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Abstract: Orange juice contains flavanones, which are associated with reducing the risk of obesity-
associated diseases. We evaluated the effects of two varieties of orange juices on the oxidative
stress, inflammatory response, and gut microbiota of individuals with insulin resistance and different
obesity classes. In a randomized crossover study, obese patients consumed ‘Pera’ (POJ—source of
flavanones) and ‘Moro’ (MOJ—source of flavanones and anthocyanins) orange juices for 15 days.
Blood, urine, and fecal samples were collected before and after the intervention. Daily orange juice
intake significantly reduced HDL and total cholesterol, in addition to urinary 8-OHdG and plasmatic
MCP-1 levels. Multivariate analyses highlighted the beneficial effects of orange juice intake, mainly
the modulation of inflammatory and oxidative stress biomarkers. Patients in different obesity classes
presented a gut microbiota with obesity-associated alterations (dysbiosis), and the consumption of
Pera and Moro orange juices improved this profile by modulating their gut microbiota in different
ways. Although the Firmicutes/Bacteroidetes ratio changed after both interventions, MOJ provided
more accentuated changes than POJ. Blautia, Bifidobacterium, and other genera had their relative
abundance altered by juice consumption, which correlated with patient parameters (such as HDL-
cholesterol and diastolic blood pressure) and biomarkers (such as TNF-α and 8-OHdG). In conclusion,
regular orange juice intake can be associated with a reduction in oxidative stress and inflammatory
response, in addition to modulating gut microbiota.
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1. Introduction

Obesity is a worldwide public health problem that affected 650 million adults in
2016 (13% of the world’s adult population). Projections indicate that, by 2030, 57.8% of
the world’s population will be overweight or obese [1]. Obesity is commonly associated
with several metabolic diseases, such as cardiovascular disease, type 2 diabetes, fatty liver
disease, hypertension, stroke, and cancer, and it represents a significant economic and social
burden [2]. Obesity is characterized by an elevated production of systemic inflammatory
biomarkers and is, therefore, characterized as low-grade inflammation [3]. The etiology
behind obesity is multifactorial, with contributing factors that include the development
and maintenance of a sedentary lifestyle, poor diet, increased stress, insufficient sleep,
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genetics, the use of some classes of drugs, and socioeconomic factors [4]. Recent studies
have indicated that the gut microbiota participates in the development of obesity and
insulin resistance via increased caloric extraction from indigestible dietary substances,
changes in lipolysis and lipogenesis, reduced satiety, and increased gut permeability, which
affects the function of the immune system, leading to metabolic endotoxemia and insulin
resistance [5,6]. The diet is one of the main factors that contributes to changes in the gut
microbiota [6]. Interestingly, some studies suggest that bioactive compounds within foods,
such as polyphenols, stimulate the growth of beneficial bacterial via a two-way interaction,
because the gut microbiota plays a key role in polyphenol metabolism, while polyphenols
and their metabolites can alter the microbiota profile [7]. Recent studies have suggested that
polyphenols are candidate prebiotics, since these bioactive compounds stimulate the growth
of beneficial bacteria such as Lactobacillus spp. and Bifidobacterium spp., commensal bacteria
from the gut microbiota that yield many health benefits to the host but whose prevalence is
reduced in the setting of obesity and insulin resistance, in addition to hindering the growth
of pathogenic strains such as Clostridium spp. [7–10].

Dietary polyphenols are the main plant-derived bioactive compounds and are respon-
sible for the color and flavor of fruits and vegetables. Subgroups of bioactive compounds
within the polyphenol family include flavanols, flavanones, isoflavones, flavones, flavan-
3-ols, and anthocyanins [11]. Orange fruit (Citrus sinensis L. Osbeck) and 100% orange
juice are rich sources of flavanones, primarily hesperidin (hesperetin-7-O-rutinoside) and
narirutin (naringenin-7-O-rutinoside), which have been associated with benefits such as
the modulation of inflammation and oxidative stress biomarkers [12–14], reduced blood
pressure and body fat percentage [15–17], and improved insulin sensitivity [18]. Brazil
is the world’s largest producer of oranges, and more than 70% of these fruits are used
to produce orange juice [19]. According to the Brazilian National Dietary Survey, from
2017–2018, orange juice, which is mainly derived from Pera oranges, was one of the main
individual food contributors to the total polyphenol, flavonoid, and flavanone intake by the
Brazilian population [20]. On the other hand, blood orange fruits, including Moro oranges,
are becoming increasingly popular in Brazil. These oranges differ from the common fruits
due to the presence of anthocyanins, primarily cyanidin-3-O-glucoside, which have been
shown to behave directly as antioxidants, thereby providing protection from DNA, pro-
tein, and lipid damage and reducing oxidative stress by activating specific detoxification
enzymes such as glutathione peroxidase (GPx) [21–23]. In addition to flavanones and
anthocyanins, oranges also present variable profiles of carotenoids, with a predominance of
violaxanthin isomers in sweet and blood orange pulps, including Pera and Moro cultivars,
respectively [24].

Few studies have investigated the effects of flavanones and anthocyanins on the gut
microbiota in obese and insulin-resistant individuals or the possible interactions between
flavanones and anthocyanins and their possible effects on the host, mainly from food
sources such as orange juice. Most prior studies were restricted to assessing the bioavail-
ability of bioactive compounds since this process is microbiota-dependent. We, therefore,
decided to evaluate the effects of the consumption of Pera (source of flavanones) and Moro
(source of flavanones and anthocyanins) orange juices from Brazil by individuals with
insulin resistance and different body mass index (BMI) classes. Anthropometric variables,
biochemical parameters, and inflammatory and oxidative stress biomarkers were evaluated,
in addition to the gut microbiota profile.

2. Materials and Methods

This was a randomized crossover study. All procedures were approved by the Ethical
Committees of the School of Pharmaceutical Science, University of São Paulo and of the
Dante Pazzanese Institute of Cardiology (CAAE 59663816.8.0000.5462). The procedures
were registered on the Brazilian Registry of Clinical Trials (www.ensaiosclinicos.gov.br/rg/
RBR-10xtk662 (accessed on 13 April 2020); UTN code: U111112158661). Written informed
consent was obtained from each participant.
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2.1. Study Population

Patients with obesity and insulin resistance who were under the care of the Ambulatory
Clinical Nutrition service of the Dante Pazzanese Institute of Cardiology were invited to
participate in the study. Obesity was defined according to the WHO classification (BMI
≥30.00 kg·m−2), while insulin resistance was defined by the values calculated for the
Homeostasis Model Assessment for Insulin Resistance (HOMA-IR) with a cutoff point of
2.71 derived from a previous study carried out on the Brazilian population (Table 1) [25].

Table 1. Baseline parameters of participants (n = 23).

Baseline
Parameters

Obesity Reference Values
Class I
(n = 12)

Class II
(n = 5)

Class III
(n = 6) Ideal Prediabetes

Body weight (kg) 94.52 ± 2.72 87.48 ± 3.38 99.78 ± 2.59 104.22 ± 5.15 - -
BMI (kg·m−2) 36.69 ± 1.26 32.36 ± 0.38 37.29 ± 0.80 44.85 ± 2.19 - -

Fasting glucose (mg·dL−1) 100.96 ± 2.35 103.08 ± 3.66 98.00 ± 3.49 99.17 ± 4.71 <99 * 100 to 125 *
Fasting insulin (µIU·mL−1) 16.43 ± 0.82 15.55 ± 1.12 15.82 ± 1.64 18.68 ± 1.62 1.9 to 23 * -

HbA1c (%) 5.96 ± 0.07 5.98 ± 0.06 5.94 ± 0.28 5.93 ± 0.15 <5.7 * 5.7 to 6.4 *
HOMA-IR 4.05 ± 0.19 3.93 ± 0.27 3.79 ± 0.35 4.52 ± 0.37 ≤2.71 [26] >2.71 [26]

BMI: body mass index; HbA1c: glycated hemoglobin; HOMA-IR: Homeostasis Model Assessment for Insulin
Resistance. Values are expressed as the mean ± standard error. * Reference values used by the laboratory of
clinical analyses of the Dante Pazzanese Institute of Cardiology.

Fifty-five patients, aged 40–60 years, with prediabetes (glycated hemoglobin from 5.7%
to 6.4%) were invited to undergo fasting blood glucose and insulin analysis to calculate
HOMA-IR. Of these, 34 participants met the study criteria and were assigned to the
protocol. Six patents dropped out before the start of the clinical trial. Of the 28 remaining
participants, 23 completed the protocol (Table 1 and Figure S1A). The exclusion criteria were
the use of prebiotics, probiotics, symbiotics, antibiotics, anti-inflammatory medications,
vitamins, bioactive compounds, or mineral supplements 1 month before the beginning
of the study, pre-existing gastrointestinal disease or cognitive dysfunction, previously
diagnosed diabetes mellitus type 1 or 2, pregnancy, and active breastfeeding.

2.2. Intervention

Pasteurized orange juices obtained from C. sinensis L. cv Pera (POJ) and Moro (MOJ)
were supplied by Fundecitrus (Araraquara, Brazil), located in the southeastern São Paulo
state at 23◦23′19” S and 48◦43′22” W. POJ was made using orange fruits grown in São Paulo,
while MOJ was made using fruits grown in the Minas Gerais state. The production of
anthocyanins in Moro orange fruits was induced by cold storage. After pasteurization, the
juices were poured into 1 L flasks and immediately stored at−20 ◦C. The characterization of
POJ and MOJ (quality parameters, soluble sugars, organic acids, total phenolic compounds,
dietary fiber, and flavonoids) was performed according to the methods described in the
Supplementary Materials; their compositions are presented in Tables S1 and S2.

2.3. Study Protocol

Three days before the intervention, the participants were instructed to restrict their
intake of citrus fruits (orange, lemon, and grapefruit) and their derivatives, as well as that of
strawberries, passion fruit, coffee, chocolate, wine, and tea. After the initial washout period,
the participants were assigned to sequential treatment with POJ and MOJ, or vice versa,
using a randomization procedure. The duration of each intervention was 15 days, with
a washout period (40 days) between them. Before (T0) and after (T16) each intervention,
blood, urine, and feces were collected, blood pressure (BP) was measured, anthropometric
parameters were assessed, and 24 h dietary recall (R24h) was documented. The urine and
feces samples were stored at −80 ◦C until they were analyzed. Figure S1B summarizes the
study protocol.

After the first sample and data collection (T0), the participants were instructed to
consume 400 mL·day−1 of orange juice (200 mL at lunch and dinner) for 15 days, with the
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juice flasks refrigerated until use. The volunteers were advised to maintain their lifestyle
and normal dietary habits during the protocol period except for restricting food sources
that may impact their total flavanone intake.

2.4. Anthropometric and Dietary Intake Measurement

Height, weight, BMI, and body waist circumference were measured before and after
POJ and MOJ intake. BMI classification was performed according to the World Health
Organization [27]. The R24h was documented before and after each intervention to measure
the macronutrient and calorie intake of the participant’s diet.

2.5. Biochemical Parameters

The following biochemical analyses were performed by the Research Incentive Fund
Association (AFIP) of the Dante Pazzanese Institute of Cardiology according to the standard
laboratory procedures before and after POJ and MOJ intake: blood glucose (enzymatic
method—hexokinase), total cholesterol (colorimetric enzymatic method—cholesterol oxi-
dase), low-density lipoprotein (LDL) cholesterol (obtained by the Friedewald equation),
high-density lipoprotein (HDL) cholesterol (homogeneous colorimetric enzymatic method
without precipitation), and triglycerides (colorimetric enzymatic method—glycerol phos-
phate peroxidase).

2.6. Plasma Antioxidant Activity

The antioxidant activity of the plasma samples was evaluated according to the ORAC
method described by Prior et al. [28].

2.7. Superoxide Dismutase (SOD) and Glutathione Peroxidase (GPx) Activity

SOD (EC 1.15.1.1) and GPx (EC 1.11.1.9) enzymatic activity were measured according
to the methods described by Ewing and Janero [29] and Flohé and Günzler [30], respectively.
The results were expressed in activity units (U) per mg of protein after quantification using
standard curves for SOD (0.69 to 22.15 U·mg−1) and GPx (1.50 to 50.00 U·mg−1).

2.8. Urinary 8-Isoprostane and 8-Hydroxy-2′-deoxyguanosine (8-OHdG) Content

The quantification of 8-isoprostane and 8-OHdG in urine samples was performed
using commercial kits (8-Isoprostane ELISA kit, Cayman Chemical, Ann Arbor, MI, USA;
New 8-OHdG Check Elisa kit, JaICA, Shizuoka, Japan) following the protocols provided by
the manufacturer. The results were expressed as ng·mg−1 of creatinine.

2.9. Inflammatory Biomarkers

Cytokine and chemokine (IL-1β, IL-6, IL-8, IL-10, TNF-α, and MCP-1) levels were
measured by flow cytometry using the BD™ Cytometric Bead Array (CBA) Human Inflam-
matory Cytokine Kit (BD Biosciences, Franklin Lakes, NJ, USA).

2.10. Identification and Quantification of Urine Metabolites

Urine flavanone metabolites were identified and quantified as described by
Nishioka et al. [31]. The urine samples were centrifuged at 14,000× g for 5 min at 4 ◦C
and filtered using 0.22 µm PVDF filters (Millipore, Bedford, MA, USA). The samples were
analyzed using liquid chromatography UPLC-Nexera LC-30AD (Shimadzu, Kyoto, Japan)
coupled to an EVOQTM triple-quadrupole mass spectrometer (Bruker Daltonics, Bremen,
Germany). Metabolite separation was performed with a Poroshell 120 C18 column (2.7 µm,
100 × 3.0 mm) (Agilent Technologies, Santa Clara, CA, USA) equipped with a 20 × 4.0 mm
guard column. The mobile phases used were as follows: (A) water/formic acid (99:1, v/v)
and (B) acetonitrile. The solvent concentration gradient for B was initially 5%, then 18% at
7 min, 28% at 17 min, 50% at 17.2 min, 90% at 20 min, 90% at 20.3 min, and 5% at 26 min, at
a flow rate of 0.5 mL·min−1 and a temperature of 25 ◦C. The eluates were monitored at 280
and 525 nm. The samples were analyzed in negative and positive modes at a source voltage
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of 3500 V, a cone temperature of 350 ◦C, a cone gas flow of 20 L·min−1, a heated probe tem-
perature of 350 ◦C, a probe gas flow of 40 units, and a nebulizer gas flow of 50 units. Phase
II metabolites were identified by the similarity of their mass spectra profile to the external
standard of the metabolites naringenin-7-O-glucuronide, hesperetin-7-O-glucuronide, and
hesperetin-3′-O-glucuronide, which were kindly donated by Dr. Kroon and Dr. Needs
(Quadram Institute, Norwich, UK), as well as according to the literature data. Phenolic
acids were identified by the similarity of their mass spectra profile to commercial standards
and the literature data. The area under the curve (AUC) of each peak was normalized by
creatinine value to calculate the relative amount of flavanone metabolite excretion.

2.11. Gut Microbiota Profiling

Frozen fecal samples were prepared following the Bacterial NGS Sequence proto-
col [32] and sent for gut microbiota profiling to Neoprospecta Microbiome Technologies
(Florianopolis, Brazil), which performed DNA extraction with the Illumina MiSeq platform
(Illumina, San Diego, CA, USA). The V3/V4 region of the 16S rRNA gene was amplified
using the primers 341F (CCTACGGGRSGCA-GCAG) and 806R (GGACTACHVGGGTWTC-
TAAT) [33,34]. DNA amplification was performed following a two-step PCR protocol, in
triplicate, using Platinum Taq Polymerase (Invitrogen, Waltham, MA, USA). Amplicons
were pooled and loaded onto the Illumina MiSeq clamshell style cartridge kit at 500 cycles
for paired-end 250 sequencing at a final concentration of 12 pM [35].

The generated fragments were analyzed using QIIME2 version 2021.11 [36], and qual-
ity sequence files were imported and denoised by DADA2 [37]; based on the quality plot, we
truncated our sequences at 251 bases. The taxonomy was assigned to ASVs using the plugin
q2-feature-classifier [38], which was based on the Silva database version 138 [39]. The result-
ing operational taxonomic unit (OTU) table was filtered to remove singletons and any OTU
with an abundance of less than 0.05% across all samples. The median (25–75 percentiles)
number of sequences found in the samples was 262,549 (185,252–360,160), and the mini-
mum number of sequences in a sample was 106,150.

2.12. Short-Chain Fatty Acids (SCFAs)

The isolation and quantification of SCFA were performed according to the method
described by Menezes et al. [40]. The frozen fecal samples (500 mg) were mixed with 1.5 mL
of acetonitrile with 0.05% 2-methyl-valeric acid (internal standard) (Sigma-Aldrich 10987-8,
Milwaukee, WI, USA) and 12% HClO4 (in a concentration sufficient to maintain a pH of
3.0), centrifuged at 11,000× g for 20 min at 4 ◦C, filtered using 0.8 and 0.2 µm PVDF filters
(Millipore), and transferred to gas chromatography vials. Supernatants (3 µL; split 1:10)
were automatically injected into a Plus HP 6890 CG (Hewlett-Packard, Palo Alto, CA, USA)
which was equipped with a flame ionization detector and capillary fused silica column
(WCOT, CP7747, Varian Medical Systems, Palo Alto, CA, USA). The injector and detector
temperatures were 270 ◦C and 300 ◦C, respectively. The analysis was performed using a
temperature ramp from 115 ◦C to 250 ◦C (13 min) under constant pressure. SCFAs were
identified and quantified by comparison with a volatile acid standard mix (Sigma-Aldrich,
Milwaukee, WI, USA). The results obtained from blanks were subtracted from the samples
to correct the SCFA production.

2.13. Statistical Analysis

SPSS version 25.0 (IBM, New York, NY, USA) was used to perform the statistical
analyses. The data normality was checked using the Shapiro–Wilk test, and Levene’s test
was used to assess the equality of variances. Nonparametric tests (Wilcoxon and Mann–
Whitney tests) were used to assess the differences in anthropometric and biochemical
parameters, flavanone metabolites, and microbiota data between the volunteer groups.
Spearman’s correlation coefficient was used to identify the associations between anthro-
pometric and biochemical parameters, flavanone metabolites, and microbiota OTUs. The
data are expressed as the mean ± standard error (SE), and the differences were considered
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significant at p < 0.05. Multivariate analyses were performed using MetaboAnalyst 5.0 [41]
after normalization by median, log transformation, and Pareto scaling. The analysis of
group similarities (ANOSIM) was also performed using Microbiome Analyst [42]. Alpha
diversity was estimated with the Shannon diversity index [43], while beta diversity was
calculated using the Bray–Curtis similarity index [44].

3. Results

Thirty-four patients of both genders who were obese (BMI≥ 30.00 kg·m−2), considered
insulin-resistant (according to the HOMA-IR assessment), and already under the care of
the Ambulatory of Clinical Nutrition of the Dante Pazzanese Institute of Cardiology were
recruited for this randomized crossover study, of whom twenty-three completed the clinical
trial. The baseline parameters are shown in Table 1.

The participants were instructed to consume 400 mL·day−1 of POJ or MOJ for 15 days.
The chemical compositions of the orange juices are presented in Tables S1 and S2. The
total soluble sugar content was similar in both orange juices (6.16 mg·100 mL−1 of POJ and
6.39 mg·100 mL−1 of MOJ, respectively), with higher concentrations of sucrose
(3.10 ± 0.25 mg·100 mL−1 of POJ and 2.80 ± 0.25 mg·100 mL−1 of MOJ, respectively). The
total organic acid content of the juices was 1410.13 mg·100 mL−1 (POJ) and 1494.16 mg·100 mL−1

(MOJ). Citric acid had the highest concentration of the organic acids (1092.36± 3.09 mg·100 mL−1

of POJ and 1161.94 ± 81.19 mg·100 mL−1 of MOJ). Orange juice dietary fiber was predomi-
nantly composed of its insoluble fraction (86% in POJ and 70% in MOJ), and its total dietary
fiber content was 0.29 and 0.34 g·100 mL−1 for POJ and MOJ, respectively.

The total flavanone content of both orange juices was similar, but the concentrations
of hesperidin and narirutin were higher in POJ than MOJ, while didymin was only de-
tected in MOJ. The major flavanones identified in POJ and MOJ were hesperidin (29.66
and 23.77 mg·100 mL−1, respectively) and narirutin (2.04 and 0.54 mg·100 mL−1, respec-
tively). The didymin (8.01 mg·100 mL−1) concentration in MOJ was higher than that of
narirutin. As expected, anthocyanins were only detected in MOJ. The two anthocyanins
identified were cyanidin-3-O-glucoside (2.73 ± 0.08 mg·100 mL−1) and cyanidin-3-O-(6”-
malonyl)glucoside (0.08 ± 0.03 mg·100 mL−1).

The participants consumed 126.80 mg and 129.28 mg·day−1 of flavanones during
the POJ and MOJ protocols, respectively. An additional 11.24 mg of anthocyanins were
consumed daily in the MOJ protocol.

3.1. Quantification of Urinary Flavanones, Metabolites, and Phenolic Acids after Orange
Juice Intake

Hesperidin and narirutin metabolites and phenolic acids were quantified from urine
obtained before and after each intervention. The following hesperidin metabolites were
identified and quantified from the urine (summed to compose the total value): hesperetin-7-
O-glucuronide, hesperetin-3′-O-glucuronide, hesperetin-O-glucuronyl-sulfate, hesperetin-
O-diglucuronide isomer 2, and hesperetin-O-diglucuronide isomer 3. Narirutin metabo-
lites identified and quantified from the urine (summed to compose the total value) were:
naringenin-7-O-glucuronide, naringenin-3′-O-glucuronide, naringenin-O-diglucuronide,
and naringenin-O-diglucuronide isomer 2. Two phenolic acids were also identified and
quantified: hippuric acid and methylhippuric acid.

Narirutin metabolites and phenolic acids excretion significantly increased after POJ
(from 0.11 ± 0.03 to 0.47 ± 0.14 mg equivalents of narirutin; from 32.26 ± 13.17 to
72.38 ± 19.34 mg equivalents of phenolic acids) and MOJ (from 0.35± 0.09 to 0.71 ± 0.19 mg
equivalents of narirutin; from 37.17 ± 6.39 to 77.15 ± 19.83 mg equivalents of phenolic
acids) (Table S3). The excretion of hesperidin metabolites also increased after both inter-
ventions but was significantly (p = 0.028) increased only after MOJ intake (0.72 ± 0.26 to
1.46 ± 0.49 mg equivalents). After the 15 days of orange juice consumption, 57.96% (POJ)
and 61.39% (MOJ) of the intake flavanones were quantified in the 24 h urine as flavanone
phase II metabolites and phenolic acids.
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3.2. Effect of Orange Juice Intake on Anthropometric and Biochemical Parameters

The participants’ clinical characteristics were measured before and after orange juice
intake, in addition to the calculation of R24h considering energy and macronutrients
(Table S4). The daily participant macronutrient and energy intake did not change during
the interventions (p > 0.05). The macronutrient intake levels were under the dietary
reference intakes (DRIs) [45] except for the daily intake of saturated fatty acids, which
exceeded the dietary recommendation for individuals with cardiovascular risk.

The anthropometric variables, biochemical parameters, and intestinal permeabil-
ity biomarkers are shown in Table 2. No significant differences (p > 0.05) were ob-
served in the biochemical and anthropometric variables, probably due to the large in-
terindividual variation between clinical trial participants. Patients with different BMI
classes (class I = 30–34.9 kg·m−2, class II = 35–39.9 kg·m−2, and class III ≥ 40 kg·m−2)
were included in this study, mostly with class I obesity (n = 12), with mean BMIs of
32.48 ± 0.40 kg·m−2 (POJ, Table S5) and 32.28 ± 0.33 kg·m−2 (MOJ, Table S6). Despite this,
significant reductions in HDL-cholesterol levels were still observed after intake of POJ
(45.91 ± 9.43 to 43.26 ± 9.15 mg·dL−1) and MOJ (47.78 ± 10.02 to 45.70 ± 9.67 mg·dL−1),
and in total cholesterol levels (197.61 ± 40.12 to 184.57 ± 39.49 mg·dL−1) after MOJ in-
take. A total cholesterol reduction was also observed after POJ intake (184.17 ± 38.13
to 177.39 ± 38.42 mg·dL−1), but it was not statistically significant. Considering the BMI
classifications, as shown in Table S5 (POJ) and Table S6 (MOJ), these metabolic parame-
ters were progressively improved across the obesity classes, particularly among obesity
class II and III patients. However, only the reduction in total cholesterol (180.25 ± 10.53
to 170.42 ± 8.17 mg·dL−1) after POJ intake was statistically significant (p = 0.004). The
modest reduction in many other metabolic parameters in general and by BMI class that
was observed is also indicative of the effects of orange juice intake.

Table 2. Anthropometric variables, biochemical parameters, and intestinal permeability markers of
the participants before (T0) and after (T16) Pera and Moro orange juice intake.

POJ MOJ

T0 T16 p-Value T0 T16 p-Value

Body weight (kg) 94.48 ± 2.69 94.43 ± 2.71 0.603 93.74 ± 2.65 93.61 ± 2.70 0.503
Abdominal circumference (cm) 115.36 ± 24.07 115.22 ± 23.97 0.594 114.46 ± 23.84 113.37 ± 23.66 0.887

BMI (kg·m−2) 36.66 ± 7.65 36.63 ± 7.60 0.661 36.37 ± 7.58 36.30 ± 7.66 0.456
Class I obesity (n = 12) 32.48 ± 0.40 32.54 ± 0.36 0.367 32.28 ± 0.33 32.21 ± 0.34 0.638
Class II obesity (n = 5) 37.35 ± 0.83 36.95 ± 0.98 0.273 36.51 ± 1.11 36.61 ± 1.26 0.686
Class III obesity (n = 6) 44.46 ± 2.33 44.54 ± 2.18 0.600 44.41 ± 1.84 44.21 ± 1.73 0.249

Blood pressure (mmHg)
Systolic 132.43 ± 27.64 125.78 ± 26.31 0.083 129.17 ± 27.03 126.30 ± 26.38 0.403
Diastolic 82.30 ± 17.14 79.74 ± 16.74 0.144 81.35 ± 16.82 79.43 ± 16.76 0.700

Cholesterol (mg·dL−1)
HDL 45.91 ± 9.43 a 43.26 ± 9.15 b 0.045 47.78 ± 10.02 a 45.70 ± 9.67 b 0.042
LDL 107.87 ± 22.45 105.35 ± 23.12 0.260 115.83 ± 23.29 110.00 ± 23.69 0.136

VLDL 30.09 ± 6.19 28.52 ± 6.10 0.501 32.57 ± 6.52 30.17 ± 6.40 0.253

Total 184.17 ± 38.13 177.39 ± 38.42 0.119 197.61 ± 40.12
a

184.57 ± 39.49
b 0.012

Triglycerides (mg·dL−1) 151.26 ± 31.11 142.39 ± 30.44 0.426 174.04 ± 34.97 151.00 ± 32.13 0.457
Blood glucose (mg·dL−1) 94.61 ± 19.45 94.52 ± 19.96 0.896 96.83 ± 20.21 97.13 ± 20.19 0.807

POJ: Pera orange juice; MOJ: Moro orange juice; BMI: body mass index; HDL: high-density lipoprotein; LDL: low-
density lipoprotein; VLDL: very-low-density lipoprotein. The p-values were calculated using the Wilcoxon test.
Values in bold and different superscript letters indicate statistical significance (p < 0.05) between participant
groups (n = 23) for each parameter (mean ± standard error).

The reduction in systolic (SBP) and diastolic blood pressure (DBP) is another indication
of the benefits of orange juice, particularly because these blood pressure parameters were
slightly elevated (>120 mmHg) in all patients. SBP was reduced from 132.43 ± 27.64 to
125.78 ± 26.31 mmHg after POJ and from 129.17 ± 27.03 to 126.30 ± 26.38 mmHg after
MOJ, while DBP was reduced from 82.30 ± 17.14 to 79.74 ± 16.74 mmHg after POJ and
from 81.35 ± 16.82 to 79.43 ± 16.76 mmHg after MOJ. These blood pressure parameters
progressively improved across the BMI classes, and SBP and DBP were particularly reduced
in the obesity class II and III patients.
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3.3. Inflammatory and Oxidative Stress Biomarker Response after Orange Juice Intake

Table 3 shows the inflammatory and oxidative stress biomarker levels describing
the possible effects of orange juice intake on obesity-induced low-grade inflammation
and oxidative stress. The cytokines and chemokines (IL-1β, IL-6, IL-8, IL-10, TNF-α, and
MCP-1) that were analyzed in the patients’ plasma did not significantly change except
for IL-8, which decreased from 733.76 ± 157.15 to 604.62 ± 137.97 pg·mL−1 after MOJ
intake (p = 0.025). The most severe reduction in IL-8 occurred in the obesity class II patients
(811.40 ± 162.5 to 593.60 ± 84.02 pg·mL−1), but it was not significant (p > 0.05), as shown
in Table S7. Other cytokines that did not significantly change still showed an interesting
consonant response, with reduced IL-1β, IL-6, and MCP-1 after the intake of both juices.

Table 3. Inflammatory and oxidative stress biomarkers of the participants before (T0) and after (T16)
Pera and Moro orange juice intake.

POJ MOJ

T0 T16 p-Value T0 T16 p-Value

Inflammatory biomarkers
IL-6 (pg·mL−1) 5.28 ± 1.10 4.88 ± 1.18 0.349 5.76 ± 1.21 3.79 ± 0.93 0.179

IL-10 (pg·mL−1) 1.02 ± 0.22 1.28 ± 0.30 0.349 1.26 ± 0.28 1.28 ± 0.29 0.501
TNF-α (pg·mL−1) 95.50 ± 26.57 163.86 ± 43.11 0.068 148.83 ± 33.21 146.22 ± 36.89 0.619

IL-8 (pg·mL−1) 652.26 ± 146.08 650.84 ± 155.01 0.747 733.76 ± 157.15 a 604.62 ± 137.97 b 0.025
IL-1β (pg·mL−1) 253.60 ± 63.60 235.53 ± 64.60 0.433 251.35 ± 53.63 209.10 ± 53.95 0.074

MCP-1 (pg·mL−1) 5571.72 ± 1336.21 3603.72 ± 1286.96 0.231 10787.93 ±
3501.45 3746.00 ± 766.01 0.391

Oxidative stress biomarkers
Plasma

ORAC (µM eq
Trolox·mL−1) 2.45 ± 0.54 b 2.77 ± 0.55 a 0.006 3.02 ± 0.63 3.03 ± 0.62 0.910

GPx (U·mg−1) 0.93 ± 0.17 0.74 ± 0.20 0.263 1.10 ± 0.20 a 0.75 ± 0.17 b 0.023
SOD (U·mg−1) 2.48 ± 0.61 3.10 ± 0.70 0.276 3.68 ± 0.72 3.39 ± 0.70 0.360

Urine
8-isoprostane (pg·mg−1) 2.59 ± 0.58 2.02 ± 0.48 0.848 2.59 ± 0.55 2.46 ± 0.49 0.831

8-OHdG (ng·mg−1) 1.63 ± 0.32 a 0.47 ± 0.12 b <0.001 1.21 ± 0.23 a 0.55 ± 0.14 b <0.001

IL: interleukin; TNF-α: tumor necrosis factor alpha; MCP-1: monocyte chemoattractant protein-1; ORAC: oxygen
radical absorbance capacity; GPx: glutathione peroxidase; SOD: superoxide dismutase; 8-OHdG: 8-hydroxy-
2′-deoxyguanosine. The p-values were calculated using the Wilcoxon test. Values in bold and different super-
script letters indicate statistical significance (p < 0.05) between participant groups (n = 23) for each biomarker
(mean ± standard error).

The plasmatic antioxidant capacity was evaluated using the ORAC assay. The ORAC
values increased after POJ (2.45 ± 0.54 to 2.77 ± 0.55 µM eq Trolox·mL−1) but did not
change after MOJ intake. Orange juice did not influence plasma SOD activity. GPx activity
was significantly reduced after MOJ (1.10 ± 0.20 to 0.75 ± 0.17 U·mg−1) but not after POJ
intake (0.93 ± 0.17 to 0.74 ± 0.20 U·mg−1). Orange juice also influenced urinary 8-OHdG
levels, an oxidative stress biomarker that was significantly different (p < 0.001) after POJ
(1.63 ± 0.32 to 0.47 ± 0.12 ng·mg−1) and MOJ (1.21 ± 0.23 to 0.55 ± 0.14 ng·mg−1) intake.
8-OHdG levels were also significantly lower in the obesity class I and III patients after POJ
intake and in all BMI classes after MOJ intake (Table S8).

Discriminant analyses using the partial least squares (PLS-DA) model of anthropomet-
ric variables, biochemical parameters, and inflammatory and oxidative stress biomarkers
were performed to visualize the global effects of POJ (Figure 1A) and MOJ (Figure 1B) and
to identify the most important differentiating parameters across participants of different
BMI classes. These data were submitted as delta values (∆ = T16 − T0) to attenuate the
basal and interindividual variation and represent the effects of orange juice intake on the
observed parameters and biomarkers.
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Figure 1. Discriminant analysis by partial least squares (PLS-DA) and VIP score plot (for the top 15 
most important variables) of anthropometric and biochemical parameters, and inflammatory and 
oxidative stress biomarkers after the intake of Pera (A) and Moro (B) orange juices in patients with 
class I, II, or II of obesity (sample sizes in MOJ intervention: obesity class I, n = 12; obesity class II, n 
= 5; obesity class III, n = 6). 8-OHdG: 8-hydroxy-2'-deoxyguanosine; BMI: body mass index; GPx: 
glutathione peroxidase; HDL: high-density lipoprotein; IL: interleukin; LDL: low-density lipopro-
tein; MCP-1: monocyte chemoattractant protein-1; ORAC: oxygen radical absorbance capacity; SOD: 
superoxide dismutase; TNF-α: tumor necrosis factor alpha; VLDL: very-low-density lipoprotein. 

The PLS-DA models did not show a clear separation among participants of different 
BMI classes, but the participants showed a spatial dispersion as a function of components 
1 and 2 according to their BMI values, suggesting that the effects of orange juice intake 
were not only explained by the BMI variation, and that the variables included in both 
components were important to understanding the effects of POJ and MOJ even when sta-
tistically significant changes were not observed.  
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15 most important variables) of anthropometric and biochemical parameters, and inflammatory and
oxidative stress biomarkers after the intake of Pera (A) and Moro (B) orange juices in patients with
class I, II, or II of obesity (sample sizes in MOJ intervention: obesity class I, n = 12; obesity class II,
n = 5; obesity class III, n = 6). 8-OHdG: 8-hydroxy-2′-deoxyguanosine; BMI: body mass index; GPx:
glutathione peroxidase; HDL: high-density lipoprotein; IL: interleukin; LDL: low-density lipoprotein;
MCP-1: monocyte chemoattractant protein-1; ORAC: oxygen radical absorbance capacity; SOD:
superoxide dismutase; TNF-α: tumor necrosis factor alpha; VLDL: very-low-density lipoprotein.

The PLS-DA models did not show a clear separation among participants of different
BMI classes, but the participants showed a spatial dispersion as a function of components
1 and 2 according to their BMI values, suggesting that the effects of orange juice intake
were not only explained by the BMI variation, and that the variables included in both
components were important to understanding the effects of POJ and MOJ even when
statistically significant changes were not observed.

The determination of variables that were potentially influential toward the separation
in both PLS-DA models was further assessed using a regression coefficient plot where
parameters and biomarkers with higher VIP values were indicated as the most affected
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by each juice intake. The VIP score plots for the top 15 most important parameters and
biomarkers are also shown in Figure 1. TNF-α, IL-6, IL-1β, cholesterol (total and fractions),
and triglycerides were the parameters that seemed to best explain the effects of POJ intake
(Figure 1A), while TNF-α, DBP, SOD, and triglycerides seemed to best explain the effects of
MOJ intake (Figure 1B).

3.4. Effect of Obesity and Insulin Resistance on Gut Microbiota Profile

Before evaluating the effects of the orange juices on the gut microbiota profile of pa-
tients, an initial evaluation was performed using the fecal samples collected prior to the first
intervention (Table 4). Firmicutes was the predominant phylum (87.43% ± 1.51%) found in
all patients, followed by Actinobacteria (6.51%± 1.37%) and Bacteroidetes (4.51% ± 1.01%).
Firmicutes abundance was similar in all BMI classes, while the abundance of Bacteroidetes
was lower in patients with class III obesity, albeit with p > 0.05. As expected, the F/B
(Firmicutes/Bacteroidetes) ratio increased considerably in patients with higher BMI values,
representing the dysbiosis associated with obesity.

Table 4. Relative abundance of significant gut microbiota phyla and Firmicutes/Bacteroidetes ratio
in participants before orange juice intake (basal profile).

Global Class I
Obesity

Class II
Obesity

Class III
Obesity p-Value

Firmicutes 87.43 ± 1.51 86.09 ± 1.78 91.89 ± 2.67 86.32 ± 4.29 0.233
Bacteroidetes 4.51 ± 1.01 5.58 ± 1.42 4.49 ± 2.67 1.86 ± 0.60 0.203

F/B 50.28 ± 13.52 39.16 ± 19.38 55.49 ± 25.12 72.86 ± 30.56 0.203
Actinobacteria 6.51 ± 1.37 6.16 ± 1.46 2.56 ± 0.83 11.34 ± 4.26 0.253
Proteobacteria 0.45 ± 0.08 0.54 ± 0.13 0.38 ± 0.17 0.29 ± 0.10 0.557
Verrucomicrobia 0.63 ± 0.23 0.64 ± 0.22 0.80 ± 0.76 0.08 ± 0.00 0.307
Tenericutes 0.37 ± 0.13 0.40 ± 0.15 N.D. 0.21 ± 0.09 -

Others 0.47 ± 0.30 0.78 ± 0.54 0.09 ± 0.05 0.07 ± 0.05 0.133
F/B: Firmicutes/Bacteroidetes; N.D.: not detected. Values are expressed as the mean ± standard error. The
p-values were calculated using the Kruskal–Wallis test.

Spearman’s correlation analyses were used to identify the associations between relative
bacterial abundance in gut microbiota and the biochemical baseline parameters (Table 1).
Bacteroidetes had strong inverse correlations with insulin (Spearman’s r = −0.53, p = 0.009)
and HOMA-IR (Spearman’s r = −0.50, p = 0.016). Strong correlations were also observed
between F/B ratio and insulin (Spearman’s r =−0.50, p = 0.015) and HOMA-IR (Spearman’s
r = 0.52, p = 0.018). Firmicutes did not have any significant correlations.

3.5. Effects of Orange Juice Intake on Gut Microbiota Profile and Short-Chain Fatty Acids

Alpha diversity was estimated using the Shannon diversity index, and the results are
shown in Figure S2A. Although the alpha-diversity index was not statistically different, a
slight increase in microbiota diversity was observed after both interventions, particularly
after POJ intake. A principal coordinate analysis (PCoA) was generated considering the
Bray–Curtis index to observe differences in the beta-diversity of gut microbiota after
each intervention. As shown in Figure S2B, the gut microbiota composition was not
significantly changed.

The relative abundance of the five most abundant bacterial phyla (Firmicutes, Acti-
nobacteria, Bacteroidetes, Proteobacteria, and Verrucomicrobia) is shown in Figure S3 for
descriptive purposes, as well as in Tables S9 and S10 with statistical analysis. Firmicutes
was the predominant phylum found in all groups at T0 and T16 of each intervention, but at
a higher relative abundance before POJ (86.07%) and MOJ (86.11%) intake than after (85.18%
and 85.45%, respectively). Bacteroidetes levels were higher than Actinobacteria at T0 and
T16 of POJ intake (6.84%± 2.76% and 7.43%± 1.97%, respectively), while the relative abun-
dance of Actinobacteria was higher at T0 (7.34% ± 1.80%) and T16 (6.86% ± 1.75%) of MOJ
intake. Although the orange juices did not significantly change the relative abundance of
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the five most prevalent bacterial phyla, Figure 2A shows that both juices similarly reduced
Firmicutes and Actinobacteria and increased Bacteroidetes and Verrucomicrobia.
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Figure 2. Effect of Pera (POJ) and Moro orange juice (MOJ) intake on the gut microbiota OTUs
(phylum) and on the Firmicutes/Bacteroidetes (F/B) ratio. Delta of the relative abundance of the
most abundant bacterial phyla when patients are grouped by (A) intervention and (B) obesity class.
(C) Boxplot showing F/B ratio of the individuals in obesity classes I, II, or III before (T0) and after
(T16) POJ and MOJ intake. For clarity, phyla with an overall abundance of less than 0.5% were
summed into “others”. Different superscript letters indicate statistical significance (p < 0.05) between
obesity classes (Kruskal–Wallis test) or between T0 and T16 (Wilcoxon test) (sample sizes in POJ
intervention: obesity class I, n = 9; obesity class II, n = 3; obesity class III, n = 3; sample sizes in MOJ
intervention: obesity class I, n = 8; obesity class II, n = 5; obesity class III, n = 5).
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Since a large interindividual variation was observed in the microbiota profile, the
effects of orange juice intake were more evident when patients were grouped by obesity
class, particularly the F/B ratio. The Firmicutes reduction and Bacteroidetes increase
were particularly higher among the obesity class III patients. Additionally, the F/B ratio
progressively improved across the obesity classes. The boxplots in Figure 2C show the F/B
ratio reduction after the intake of both orange juices in patients in different BMI classes,
suggesting that individuals with higher BMIs can benefit more from orange juice effects.

Of the 45 most abundant bacterial genera, Agathobacter, Subdoligranulum, Faecalibacterium,
Ruminococcus_2, and Blautia were the most prevalent. Relative abundances of these 45 bacte-
rial genera are shown in Table S11 (by intervention) and Table S12 (by obesity classes). Four
genera ([Eubacterium]_coprostanoligenes_group, [Ruminococcus]_torques_group, Blautia, and
Dialister) had significantly different relative abundances after orange juice consumption,
but none of these were significantly affected by both juices. Focusing on the top 25 signifi-
cant bacterial genera in the gut microbiota, a heatmap analysis was performed to globally
visualize the effects of POJ and MOJ on the gut microbiota of participants in different BMI
classes, while also considering the interindividual variation observed at the genus level
(Figure 3). Interestingly, the heatmap analysis showed the same order of clusters in class
I–III obese patients. Patients with class I and II obesity had closer microbiota profiles than
those with class III obesity, while T0 and T16 samples were always presented together.

When we analyzed the gut microbiota of patients in different obesity classes, three
clusters were identified. The relative abundance of OTUs in cluster 1 was high in obesity
classes I and II but lower in obesity class III, while the relative abundance of the OTUs in
clusters 2 and 3 was low in obesity classes I and II but higher in obesity class III. Several
bacterial genera involved in flavanone metabolism were identified in the gut microbiota,
being included in different clusters. Eubacterium was included in cluster 1, while Blautia
and Bacteroides were included in clusters 2 and 3, respectively.

SCFAs (acetate, propionate, butyrate, and isobutyrate) were analyzed to obtain an
overview of gut microbiota metabolic activity (Table S13). Acetate was significantly reduced
after POJ intake, but the same effect was not observed after MOJ. No significant differences
were observed in propionate, butyrate, and isobutyrate levels.

Lastly, Spearman’s correlations analyses were performed to identify the potential
associations modulated by orange juice intake among the urinary excretion of flavanone
metabolites, anthropometric and biochemical parameters, inflammatory and oxidative
biomarkers, and microbiota composition (genera) (Figure 4). Focusing on the relationship
between the urinary excretion of metabolites and the previously described data, a strong
correlation was identified between the excreted hesperidin metabolites and IL-1β levels
(Spearman’s r = 0.68, p < 0.001), and a strong inverse correlation was identified between
hesperidin metabolites and diastolic blood pressure (Spearman’s r = −0.59, p < 0.001)
after POJ and MOJ intake, respectively. Several correlations were observed among the
relative abundance of the most abundant bacterial genera, biochemical parameters, and
inflammatory biomarkers. There was a positive correlation between the abundance of
Bifidobacterium and total triglycerides (Spearman’s r = 0.50, p < 0.001) in the POJ group, as
well as between the abundance of Blautia and HDL-cholesterol levels (Spearman’s r = 0.51,
p < 0.001), in the MOJ group.
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Figure 3. Differential abundance of the top 25 most significant bacterial genera in fecal samples of
patients before (T0) and after (T16) the intake of Pera (POJ) and Moro orange juice (MOJ). (A) Heatmap
showing the gut microbiota genera that were differentially abundant among obesity classes. Rows
(genera) and columns (samples) were ordered by hierarchical clustering. (B,C) Stacked bar plot
showing the relative abundance of microbial genera uncovered in each sample, sorted by obesity
class, before (T0) and after (T16) POJ (B) or MOJ (C) intake. For clarity, genera with an overall
abundance of less than 0.5% were summed into “others” (sample sizes in POJ intervention: obesity
class I, n = 9; obesity class II, n = 3; obesity class III, n = 3; sample sizes in MOJ intervention: obesity
class I, n = 8; obesity class II, n = 5; obesity class III, n = 5).
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Figure 4. Spearman’s correlation among excreted flavanone metabolites, most abundant genera in the
gut microbiota, anthropometric variables, biochemical parameters, and inflammatory and oxidative
stress biomarkers analyzed before and after the intake of Pera (A) and Moro (B) orange juices. 8-
OHdG: 8-hydroxy-2′-deoxyguanosine; BMI: body mass index; HDL: high-density lipoprotein; IL:
interleukin; LDL: low-density lipoprotein; MCP-1: monocyte chemoattractant protein-1; ORAC:
oxygen radical absorbance capacity; OTU: operational taxonomic unit; TNF-α: tumor necrosis factor
alpha; VLDL: very-low-density lipoprotein. OTU IDs are from Table S11.

4. Discussion

The goal of this study was to evaluate the effects of POJ and MOJ intake on an-
thropometric variables, biochemical parameters, and inflammatory and oxidative stress
biomarkers, in addition to the gut microbiota profile in individuals with insulin resistance
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and different classes of obesity. Our 15-day clinical trial was able to provide some additional
insights into the benefits of orange intake (Figure 5).
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Figure 5. Schematic summary of the main findings of the study.

Orange juice is a beverage consumed worldwide that has high amounts of flavanones,
particularly hesperidin and narirutin. Orange juice is one of the main individual food
contributors to total polyphenol, flavonoid, and flavanone intake by the Brazilian pop-
ulation according to the 2008–2009 Brazilian National Dietary Survey [20]. The orange
juices that were used in this study were of a similar composition to those used in other
clinical trials by the same research group [30,46]. Regarding total flavanone content, POJ
(31.70 mg·100 mL−1) and MOJ (32.32 mg·100 mL−1) had higher flavanone levels than those
reported by Fraga et al. [17] for POJ (27.41 mg·100 mL−1), but lower than those found by
Nishioka et al. [30] for POJ (48.57 mg·100 mL−1) and MOJ (42.54 mg·100 mL−1) and by
Moreira et al. [46] for POJ (33.22 mg·100 mL−1). As observed in those previous studies,
hesperidin was the main flavanone in both orange juices. In addition to high flavanone
levels, Moro is a variety of blood orange that has high concentrations of anthocyanins [47].
The MOJ used in our study had anthocyanin values (2.81 mg·100 mL−1) that were much
lower than the 15.12 mg·100 mL−1 quantified by Nishioka et al. [30].

Outside of vitamin C, flavonones are among the compounds responsible for many of
the health-beneficial effects in orange juices [48]. We identified and quantified the flavanone
urinary metabolites of 23 obese patients who completed POJ and MOJ interventions.
Hesperidin and narirutin metabolites, as well as phenolic acid excretion, significantly
increased after both interventions, which suggests that our results may be related to
the intake of these bioactive compounds. The absence of significant differences in daily
macronutrient and energy intake reinforces the suggestion that our results were associated
with the intake of orange juices.

Although most biochemical and anthropometric parameters were not significantly
affected by orange juice intake, probably due to the large interindividual variation between
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patients, considerable improvements were observed in lipid and blood pressure (SBP and
DBP) parameters, suggesting that there was a metabolic response. Patients in different
BMI classes were included in this study, and this approach allowed us to observe some
anthropometric variables and biochemical parameters, such as cholesterol fractions, that
progressively improved across all BMI classes, while others were particularly reduced in
class II/III obese patients (such as SBP and DBP).

Orange juice flavanones have already been associated with a reduction in these param-
eters among nonobese and overweight adults, but no association with obese individuals
with insulin resistance was previously identified [16,17,49]. In addition to the interindivid-
ual variation resulting from the inclusion of patients in different BMI classes, the timing of
the intervention and the nutritional quality of the patients’ diet could be two other factors
that influenced our results. Long-term clinical trials [16,50] (longer than 60 days) were
able to show some significant effects, whereas short-term clinical trials [46,51] (less than
30 days) did not identify significant differences. Furthermore, a 12-week clinical trial [52]
that investigated the associations between POJ intake and a hypocaloric diet observed a
reduction of 7% in body weight, 14% in adipose mass, and 16% in total cholesterol of obese
individuals, suggesting that the health benefits of orange juice are intensified in the setting
of a low-calorie diet. Additionally, a recent double-blind placebo-controlled study showed
that overweight adults had a significant reduction in body mass (3.7 Kg), fat mass (2.4
Kg), and waist circumference (2.2 cm) after six months of supplementation with a Moro
orange standardized extract containing 2.80 mg of anthocyanins and 8.80 mg of flavanones,
evidencing the healthy benefits of Moro orange components [53].

Adiposity is directly associated with chronic low-grade inflammation in obese patients.
The expansion of adipose tissue increases the expression and secretion of MCP-1, which
induces the recruitment of macrophages to the tissue and promotes the increased secretion
of cytokines such as IL-6, IL-1β, and TNF-α [54]. In the present study, we found that high
plasmatic levels of IL-1β, IL-8, and MCP-1 before both interventions were reduced after the
consumption of Pera and Moro juices, which suggests that orange juice might modulate
inflammation due to obesity. Obese patients had a mean decrease of 16.81%, 17.60%, and
65.28% for IL-1β, IL-8, and MCP-1 levels after MOJ intake, respectively, while less marked
reductions were observed after POJ intake (7.12%, 0.22%, and 35.32%, respectively). These
results agree with those of a previous clinical trial that showed that orange juice intake
affected MCP-1, IL-1β, and other cytokines [12].

Reactive oxygen (ROS) and nitrogen (RNS) species are the byproducts of biologic
activities affected by obesity, and their chronic and excessive production results in structural
and functional damage to macronutrients and DNA. The oxidation products of these
macromolecules can be used as oxidative stress biomarkers. 8-Isoprostane is used as
a lipid peroxidation biomarker, while 8-OHdG reflects oxidative DNA damage [54–56].
Flavanones can also modulate the Nrf2 pathway, increasing the enzymatic antioxidant
response in response to oxidative stress and exerting a direct action on ROS and RNS [57,58].
Both juices altered the levels of oxidative stress biomarkers in this way, although the activity
of antioxidant enzymes was not affected. 8-OHdG was significantly reduced (p < 0.001) after
both interventions, suggesting that an important benefit of orange juice intake is reducing
oxidative DNA damage, although there is no reference value for urinary 8-OHdG. Despite
both juices being rich in vitamin C and flavanones, increased plasma antioxidant capacity
was observed only after POJ consumption, which may explain the more pronounced impact
of this juice on plasma and urinary biomarkers. Interestingly, MOJ had a more pronounced
effect on GPx and SOD activity than POJ. However, these results agree with those obtained
by Ribeiro et al. [59] in study performed with rats that presented doxorubicin-induced
cardiotoxicity, highlighting that MOJ was more effective in modifying energy metabolism
and attenuating oxidative stress than POJ.

As observed in relation to anthropometric variables and biochemical parameters, BMI
class impacted the patient response to both orange juice interventions, as different classes of
obesity resulted in different changes in inflammatory and oxidative stress biomarkers. The
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basal levels of MCP-1 and 8-OHdG, as well as their relative reduction, varied by BMI class,
with class III obese patients having more marked reductions than class I obese patients.

As shown by the PLS-DA model, oxidative stress and inflammatory biomarkers were
most prominently affected by orange juice intake. TNF-α, IL-6, IL-8, MCP-1, SOD, GPx,
and lipid parameter changes seemed to explain a greater part of the effects of POJ/MOJ
intake despite interindividual variation. We also observed that BMI was not the most
important variable for differentiating the patient response to orange juice intake, a result
that complements the findings of a previous study by our research group [30]. Nishioka
et al. [30] evaluated the phase II metabolite excretion profile of flavanones after POJ and
MOJ intake and observed that BMI and gender were not the most important variables for
stratifying the volunteers, indicating that other factors have a greater impact on flavanone
urinary excretion than BMI. Recent studies identified novel polymorphisms (SULT1A1,
SULT1C4, and ABCC2) [60] and microRNAs (miR-375, miR-150-5p, miR-25-3p, and miR-
451a) [61–63] associated with the interindividual variability in flavanones absorption and
with the heterogeneity of the biological response to orange juice consumption, respectively.
However, single nucleotide polymorphisms and microRNAs are only two of the several
factors involved in those processes.

The interaction among diet, gut microbiota, and obesity has been intensively investi-
gated in recent years. A healthy gut microbiota is characterized by a greater diversity of
bacteria. However, gut diversity can be affected by the presence of clinical conditions such
as obesity, insulin resistance, and chronic inflammation [64]. Bacteroidetes and Firmicutes
constitute 90% of the fecal bacteria of healthy individuals, while some studies reported
a lower proportion of Bacteroidetes and higher levels of Firmicutes in obese individuals
compared with nonobese patients [58,64–67]. In our study, the gut microbiota prior to the
clinical trial had alterations (dysbiosis) that were likely associated with pathologic condi-
tions such as obesity, and both orange juices were capable of modulating this profile. We
noted increased Firmicutes abundance in 85.90% of fecal samples, which corroborates the
findings of other studies that noted increased Firmicutes to the detriment of Bacteroidetes.
This change may be associated with the chronic intake of a high-fat diet, particularly satu-
rated fat, which induces an increased Firmicutes/Bacteroidetes ratio and has implications
on gut microbiota not only at the phylum level, but also at the genus and species levels [68].

Recent studies have suggested that, after being assembled, the adult gut microbiota
represents a homeostatic microbial community that prevents profile changes through
priority effects, providing resistance to microbiota modulation [69,70]. Despite this, our
15-day clinical trial was able to provide some microbiota changes that could be associated
with the dietary intake of the bioactive compounds present in each orange juice. Although
alpha- and beta-diversity indices suggest that POJ and MOJ did not affect bacterial diversity,
POJ and MOJ intake resulted in a reduced Firmicutes/Bacteroidetes ratio, which supports
the beneficial role of orange juice flavanones and anthocyanins in the restoration of a
healthy gut microbiota profile in obese individuals. A study performed in mice that
received a high-fat diet also showed a significant decrease in Firmicutes abundance and
an increase in Bacteroidetes abundance after neohesperidin supplementation [71]. In
addition to orange juice intake, factors such as environment [68], diet [72], and exposure to
antibiotics [73,74] could result in changes in bacterial profile. Thus, the exclusion criteria
adopted in our study avoided the inclusion of patients who could add other variables to
the gut microbiota analysis.

By analyzing the most abundant bacterial genera, our study also found significant
interindividual variability before and after each intervention. Despite this, POJ and MOJ
similarly altered the relative abundance of 53.33% of the bacterial genera, with fifteen
genera having their abundance increased and nine genera having their abundance re-
duced. This pattern suggests that the effects of orange juice on gut microbiota may be
partly variety-independent, because both juices modulate gut microbiota in the same
ways. In addition, six bacterial genera that include species related to the metabolism of
flavanones were identified (Eubacterium, Bacteroides, Bifidobacterium, Blautia, Lactobacillus,
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and Streptococcus), with four genera having their abundance increased and two genera
having their abundance reduced. These species are involved in O-deglycosylation, C-ring
fission, and dihydroxylation by colonic microbiota to phenolic acids [8].

Furthermore, positive correlations were observed between the genera Dorea and
Ruminococcus and anthropometric parameters, lipid parameters, and blood glucose. The
associations between these genera and anthropometric parameters have previously been
observed [75–77], as has their positive correlation with the lipid parameters [78,79]. These
correlations contribute to our hypothesis that both orange juices affected the gut microbiota
profile despite statistically significant differences not being extensively observed.

Differences in gut microbiota composition related to obesity and the impact of orange
juice intake were more evident when patients were grouped by BMI class. Because pa-
tients in different BMI classes are likely to have differences in basal metabolism, chronic
inflammation, nutritional quality, and food intake, factors that are known to influence gut
microbiota composition, the most abundant bacterial phyla and genera were also compared
in patients of similar BMI classes. We identified bacterial genera that were increased or
decreased according to the patient’s BMI class, regardless of the effect of orange juice intake.
For example, Bacteroidetes (phylum) and Bacteroides (genus) were more abundant in class
III obese patients after POJ and MOJ intake. This genus includes species involved in the
metabolism of flavanones [80] and anthocyanins [81–84], and a positive correlation was
observed in a previous study by our research group [30] between the relative abundance of
Bacteroides and the urinary contents of naringenin-7-O-glucuronide and hesperetin-7-O-
glucuronide after the consumption of 600 mL of POJ and MOJ. In contrast, the consumption
of flavanones may induce gut microbiota changes and impact SCFA production [85]. Bi-
fidobacterium, Lactobacillus, Bacteroides, and Eubacterium are some of the bacterial genera
involved in SCFA production [9,85].

We detected high SCFA levels in fecal samples collected before and after POJ interven-
tion, but we did not find the same results before and after MOJ intake. Regardless, only
acetate production was significantly altered by POJ. The absence of significant changes may
be explained by the lower abundance of some bacterial genera (such as Bifidobacterium and
Lactobacillus) in obese individuals with insulin resistance [68]. Furthermore, the duration
of the intervention may not have been sufficient to induce significant changes in the gut
microbiota of obese individuals, and the nutritional quality of the patients’ diet may have
made it difficult to observe the effects of orange juice. Previous studies that evaluated
the effects of polyphenols in higher concentrations reported a greater abundance of Bifi-
dobacterium and higher SCFA concentrations concomitantly, indicating that polyphenol
intake may modulate the gut microbiota and increase the production of these microbiota
metabolites [86,87].

In this way, our study compared the effect of the consumption of juices obtained
from two orange cultivars that present a similar chemical composition, except for the
anthocyanins of Moro oranges, and different results were obtained in most of the parameters
and biomarkers analyzed. Thus, our results highlight the importance of considering the
food matrix (and not only the bioactive compound) when studying the effect of diet
on human health. In addition, the large interindividual variation is a factor hindering
the identification of significant responses, which limits the visualization of the possible
biological effects resulting from orange juice intake. We grouped patients based on their
obesity classes to mitigate this variation, an experimental approach that allowed us to show
certain responses (not previously shown) that would not have been evident if they were all
analyzed together.

Our study has some limitations, mainly related to the study population. This was a
randomized crossover study carried out with a specific population (obese patients with
prediabetes and insulin resistance who were under the care of the Dante Pazzanese Insti-
tute of Cardiology), which emphasizes the need for further studies in different groups.
Additionally, the analyses carried out by obesity class presented considerably reduced
numbers of participants, which make us consider realizing the following studies with
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larger populations. We also assume that the intervention may not have been long enough
to evidence the effects of POJ and MOJ on some parameters of interest. Thus, a study with
a long-term intervention will allow us to confirm this study’s findings and improve the
results on parameters and biomarkers that did not present significant changes.

5. Conclusions

The present study showed that patients with insulin resistance and different BMI
classes presented a gut microbiota with obesity-associated alterations (dysbiosis), and the
consumption of Pera and Moro orange juices could modulate this profile and improve
obesity-associated dysbiosis.

The consumption of POJ and MOJ also had a positive effect on plasma lipid parameters
in addition to inflammatory and oxidative stress biomarkers, particularly 8-OHdG. Several
other metabolic parameters, although not statistically significant, showed positive trends
that may contribute to our understanding of the effects of the consumption of orange juice
on the reduction in subclinical inflammation associated with obesity.

For the first time, the effects of Brazilian orange juice intake were evaluated in patients
with different BMI classes. The findings suggest that individuals with higher BMIs can
benefit more from orange juice consumption.

Despite differences in orange juice composition, similar metabolic and gut microbiota
changes were observed after both POJ and MOJ intake, thereby reflecting the general
benefits of orange juice consumption such as an improved F/B ratio, rather than orange-
variety-associated benefits. Additional studies are needed to improve our knowledge about
the mechanisms involved in the different beneficial effects of the ingestion of the juices of
different orange varieties.
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