseases, insulin resistance, obesity and meta-
bolic syndrome [7–9].

The search for obesity prevention tools, able to modu-
late the inflammatory status through superfoods, has 
been widely explored. In this sense, juçara (Euterpe edu-
lis Mart.) is a berry from South America rainforest rich 
in anthocyanins, fibers and monounsaturated fatty acids 
[10–12]. Despite being a recently well-known food, dif-
ferent usage of the fruit has been explored in the literature 
[13]. Indeed several experimental animal model studies 
have already demonstrated its potential anti-inflammatory 
and anti-obesity effects [14–19]. However, the effect of 
juçara intake in human obesity subclinical inflammation 
has not been well explored. Therefore, the purpose of this 
study was to investigate the effect of juçara pulp intake 
on the inflammatory status of monocytes isolated from 
peripheral blood cells from obese individuals.

Materials and methods

Experimental design

This was a placebo-controlled randomized double-blind 
study. The randomization was carried out with software 
assistance (http://www.rando​m.org), as a blind spot for 
the study right after the participant’s agreement and initial 
evaluations. Subsequently, the subjects were double-blinded 
randomized into the named: placebo group or juçara group. 
The experimental design is shown in Fig. 1.

The exclusion criteria adopted were: not fitting in the 
stipulated BMI range (BMI ≤ 30.0 ≥ 39.9 kg/m2); infectious 
diseases and/or severe chronic diseases; usage of medication 
that interferes in the inflammatory cascade, lipid metabo-
lism, and food consumption; alcohol and drug abuse; preg-
nancy and menopause.

The study procedures were in accordance with the guide-
lines set in the International Declaration of Helsinki and 
approved by the Ethics Committee of the Universidade Fed-
eral de São Paulo (CEP-UNIFESP No. 0319/2017) and reg-
istered in Plataforma Brasil database. The written informed 
consent was obtained from all volunteers.

Participants description

This study enrolled twenty-seven obese volunteers (inclu-
sion criteria of BMI ≥ 30.0 ≤ 39.9 kg/m2) of both genders, 
aged 31–59 [20]. Anthropometric descriptive data of weight, 

Fig. 1   Fluxogram describing 
the recruitment of volunteers 
and the experimental design 
carried out on this study

http://www.random.org
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height and waist circumference were obtained at pre-treat-
ment and post-treatment of 6-week juçara supplementation. 
Body mass index (BMI) was calculated and classified as 
recommended by the World Health Organization. The waist-
to-height ratio (W/H) was also calculated considering a 0.5 
cut-off point [21]. The sample anthropometric characteristics 
are described in Table 1.

The dietary intake was assessed at pre-treatment and 
post-treatment period, through a self-reported 3-day Dietary 
Record and analyzed with the specific software Avanutri 4.0 
Revolution (Avanutri and Nutrition Services and Informatics 
Inc., Três Rios, RJ, Brazil). The diet patterns did not change 
among groups or evaluation time, these results were previ-
ously published [22].

Juçara supplementation

To proceed with the supplementation, juçara pulp was pur-
chased from the Agroecological Juçara Project—Instituto 
de Permacultura e Ecovilas da Mata Atlântica (Ubatuba, 
SP, Brazil). The pulp was previously separated from peel 
and seed in a depulper equipment and, sequent freeze-dried 
to produce the pulp powder used for the supplementation 
protocol. The preference for using the pulp is justified con-
sidering that this fraction represents the most nutritive part 
of the fruit and the main source of bioactive compounds as 
previously described by Inada et al. [23].

The volunteers received the portioned sachets weekly, 
containing 5 g of the freeze-dried juçara pulp or 5 g of arti-
ficially flavored maltodextrin as a placebo corresponding the 
allocated group. All the volunteers were instructed to con-
sume one sachet per day in the morning period in the way 
they preferred during the 6-week period of supplementation.

The chosen dose of 5 g of freeze-dried juçara pulp per day 
was equivalent to the consumption of 50 g of fresh juçara 
pulp, which could be consumed as one ice cream ball. The 
fruit dosage was based on previous studies considering the 
anthocyanins content of the pulp, as well as on our previ-
ous dose–response test to offer a physiological consump-
tion which exerts inflammatory modulation [14, 15, 17, 19]. 

The dose used was also safe for consumption in agreement 
to juçara cytotoxicity previously investigated by Felzens-
zwalb et al. [24]. The juçara (E. edulis Mart.) composition 
was summarized by Santamarina et al. [14] and presented 
in Table 2.

Blood cells separation

Blood samples (20 mL) were collected from the antecubi-
tal vein in tubes with 125 IU of heparin sodium, at pre-
treatment and post-treatment period. To obtain peripheral 
blood mononuclear cells, the separation was done by density 
using Histopaque 1077 and Histopaque 1119 after 30 min 
of centrifugation at 400×g at room temperature. To isolate 
monocytes, cell culture was required, after incubation, the 
monocytes got adhered to the plate, while the lymphocytes 

Table 1   Sample descriptive 
characteristics

WC waist circumference, W/H waist/height ratio

Placebo (n = 14) Juçara (n = 13)

Pre-treatment Post-treatment Pre-treatment Post-treatment

Male/female 06/08 05/08
Age (years) 45.07 ± 3.42 45.76 ± 2.58
Stature (m) 1.65 ± 0.03 1.66 ± 0.03
Body mass (kg) 92.23 ± 3.29 92.91 ± 3.57 96.42 ± 4.85 96.81 ± 5.09
BMI (kg/m2) 33.82 ± 0.71 34.06 ± 0.81 34.63 ± 1.20 34.76 ± 1.30
WC (cm) 102.70 ± 2.66 101.54 ± 2.38 104.59 ± 2.43 104.83 ± 2.85
W/H 0.62 ± 0.02 0.61 ± 0.01 0.63 ± 0.02 0.63 ± 0.01

Table 2   Juçara composition adapted from Santamarina et al. [14]

SFA total of dietary saturated fatty acids, MUFA total of dietary mon-
ounsaturated fatty acids, PUFA total of dietary polyunsaturated fatty 
acids

Juçara pulp Concentration 
in 100 g of fresh 
matter

References

Mean SEM

Carbohydrates (g) 28.3 3.5 [10]
Proteins (g) 6.0 0.3 [10]
Lipids (g) 29.2 0.9 [10]
SAT (%) 37.44 [11]
MUFA (%) 38.57 [11]
PUFA (%) 20.08 [11]
Fiber (g) 28.3 0.3 [10]
Ashes (g) 8.8 0.8 [10]
Energetic values (kcal) 400.0 23.9 [10]
Cyanidin 3-rutinoside (mg) 191.0 6.5 [18]
Cyanidin 3-glucoside (mg) 71.4 2.1 [18]
Total anthocyanins (mg) 262.4 8.6 [18]
Total phenolic compounds (mg) 415.1 22.3 [10]
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were dispersed in the supernatant. Sequent, the cell culture 
medium containing the lymphocytes was discarded. With the 
monocytes adhered to the plate, the cells were incubated for 
24 h with or without LPS in RPMI-1640 medium supple-
mented with fetal bovine serum and antibiotics (2.5 mg/mL 
streptomycin and 2.5 IU/mL penicillin) at 37 °C. The super-
natants and monocytes adhered to the plate were collected to 
carry out the next experimental analyses. The experimental 
groups’ design after randomization and cell culture proce-
dures used to perform the subsequential analyzes were dis-
played in Table 3 to clarify the symbols presented in results 
graphs.

RNA extraction and RT‑PCR

Total RNA from monocyte cells was extracted with Trizol 
Reagent® (Thermo Fisher Scientific, Waltham, MA, USA) 
according to the manufacturer’s recommendations. A Nan-
oDrop ND-2000 (NanoDrop Technologies Inc., Wilming-
ton, DE, USA) measured the RNA concentration. The RNA 
purity was observed by a 260/280 nm ratio, which must 
range between 1.8 and 2.0. Two micrograms of RNA sam-
ple were reverse transcribed using a High-capacity cDNA 
reverse transcription kit (Thermo Fisher Scientific), and 
complementary DNA was synthesized. The specific prim-
ers sequences used were described in Table 4.

The mRNA levels were quantified by RT-PCR using 
SYBR green PCR master mix in a QuantStudio™ 7 Flex 
(Thermo Fisher Scientific). The HPRT (Hypoxanthine 

phosphoribosyltransferase) gene level was used as house-
keeping. Results were obtained using the Sequence Detector 
software (Thermo Fisher Scientific) and expressed as rela-
tive units using the method of 2−ΔΔCt previously described 
by Livak and Schmittgen [25].

Western blotting

Monocyte cell pellets were eluted and incubated in a spe-
cific lysis buffer for 30 min. The samples were centri-
fuged at 20,800×g for 40 min at 4 °C, and the supernatant 
was collected. The total protein concentration was meas-
ured by Bradford reagent (LGC Laboratories, Inc., Cotia, 
SP, Brazil) and normalized to 50 µg per sample. The 10% 
SDS polyacrylamide gel was performed to separated pro-
tein samples by electrophoresis and transferred to nitro-
cellulose membranes (Bio-Rad Laboratories Inc., Hercu-
les, CA, USA). The membranes were blocked overnight 
with 1% bovine serum albumin solution at room tempera-
ture. The membranes were incubated overnight with the 
following primary antibodies: pNF-κBp50 (sc-101744), 
IL6-Rα (sc-374259), IL-10Rα (sc-365374) (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA) and TLR4 
(ab22048), TLR2 (ab108998), MYD88 (ab2064), TRAF6 
(ab33915), pIKKα/β (ab195907), TNFR1 (ab19139) 
Ob-R (ab5593). The β-actin (ab6276; Abcam, Cambridge, 
UK) was used as housekeeping. The specific horseradish 
peroxidase-conjugated secondary antibodies were incu-
bated for 1 h at room temperature. Bands were visualized 

Table 3   Groups distribution after randomization and cell isolation assay resulting in eight different experimental groups, and the correspondent 
symbols used in graphs

a This group was used as control for all the comparative analyses performed

Evaluation time Pre-treatment Post-treatment

Supplementation Placebo Juçara Placebo Juçara

Stimulus Without LPS With LPS Without LPS With LPS Without LPS With LPS Without LPS With LPS

Symbols in graph (−) (−)a (−) (+) (+) (−) (+) (+) (−) (−) (−) (+) (+) (−) (+) (+)

Table 4   Primer sequences used 
in the performance of RT-PCR

Target genes Sequences

Sense Antisense

TLR4 5′-GCT​CGG​TCA​GAC​GGT​GAT​AG-3′ 5′-TAG​GAA​CCA​CCT​CCA​CGC​AG-3′
TLR2 5′-TTC​TCT​CAG​GTG​ACT​GCT​CGG-3′ 5′-AAC​CCT​GTC​TTC​CTG​CCT​TCA-3′
IL10Rα 5′-CTC​AGA​CGC​TCA​TGG​GAC​AGA-3′ 5′-ACA​GGG​TCT​GGC​TAC​AGT​TG-3′
IL-6R 5′-GAC​TGT​GCA​CTT​GCT​GGT​GGAT-3′ 5′-ACT​TCC​TCA​CCA​AGA​GCA​CAGC-3′
ADIPOR2 5′-AGA​CAC​GCG​GAT​CAA​CTC​AC-3′ 5′-CTG​CAC​CCC​AAT​CGG​TTT​TC-3′
Ob-R 5′-ACA​CCA​GAG​TGA​TGC​AGG​TT-3′ 5′-TGC​TCA​AAC​GTT​TCT​GGC​TTC-3′
IL-10 5′-CGG​CGC​TGT​CAT​CGA​TTT​CT-3′ 5′-GTT​TCT​CAA​GGG​GCT​GGG​TC-3′
TNF-α 5′-ACT​TCC​TCA​CCA​AGA​GCA​CAGC-3′ 5′-GAT​GGC​AGA​GAG​GAG​GTT​GAC-3′
HPRT 5′-CCC​TGG​CGT​CGT​GAT​TAG​TG-3′ 5′-TCG​AGC​AAG​ACG​TTC​AGT​CC-3′
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using enhanced chemiluminescence scanned using Alli-
ance 4.7 equipment (Cambridge, UK) after adding ECL 
reagent (Bio-Rad Laboratories, Inc, Hercules, CA, USA). 
Scion Image (Scion Image-Release Beta 3b; NIH, Freder-
ick, MD, USA) quantified the band intensity.

Cytokines protein content (IL‑6, IL‑10, TNF‑α, 
and MCP‑1) produced by Monocytes

After 24-h cells incubation, the culture medium was saved, 
and total protein concentrations determined using NanoDrop 
ND-2000 (NanoDrop Technologies Inc., Wilmington, DE, 
USA). Specific ELISA kits (DuoSet ELISA; R&D Systems, 
Minneapolis, MN, USA) were used to assess the TNF-α, 
IL-6, IL-10 and MCP-1 protein levels according to the man-
ufacturer datasheet.

Statistical analyses

The sample size was based on G*Power software calcula-
tion [26] using the value of effect size as 0.8, power (1 − β 
err prob) was set at 95%, and α at 0.05. It was also added 
a safety margin of 20%, resulting in a sample of 28 volun-
teers. For the RT-PCR and western blotting analyses, it was 
performed as a sub-sample calculation following the steps 
above cited and considering previously reported means and 
standard errors of the mean [10, 23–28]—this calculation 
resulted in a sample size of at least four per group for a reli-
able statistic result.

The data were submitted to the quality tests of Shap-
iro–Wilk (normality), Levene’s (homogeneity) and Grubb’s 
test for outliers. For parametric variables, the analysis of 
variance (ANOVA) two-way followed by Bonferroni post 
hoc test was used to compare the groups. For non-para-
metric variables, we performed the Kruskal–Wallis test. 
For all comparisons analysis performed, we considered the 
pre-treatment placebo group without LPS stimulus as the 
control. All statistical tests were performed in the PASW 
Statistics 22 software. The results were expressed as the 
mean ± standard error of the mean (SEM) and the signifi-
cance level adopted was p ≤ 0.05.

Results

There was no significant difference (pre versus post-treat-
ment) in the dietary intake of total energy or macronutrients 
in the treatment and placebo groups, as previously published 
[22].

Inflammation gene expression in the monocytes 
from obese adults

At pre-treatment, the placebo group and juçara group dem-
onstrated an increase in TLR4 mRNA caused by the LPS 
exposure (p = 0.021 and p < 0.001) compared to the non-
stimulated cells. Likewise, under LPS stimulus the TLR4 
mRNA pre-treatment was higher in the juçara group versus 
the placebo group (p = 0.022). Post-treatment, the juçara 
supplementation reduced TLR4 mRNA compared to pla-
cebo with or without LPS (p = 0.016 and p = 0.013 respec-
tively). Therefore, the post-treatment juçara group reduced 
the TLR4 mRNA under LPS compared to pre-treatment 
measures (p < 0.001) as shown in Fig. 2a. There are no dif-
ferences in TLR2 mRNA expression (Fig. 2b).

The IL-6 mRNA was increased in pre-treatment juçara 
group with LPS compared to without LPS group (p = 0.014). 
However, post-treatment analysis demonstrated significant 
decrease in all the experimental groups compared to pre-
treatment measures (placebo p = 0.003; placebo with LPS 
p < 0.001; juçara p < 0.001; juçara with LPS p < 0.001). 
Post-treatment is noteworthy the reduction of juçara IL-6 
mRNA levels compared to the placebo group (p = 0.024 
and p < 0.001) in Fig. 2e. The IL-6R, AdipoR2, and TNF-α 
mRNA levels did not differ among the experimental groups 
(Fig. 2c, d, g).

The IL-10 mRNA levels post-treatment in the juçara 
groups were higher than post-treatment placebo (p = 0.001; 
p = 0.001) and pre-treatment juçara groups (p = 0.011; 
p < 0.001) in Fig. 2f.

The Ob-R mRNA was higher in the post-treatment juçara 
with LPS group compared to placebo with LPS group 
(p = 0.006), juçara without LPS (p = 0.001), and higher 
than juçara with LPS pre-treatment (p < 0.001) as shown 
in Fig. 2h.

Inflammation protein expression in the monocytes 
from obese adults

The data on the inflammatory protein expression of the 
TLR4/NFκB pathway were evaluated. Despite the fact of 
no changes in TLR4 and TRAF6 expression, the MYD88 
(primary response gene of myeloid differentiation 88) dem-
onstrated to be modulated by the juçara supplementation. 
In the post-treatment, MYD88 expression reduced in juçara 
group with LPS, compared to its placebo (p = 0.021). In 
the same way, MYD88 in the placebo group with LPS was 
higher in post-treatment than baseline measures (p = 0.044). 
The activity of pNFκBp50 was also evaluated and it did not 
differ among the groups, however, the pIKKα/β was reduced 
in the post-treatment period in juçara group versus placebo 
group both without LPS (p = 0.008). Furthermore, pIKKα/β 
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in the placebo group without LPS was higher than placebo 
with LPS (p = 0.023; Fig. 3a–e).

The cytokines membrane receptors were also ana-
lyzed, in this sense, there are no differences in IL-6Rα, 
IL-10Rα, TNFR1, and ADIPOR2 did not show differences 

with placebo either pre or post-treatment period. Although 
Ob-R levels were higher in juçara group without LPS after 
treatment compared to baseline expression (p = 0.037; 
Fig. 4a–e).

Fig. 2   Monocyte inflamma-
tory markers gene expression 
between groups before and after 
supplementation for 6 weeks: a 
TLR4; b TLR2; c IL-6; d Adi-
poR2; e IL-6; f IL-10; g TNF-α; 
h Ob-R. The housekeeping 
used for all analyses was HPRT 
gene expression. The data was 
normalized by the pre-treatment 
placebo without LPS group 
(first bar in the graph) on RT-
PCR. The groups description 
pre-treatment and post-treat-
ment: placebo group without 
LPS (−) (−); placebo with LPS 
(−) (+); juçara without LPS (+) 
(−); juçara with LPS (+) (+). 
*Without LPS versus with LPS; 
#baseline versus post-treatment; 
$placebo versus juçara group 
(n = 10 per group)
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Monocyte cytokines production

The interleukin-6 (IL-6) production by monocytes at pre-
treatment was greater in the LPS-stimulated placebo group 
compared to the non-stimulated placebo group (p = 0.019) 
and post-treatment (p = 0.034). Indeed, post treatment there 
was a reduction of IL-6 levels in the juçara group with 
LPS compared to the placebo group with LPS (p = 0.006) 
(Fig. 5a).

The pre-treatment levels of TNF-α were higher in 
the juçara group stimulated with LPS compared to the 
juçara group without LPS (p = 0.044). However, in the 

post-treatment period, there was a reduction of TNF-α in 
the juçara group with LPS compared to the pre-treatment 
(p = 0.049) (Fig. 5b).

Monocyte chemotactic protein 1 (MCP-1) was increased 
in the placebo group with LPS compared to the placebo 
group without LPS at the pre-treatment (p = 0.001). More-
over, in the pre-treatment evaluation, the juçara group 
without LPS had higher levels of MCP-1 compared to 
the placebo group without LPS (p = 0.027). Nevertheless, 
post-treatment, there was a reduction in the juçara group 
without LPS compared to the same pre-treatment group 

Fig. 3   Monocyte inflam-
matory markers production 
levels between groups before 
and after supplementation for 
6 weeks: a TLR4; b MYD88; 
c TRAF6; d pNFκBp50; e 
pIKKα/β. The housekeeping 
used for all analyses was β-actin 
protein expression at the same 
membrane as the target proteins. 
The data was normalized by the 
pre-treatment placebo without 
LPS group (first bar in the 
graph) on RT-PCR on western 
blotting. The groups description 
pre-treatment and post-treat-
ment: placebo group without 
LPS (−) (−); placebo with LPS 
(−) (+); juçara without LPS (+) 
(−); juçara with LPS (+) (+). 
*Without LPS versus with LPS; 
#baseline versus post-treatment; 
$placebo versus juçara group 
(n = 10 per group)
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Fig. 4   Monocyte inflammatory markers production levels between 
groups before and after supplementation for 6  weeks: a IL-6Rα; b 
TNFR1; c IL-10Rα; d ADIPOR2; e Ob-R. The housekeeping used 
for all analyses was the β-actin protein expression at the same mem-
brane as the target proteins. The data was normalized by the pre-treat-
ment placebo without LPS group (first bar in the graph) on western 

blotting. The groups description pre-treatment and post-treatment: 
placebo group without LPS (−) (−); placebo with LPS (−) (+); juçara 
without LPS (+) (−); juçara with LPS (+) (+). *Without LPS ver-
sus with LPS; #baseline versus post-treatment; $placebo versus juçara 
group (n = 10 per group)
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(p = 0.041) and compared to the juçara group with LPS 
post-treatment (p = 0.047; Fig. 5d).

The interleukin-10 (IL-10) levels pre and post-treatment 
were higher in the placebo group with LPS compared to pla-
cebo without LPS (p = 0.047; p = 0.012). However, there was 
no difference in IL-10 levels in the basal control group, but 
post-treatment there was an increase in IL-10 in the juçara 
group with LPS in relation to the juçara group without LPS 
(p = 0.001) and also compared to the same group in baseline 
(p = 0.001) according to Fig. 5c.

Discussion

This study allows us to suggest the juçara pulp (E. edulis 
Mart.) as a potential inflammatory modulator tool in obe-
sity-related sub-clinical inflammation. It is noteworthy the 
changes in the TLR4/NFκBp50 pathway in the monocytes 
of obese individual supplemented with freeze-dried juçara 
pulp. The peripheral blood mononuclear cells (PBMC), iso-
lated from these obese individuals, reduced the production 
of inflammatory markers commonly related to obesity and 
other chronic non-transmissible diseases, even when submit-
ted to a proinflammatory stimulus (LPS) for analysis of the 
cellular response.

The overcome production and secretion of proinflam-
matory adipokines in adipose tissue leads to systemic 

inflammation, and obesity-related metabolic disorders arise 
[5]. In this process, associated with adipocytes, immune 
cells such as macrophages and lymphocytes are rich 
sources of adipokines and contribute to obesity-associated 
inflammation [5] establishing obesity as chronic low-grade 
inflammation.

It has been described that the inflammatory process in 
obesity can be related to TLR4 pathway activation. In fact, 
the obesity-related lipotoxicity seems to trigger the increased 
TLR4 signaling transduction, even with recent evidence of 
no direct binding of fatty acids and this membrane receptor 
[27].

Despite the fact of no changes in monocytes TLR4 protein 
expression, the TLR4 mRNA levels demonstrate a notable 
decrease of gene transcription associated with juçara sup-
plementation. It is well known that genetic information is 
transmitted from DNA to protein through mRNA molecules. 
However, several mechanisms are able to modulate the DNA 
to the protein translation process, causing the remarkable 
difference in mRNA levels of TLR4, which is not reflected 
in protein expression. One common explanation for this is 
the acute LPS exposure (only 1 h), which was enough to 
trigger cellular mechanism of transcription process increas-
ing mRNA levels, but it is not sufficient for the translation 
process occurs until the evaluation time. Another possi-
ble regulatory mechanism could be attributed to miRNAs 
generated during the RNA splicing. Indeed, recent studies 

Fig. 5   Monocyte inflamma-
tory markers production levels 
between groups before and after 
supplementation for 6 weeks: 
a IL-6; b TNF-α; c IL-10; d 
MCP-1. The data was normal-
ized by the pre-treatment pla-
cebo without LPS group (first 
bar in the graph). The groups 
description pre-treatment and 
post-treatment: placebo group 
without LPS (−) (−); placebo 
with LPS (−) (+); juçara with-
out LPS (+) (−); juçara with 
LPS (+) (+). *Without LPS ver-
sus with LPS; #baseline versus 
post-treatment; $placebo versus 
juçara group (n = 10 per group)
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demonstrated that numerous different miRNAs blunted pro-
tein translation in obesity [28–30]. Hence, we hypothesized 
that in longer juçara supplementation protocols or more pro-
nounced proinflammatory stimulus could be able to change 
protein expression, thereby the mRNA levels modifications 
indicate a modulation of inflammation pathway in intra-
cellular level.

Another indicative of inflammatory pathway modulation 
can be noticed by the decreased TLR4 signaling transduction 
by MYD88 in juçara group. The activation of TLR4 through 
the MYD88-dependent pathway promotes the activation of 
the MYD88 adapter protein, which in turn recruits and acti-
vates IRAK1 and IRAK4 (kinase-associated IL receptor). In 
consequence, the TRAF6 adaptor protein is activated. The 
latter forms a complex with enzymes involved in the ubiq-
uitination process and activates TAK1 (kinase 1 activated 
by transforming growth factor β), which then, activates the 
complex IKK (IKKα, IKKβ, and NEMO/IKKγ) that triggers 
decoupling of NFκB by phosphorylation of its inhibitory 
protein, Iκ-B. Released NFκB migrates to the nucleus by 
binding to DNA, initiating the gene expression of proteins 
related to inflammation [31, 32], even with no changes in 
NFκB expression. Our results of pIKKα/β show less decou-
pling of the NFκB/IKK protein complex. Consequently, 
it is possible to suggest that there was a reduced nuclear 
translocation of this transcription factor after juçara supple-
mentation. This mechanism corroborates our results of pro-
inflammatory markers produced by the monocytes, as well 
as, the cytokines mRNA levels. Furthermore, polyphenols 
in a co-cultured cell model of macrophages and adipocytes 
demonstrated significantly reduced NFκB activation and 
decreased the release of IL-6 and TNF-α, as well as, sup-
pressed the expression of matrix metalloproteinase (MMP)-2 
and MMP-9. The anti-obesity property of polyphenol-rich 
fruits may be attributed to anti-inflammatory response in 
adipose tissue associated with infiltrated M2 macrophages 
[33, 34]. It is possible to explain the results found due to 
anthocyanins present in juçara or its metabolites by-products 
which serve as redox buffers suppressing oxidative stress and 
thereby reducing the inflammatory response by direct ROS 
scavenging [35–37].

Evaluating the cytokines membrane receptors gene and 
protein expression did not change after treatment, however, 
the cytokines per se have undergone major modifications. 
This result is in agreement with the literature since the modi-
fication of membrane receptors is more noticeable in long-
term processes and less dynamic than the production of its 
intra and extra-cellular mediators [30]. The TNF-α is a pro-
inflammatory cytokine produced primarily by macrophages 
and lymphocytes, and secondarily by muscles and adipose 
tissue. The decreased TNF-α after the period of juçara sup-
plementation demonstrates a decline of the proinflamma-
tory stimulus. The literature corroborates these results by 

describing this reduction related to both anthocyanin and 
MUFA intake, leading to weight loss and reduced risk of 
cardiovascular diseases [38, 39]. Among many biological 
activities of TNF-α in intracellular processes, it is included 
apoptosis, modulating the secretion of adiponectin and IL-6, 
and accelerate atherogenesis induced by VCAM-1, ICAM-
1, MCP-1 [40]. The main function of MCP-1 is to recruit 
cells of the immune system that participates in the inflamma-
tory process. Higher levels of MCP-1 are related to insulin 
resistance and the increase of circulating free fatty acids, 
especially saturated fatty acids, but also linoleic fatty acid 
(C18: 2n6) [41]. The MCP-1 could promote the recruitment 
and infiltration of macrophages into adipose tissue increas-
ing its local inflammatory response. Inhibitory effect of 
polyphenols—such as juçara pulp supplementation—on 
chemotaxis and release of MCP-1 may contribute to its anti-
inflammatory activity. Macrophages cell culture exposed to 
polyphenols inhibited the migration of macrophages and 
decreased the expression and release of inflammatory factors 
from adipocytes through inhibiting NFκB activity and its 
nuclear translocation [42]. These data corroborate our results 
since juçara pulp supplementation increased the polyphe-
nols intake, as well as lead to saturated fatty acids reduction 
and improve the ω-3/ω-6 ratio, contributing to the reduction 
of the inflammatory parameter MCP-1. On the other hand, 
IL-10 is characterized as an anti-inflammatory cytokine 
being associated with IL-6 and TNF-α. In the innate immune 
system, IL-10 inhibits the activation of macrophages acting 
as a TNF-α antagonist. Its levels are predominantly reduced 
in obese individuals, which favors the installation of the pro-
inflammatory process through the activation of NFκB medi-
ated by TLRs and TNFR1 (TNF receptor type 1) [43]. In 
according to literature, IL-10 production was increased after 
supplementation in our study, demonstrating that foods rich 
in phenolic compounds—such as anthocyanins—have influ-
ence in the inflammatory pathway [44]. The IL-10 increase 
especially associated with the LPS exposure after juçara sup-
plementation is a relevant result considering the direct cell-
to-cell interactions of biomolecules. This anti-inflammatory 
behavior of stimulated monocytes indicates that after treat-
ment these cells are more likely to develop the M2 mac-
rophage phenotype on tissue differentiation, hindering the 
installation of inflammatory status when exposed to LPS 
[45]. Adipose endocrine function is critical to overall energy 
balance and homeostasis with adipocyte-derived adipokines 
playing key roles [5]. One remarkable adipokine is leptin, 
which is a mediator of long-term regulation of energy bal-
ance, suppressing food intake and thereby inducing weight 
loss. In obesity, the circulating level of the anorexigenic 
hormone leptin is increased proportionally to adipose tissue 
mass, whereas it is now established that obese patients are 
leptin-resistant [46]. Leptin receptors (Ob-R) are encoded by 
the diabetes gene and belong to the class I cytokine receptor 
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superfamily, which includes receptors for IL-6. The alterna-
tive splicing of this gene produces six receptors isoforms 
with cytoplasmic domains of different length. The Ob-R is 
necessary for the intracellular signaling in the Janus Kinase 
(JAK)-STAT pathway. The JAK-2 activation leads to the 
phosphorylation of the cytoplasmic-residues binding with 
different transcription factors. The leptin functional receptor 
is expressed not only in the hypothalamus to regulate energy 
homeostasis and neuroendocrine function, but also in all cell 
types of the innate and adaptive immune system [47, 48]. 
The role of leptin in regulating the immune system of obese 
subjects remains less well defined.

It has been postulated that leptin resistance might be due 
to defective leptin transport across the blood–brain barrier. 
It is also possible that leptin resistance is caused by defects 
in the downstream mediators of leptin receptor [46]. Hence, 
Ob-Rb receptor function may be decreased, indicating a state 
of leptin resistance. In this sense, the increase observed in 
Ob-R demonstrates an improvement of leptin sensibility 
after the juçara pulp supplementation. In fact, the literature 
demonstrates that antioxidant foods can reverse the resist-
ance of leptin, improving the Ob-R function [49–51]. This 
modification may be related to the epigenetic modulation 
promoted by juçara previously reported [22], moreover it 
has been proved that the leptin receptor functionality, as well 
as the leptin signaling pathway, could be modulated by epi-
genetic markers. Indeed, it was established that methylation 
of a proximal region of LEP gene promoter constitutes a 
determinant of leptin expression in human adult tissues since 
that DNA methylation has a role in long-term gene silencing 
and that demethylation is able to increase and reactive leptin 
expression [52].

Summing up, juçara pulp (E. edulis Mart.) is able to 
exert anti-inflammatory role on obesity-related sub-clinical 
inflammation, modulating TLR4/NFκBp50 pathway in the 
monocytes from obese individuals. It is noteworthy the sup-
pression of gene and protein expression of key molecules 
involved in inflammation such as TLR4 and IL-6. Further-
more, the juçara supplementation could modulate the energy 
homeostasis from the leptin receptor. In addition, further 
studies are necessary to investigate the beneficial effects of 
chronic exposure to juçara pulp supplementation.
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