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Abstract: Cardiovascular disease is a leading cause of death worldwide. Heart failure is a cardio-
vascular disease with high prevalence, morbidity, and mortality. Several natural compounds have
been studied for attenuating pathological cardiac remodeling. Orange juice has been associated
with cardiovascular disease prevention by attenuating oxidative stress. However, most studies have
evaluated isolated phytochemicals rather than whole orange juice and usually under pathological
conditions. In this study, we evaluated plasma metabolomics in healthy rats receiving Pera or Moro
orange juice to identify possible metabolic pathways and their effects on the heart. Methods: Sixty
male Wistar rats were allocated into 3 groups: control (C), Pera orange juice (PO), and Moro orange
juice (MO). PO and MO groups received Pera orange juice or Moro orange juice, respectively, and
C received water with maltodextrin (100 g/L). Echocardiogram and euthanasia were performed
after 4 weeks. Plasma metabolomic analysis was performed by high-resolution mass spectrome-
try. Type I collagen was evaluated in picrosirius red-stained slides and matrix metalloproteinase
(MMP)-2 activity by zymography. MMP-9, tissue inhibitor of metalloproteinase (TIMP)-2, TIMP-4,
type I collagen, and TNF-α protein expression were evaluated by Western blotting. Results: We
differentially identified three metabolites in PO (N-docosahexaenoyl-phenylalanine, diglyceride, and
phosphatidylethanolamine) and six in MO (N-formylmaleamic acid, N2-acetyl-L-ornithine, caseg-
ravol isovalerate, abscisic alcohol 11-glucoside, cyclic phosphatidic acid, and torvoside C), compared
to controls, which are recognized for their possible roles in cardiac remodeling, such as extracellular
matrix regulation, inflammation, oxidative stress, and membrane integrity. Cardiac function, collagen
level, MMP-2 activity, and MMP-9, TIMP-2, TIMP-4, type I collagen, and TNF-α protein expression
did not differ between groups. Conclusion: Ingestion of Pera and Moro orange juice induces changes
in plasma metabolites related to the regulation of extracellular matrix, inflammation, oxidative stress,
and membrane integrity in healthy rats. Moro orange juice induces a larger number of differentially
expressed metabolites than Pera orange juice. Alterations in plasma metabolomics induced by both
orange juice are not associated with modifications in cardiac extracellular matrix components. Our
results allow us to postulate that orange juice may have beneficial effects on pathological cardiac
remodeling.

Keywords: Citrus sinensis L. Osbeck; cardiac remodeling; extracellular matrix metalloproteinases;
inflammation; cardiac function
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1. Introduction

Cardiovascular disease (CVD) is a leading cause of death worldwide [1,2]. Within
CVD, heart failure (HF) has a high prevalence and represents a burden to health systems and
patients due to its elevated morbidity and mortality [3]. HF is a complex and multifactorial
syndrome associated with cardiac remodeling [3,4]. Cardiac remodeling is characterized by
molecular, cellular, and interstitial changes that manifest as changes in heart size, geometry,
and function following various injury etiologies [5]. Several mechanisms are involved in
the pathophysiology of cardiac remodeling and heart failure development; these include
neurohormonal activation, inflammation, cell death, contractile protein changes, metallo-
proteinases regulation, fibrosis, extracellular matrix alterations, and oxidative stress [4].

It is estimated that up to 75% of premature CVD may be prevented or even treated
with healthy lifestyle choices, especially dietary patterns [6]. Regular consumption of food
rich in bioactive compounds has been associated with improved cardiometabolic health,
probably due to their antioxidant and anti-inflammatory properties [7,8].

Orange juice, which is a dietary-rich source of ascorbic acid, carotenoids, phenolic
acids, and flavonoids has been associated with the prevention of CVD [9–12]. We have
recently observed doxorubicin-induced cardiotoxicity attenuation [13] and improvements
in oxidative stress after myocardial infarction [14] in rats that received orange juice. Addi-
tionally, studies have shown that orange juice improves liver damage in obese rats, and
metabolism and clearance of blood lipoprotein particles in normolipidemic rats [15]. Two
recent studies have shown a reduction in plasma glucose, cholesterol, and low-density
lipoprotein [16], and beneficial changes in transcriptomics [17] in hypertensive patients
receiving orange juice.

Oranges are the most cultivated fruit in the world and make up 0.9% of total world
fruit production. The Pera orange (Citrus sinensis L. Osbeck var. Pera-Rio) is the variety
most commonly used for juice extraction. More recently, a type of blood orange (Citrus
sinensis L. Osbeck var. Moro) named Moro has been investigated for its health-related
properties [18,19]. Its typical red coloration is attributed to the presence of anthocyanins,
pigments with high antioxidant and anti-inflammatory properties not usually found in
sweet blond oranges [19]. Additionally, this type of orange has higher levels of ascorbic
acid and hesperidin, thus providing more antioxidant and anti-inflammatory properties
than Pera orange juice [20].

Traditionally, nutritional research is based on identifying specific compounds [21].
For example, eicosapentaenoic acid is often used in fish oil studies to describe the polyun-
saturated fatty acid group, but other potential compounds are not analyzed [21]. More
recently, integrative metabolomics has emerged as a science that provides a quantitative
and qualitative characterization of thousands of metabolites and nutrients simultaneously
in a biological sample [22]. It is a promising field of nutritional research which allows
the integrated and complete evaluation of specific molecules and their metabolic path-
ways, as well as inter-individual variability in metabolizing foods in health and disease
situations [23].

Few studies have used metabolomics to evaluate the effects of orange juice ingestion.
Moreira et al. showed that a two-week period of orange intake affected peroxisomal
and mitochondrial fatty acid β-oxidation in plasma from healthy volunteers and Rangel-
Huerta et al. reported that consumption of orange juice with different polyphenol levels
modulated inflammation and oxidative stress-related metabolites in overweight and obese
individuals [24,25]. In this study, we evaluated the effects of Pera and Moro orange juice
administration in healthy rats by plasma metabolomics. After metabolomic analysis, we
differentially identified three metabolites in serum of rats that received Pera orange juice
and six metabolites in rats treated with Moro orange juice. Since these metabolites are
related to extracellular matrix regulation, we performed morphological and biochemical
myocardial assessments to verify the influence of orange juice on myocardium from healthy
animals.
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2. Materials and Methods
2.1. Study Design

This study was approved by our local Ethics Committee (protocol nº 1285/2019) and
was performed in accordance with the National Council for Animal Experiment Control
standards. Sixty male Wistar rats weighing 250 to 300 g were allocated into 3 groups of
20 rats each: control (C), Pera orange juice (PO), and Moro orange juice (MO). The rats
were kept in a controlled environment with a 12 h light/dark cycle at 23 ± 2 ◦C and free
access to regular chow. PO and MO groups received pasteurized Pera orange juice or Moro
orange juice ad libitum, respectively. Controls received water with maltodextrin (100 g/L)
to match juice carbohydrate level. The experimental period was 4 weeks. Liquid intake
was measured throughout the experiment as the difference between daily offered volume
(100 mL) and amount remaining in bottles after 24 h (Figure 1). Juices were kindly donated
by Fundecitrus (Fundo de Defesa da Citricultura, Araraquara, SP, Brazil). At the end of
the experiment, rats underwent echocardiogram and were euthanized the next day after
anaesthesia with sodium thiopental, 120 mg/kg, intraperitoneal (IP). Hearts and blood
were collected. The hearts were washed in fresh saline, dissected, weighed, and stored at
−80 ◦C. Blood was collected and centrifuged; serum was stored at −80 ◦C.
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Figure 1. Flowchart of experimental protocol. PO: Pera orange juice; MO: Moro orange juice; ECM:
extracellular matrix; WB: Western blot; MMP: matrix metalloproteinase, TIMP: tissue inhibitor of
metalloproteinase.

2.2. High-Resolution Mass Spectrometry

Rat serum samples were subjected to analytical techniques to assess metabolomic pro-
file. Serum samples were prepared for five replication analysis according to Melo et al. [26].
Samples were subsequently ionized by electrospray and subjected to high-resolution mass
spectrometry (ESI-HRMS), in an ESI-LTQ-XL Orbitrap Discovery Analyzer (Thermo Sci-
entific, Bremen, Germany), with a nominal resolution equivalent to 30,000 (FWHM). Two
mass ranges were defined for our analysis, 100–700 m/z and 700–1700 m/z, both in positive
and negative mode of analysis, and spectra were analyzed using XCalibur Version 2.4
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(Thermo Scientific, San Jose, CA, USA). Biomarker identification and structural elucidation
were performed based on comparing experimental and theoretical masses using online
databases, such as METLIN (Scripps Center for Metabolomics, La Jolla, CA, USA). Initial
analysis suggested some differential biomarker expression between PO and C and MO
and C groups, which was based on mass accuracy in ppm. The most relevant biomarkers
were selected. Finally, identification of the selected biomarkers was confirmed based on the
ion fragmentation profile in tandem (MS/MS), using Mass Frontier software Version 6.0
(ThermoScientific, San Jose, CA, USA).

2.3. Echocardiogram

Rats were anesthetized with ketamine (50 mg/kg, IP) and xylazine (1 mg/kg, IP), and
subjected to echocardiogram using a commercially available echocardiograph (General
Electric Medical Systems, Vivid S6 model, Israel) with a 5.0–11.5 MHz multifrequency
transducer using a previously described method [27]. The following structural variables
were obtained by two-dimensional analysis: left atrium diameter (LA), LV diastolic and
systolic diameters (LVDD and LVSD, respectively), left ventricular (LV) diastolic and
systolic posterior wall thickness (PWT), septal wall thickness (SWT), and interventricular
septum thickness (IVST). Function was assessed by early and late diastolic mitral inflow
velocities (E and A waves), E/A ratio, E-wave deceleration time (EDT), and isovolumetric
relaxation time (IVRT). The evaluation was complemented by tissue Doppler imaging (TDI)
of systolic (S’), early diastolic (E’), and late diastolic (A’) velocity of the mitral annulus. Data
were used to calculate LV shortening fraction [(LVDD-LVSD)/LVDD] and E/E’ ratio.

2.4. Quantitative Analysis of Type I Collagen in Histological Sections

After euthanasia, a 2 mm thick cross-section ring of LV was obtained 5 mm from the LV
apex. The ring was placed in 10% buffered formaldehyde solution for 24 to 48 h and then
transferred to 70% ethanol solution until processing. These were then embedded in paraffin
block, and 5 µm thick sections were cut with a microtome and stained with picrosirius red.
The sections then underwent optical density examination and quantification of collagen
fiber content using Image Pro–plus (Media Cybernetics, Rockville, MD, USA) software (31).

2.5. MMP-2 Activity

Approximately 30 mg of LV tissue was added to extraction buffer (Tris 50 mM pH
7.4, NaCl 0.2 M, Triton X 0.1%, and CaCl2 10 mM), crushed and centrifuged. Protein
was quantified in supernatant by the Bradford method [28]. Samples (10 µg of protein)
were diluted in sample buffer (Tris 0.5 M pH 6.8, glycerol 50% and bromophenol blue
0.05%) and submitted to electrophoresis on 8% polyacrylamide plus 1% gelatin gels. After
running, the gels were washed with Triton X-100 2.5% and Tris-HCl 50 mM pH 8.4 and
incubated for 17 h at 37 ◦C with continuous agitation (tris-HCl 50 mM pH 8.4, CaCl2
500 mM buffer). Subsequently, gels were stained with Coomassie brilliant blue 2.5% and
discolored by 30% methanol and 10% acetic acid. A control sample was included in each
gel for normalizing results. Matrix metalloproteinase (MMP)-2 position in the gels was
confirmed by recombinant rat/mouse MMP-2 standard (R&D Systems, Minneapolis, MN,
USA). The gels were photographed by ImageQuant LAS (General Electrics Healthcare,
Arlington Heights, IL, USA) and analyzed by Gel-Pro 3.2 (Media Cybernetics, Rockville,
MD, USA).

2.6. Protein Expression

Samples of LV tissue (100 mg) were homogenized in RIPA buffer and centrifuged.
Supernatants were collected and total protein quantified by the Bradford method. Elec-
trophoresis was performed in acrylamide gels and proteins transferred to nitrocellulose
membranes, which were incubated in 5% skimmed milk. Then, membranes were incu-
bated with primary antibodies anti-matrix metalloproteinase (MMP-9), tissue inhibitor of
metalloproteinase (TIMP)-2, TIMP-4, type I collagen, and TNF-α (SC-393859, Santa Cruz
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Biotechnology Inc., Dallas, TX, USA; SC-21735, Santa Cruz Biotechnology Inc., Dallas, TX,
USA; BOST-PA1078, Boster Biological Technology, Pleasanton, CA, USA; SC-293182, Santa
Cruz Biotechnology Inc., Dallas, TX, USA; SC-52746, Santa Cruz Biotechnology Inc., Dallas,
TX, USA, respectively) for 12 h, and then incubated with secondary antibodies. Antibody
anti-GAPDH (SC-32233, Santa Cruz Biotechnology Inc., Dallas, TX, USA) was used for
normalization.

2.7. Statistical Analysis

Data are expressed as mean ± SD or median and lower and upper quartiles. Compar-
isons between groups were performed by one-way ANOVA or ANOVA on ranks comple-
mented by the Tukey test. A statistical significance of 5% was adopted. For metabolomic
analysis, principal component analysis (PCA) and partial least squares discriminant anal-
ysis (PLS-DA) data were evaluated by multivariate statistics. Through this analysis, we
were able to identify molecules which had different expressions between the PO and C or
MO and C groups. Selection of each biomarker was based on its importance for the model
evaluated, which was identified using the variable importance in projection (VIP) score.
From the most important biomarkers, a heatmap was designed using Euclidean distance
measurement and the Ward’s clustering method. PLS-DA, VIP score analysis, and heatmap
design were performed using MetaboAnalyst 3 software.

3. Results
3.1. Body Weight and Fluid Intake

Body weight at the end of the experimental period did not differ between groups
[C 368 (334–392); PO 365 (320–398); MO 354 (335–367) g; p = 0.478]. Daily fluid intake was
lower in MO than in C and did not differ between PO and C groups [C 67.7 (57.8–68.5); PO
64.9 (57.4–66.4); MO 62.8 (56.1–66.6) mL; p = 0.029].

3.2. High-Resolution Mass Spectrometry

The multivariate data analysis PLS-DA was performed, comparing m/z values and
precursor ion intensities between MO and C, and between PO and C groups, separated
into two mass ranges: m/z = 100–700 and m/z = 700–1700, on positive ion mode, as shown
in Figure 2. These analyses generated VIPs for biomarkers according to their importance
(Figure S1), which allowed identification of the most important differentially expressed
biomarkers for each juice group. These biomarkers were then evaluated for their frequency
in each orange juice group compared to controls; these are shown in the heatmap (Figure 3).

After selection, the most important biomarkers were submitted to in tandem mass
spectrometry and all metabolite fragments were acquired and analyzed for structural
elucidation. Then, by searching well-established metabolite databases, we were able to
select and identify three molecules in the PO and six molecules in the MO group which
were differentially expressed compared to the C group. Tables 1 and 2 show the datasets of
these molecules identified in PO and MO groups, respectively.

Table 1. Metabolomics biomarkers elected by partial least squares discriminant analysis (PLS-DA)
from plasma analysis of Pera orange (PO) group in positive ion mode.

Exact Mass MS/MS Theoretical Mass Adduct MID a Molecule Error
(ppm)

476.3168 * 325—572—755—492—843 476.3159 [M + H]+ 75476 N-docosahexaenoyl-
phenylalanine −1.88

709.6141 # 485—493—659—507 709.6135 [M + H-H2O]+ 59046 DG (20:4/24:1) −0.84

734.6044 # 615—703—367—418 734.6058 [M + H]+ 77570 PE (O-20:0/16:0) 1.90

High-resolution mass spectrometer (HRMS) biomarkers elected by partial least squares discriminant analysis
(PLS-DA) associated with variable importance in projection (VIP) score. Identification based on mass spectrometry
in tandem and metabolomics databases. MS/MS: ion fragmentation profile; a: METLIN ID; DG: diglyceride; PE:
phosphatidylethanolamine; *: mass range from m/z 100–700 Da; #: mass range from m/z 700–1700.
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Figure 2. Partial least squares discriminant analysis (PLS-DA) of orange juice ingestion (green)
and control groups (red) for two mass ranges. Graphics (a,b): m/z = 100–700; graphics (c,d):
m/z = 700–1700. C: control; PO: Pera orange juice; MO: Moro orange juice.
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Figure 3. Heatmap of important features from variable importance in projection (VIP) score in partial
least squares discriminant analysis (PLS-DA). Heatmap analysis of the most important biomarkers
elected through PLS-DA. Metabolites are displayed in rows and the samples are represented in
columns (� control samples (CT); � orange juice samples). Colors indicate metabolite intensity
for each sample, where darker red indicates a biomarker’s higher intensity and darker blue a
biomarker’s lower intensity. (a): identification of metabolites in control and Pera orange (PO) groups;
(b): identification of metabolites in control and Moro orange (MO) groups.

Table 2. Metabolomics biomarkers elected by partial least squares discriminant analysis (PLS-DA)
from plasma analysis in Moro orange (MO) group in positive ion mode.

Exact Mass MS/MS Theoretical Mass Adduct MID a Molecule Error
(ppm)

181.9853 * 165—136—112 181.9850 [M + K]+ 72080 N-formylmaleamic
acid −1.64

197.0893 * 127—134—179—81 197.0897 [M + Na]+ 3303 N2-Acetyl-L-
ornithine 2.02

361.1639 * 305—291—231—213 361.1646 [M + H]+ 93640 Casegravol
isovalerate 1.93

435.1981 * 403—393—365—417 435.1989 [M + Na]+ 94192 Abscisic alcohol
11-glucoside 1.83

455.1968 * 437—385—315—329 455.1959 [M + K]+ 58642 CPA (18:2) a −1.97

779.3994 # 659—719—709—733 779.3979 [M + K]+ 86383 Torvoside C −1.92

High-resolution mass spectrometer (HRMS) biomarkers elected by partial least squares discriminant analysis (PLS-
DA) associated with variable importance in projection (VIP) score. Identification based on mass spectrometry in
tandem and metabolomics databases. MS/MS: ion fragmentation profile; a: METLIN ID; CPA: cyclic phosphatidic
acid; *: mass ranges from m/z 100–700; #: mass range from m/z 700–1700.

Metabolomic analysis identified some metabolites that are precursors of molecules mostly
related to the biological processes involved in modulating inflammation, oxidative stress, and
extracellular matrix, which are important regulators of cardiac remodeling [4,29–33]. These
metabolites identified in the PO and MO groups may have beneficial effects on cardiac
remodeling and prevent heart failure development and progression. From metabolomic
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analysis, we proceeded to evaluate the myocardial components associated with inflamma-
tion and extracellular matrix regulation.

3.3. Echocardiography

Echocardiographic data after 4 weeks of juice intake showed no structural cardiac or
LV functional differences between the groups (Table 3).

Table 3. Echocardiographic data.

Variable C (n = 20) PO (n = 20) MO (n = 20) p-Value

HR (bpm) 323 ± 78 334 ± 67 350 ± 60 0.453

PWT (mm) 1.53 (1.45–1.53) 1.53 (1.53–1.53) 1.53 (1.45–1.53) 0.306

IVST (mm) 1.53 (1.53–1.64) 1.53 (1.53–1.58) 1.53 (1.53–1.65) 0.674

LVDD (mm) 6.68 ± 0.59 6.7 8± 0.64 6.71 ± 0.55 0.850

LVSD (mm) 2.60 ± 0.37 2.80 ± 0.5 2.70 ± 0.56 0.486

LA (mm) 4.34 ± 0.31 4.51 ± 0.32 4.47 ± 0.24 0.162

E/A 1.42 (1.25–1.60) 1.46 (1.38–1.62) 1.41 (1.34–1.57) 0.501

E’ (cm/s) 6.21 ± 1.09 6.17 ± 0.86 6.10 ± 0.23 0.947

A’ (cm/s) 3.93 ± 0.47 3.91 ± 0.56 4.11 ± 0.55 0.403

E/E’ 14.8 (13.9–15.6) 14.4 (13.2–15.3) 13.8 (13.3–15.6) 0.502

IVRTn (ms) 53.4 (47.9–58.0) 53.6 (50.4–60.3) 57.2 (53.1–59.3) 0.253

EDT (ms) 45.8 ± 6.60 49.6 ± 6.10 48.6 ± 5.20 0.132

S’ (cm/s) 5.82 (5.47–6.00) 5.97 (5.80–6.10) 5.95 (5.72–6.22) 0.351

FS 0.62 (0.58–0.64) 0.59 (0.56–0.62) 0.60 (0.56–0.64) 0.349
C: control; PO: Pera orange juice; MO: Moro orange juice. HR: heart rate; PWT: posterior wall thickness; IVST:
interventricular septum thickness; LVDD; left ventricle (LV) diastolic diameter; LVSD: LV systolic diameter; LA:
left atrium diameter; E/A: peak velocity of early ventricular filling/peak transmitral flow velocity during atrial
contraction; E’: peak early diastolic mitral annulus velocity determined by tissue Doppler imaging (TDI); A’: peak
late diastolic mitral annular motion velocity determined by TDI; IVRTn: isovolumetric relaxation time normalized
to heart rate; EDT: E-wave deceleration time; S’: peak systolic mitral annular motion velocity determined by TDI;
FS: fractional shortening. Data are expressed as mean ± SD or median and 25th and 75th percentiles; ANOVA
and Tukey.

3.4. Myocardial Collagen Content

Myocardium was evaluated using picrosirius red-stained histological sections for
quantitative collagen analysis. The percentage of collagen tissue did not differ between
groups (C 2.33 ± 0.66; PO 2.53 ± 0.58; MO 2.50 ± 0.64%; p = 0.744; Figure 4).
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3.5. Myocardial MMP-2 Activity

MMP-2 activity did not differ between groups (Figure 5).
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Figure 5. Matrix metalloproteinase (MMP)-2 activity by zymography. White bands represent the
position of gelatin digestion in the gel and, consecutively, MMP-2 activity. C: control; PO: Pera orange
juice; MO: Moro orange juice; K: kaleidoscope molecular weight standard; STD: positive control
(mouse/rat recombinant MMP-2, R&D System, MN, USA); AU: arbitrary units. Data are expressed
as mean ± SD; ANOVA and Tukey.

3.6. Type I Collagen, TIMP-2, TNF-α, MMP-9, and TIMP-4 Expression

Protein expression of type I collagen, TIMP-2, TNF-α, MMP-9, and TIMP-4 did not
differ between groups (Table 4).

Table 4. Protein expression analyzed by Western blot.

Variables C (n = 9) PO (n = 9) MO (n = 9) p Value

Type I collagen 1.022 ± 0.199 1.026 ± 0.167 1.026 ± 0.229 0.999

TIMP-2 1.079 ± 0.372 1.223 ± 0.548 0.902 ± 0.325 0.297

TNF-α 0.682 ± 0.321 0.767 ± 0.389 0.654 ± 0.280 0.759

MMP-9 1.004
(0.883–1.246)

1.098
(0.821–1.450)

1.119
(0.859–1.472) 0.647

TIMP-4 1.000
(0.839–1.115)

1.081
(1.007–1.179)

1.016
(0.823–1.229) 0.588

C: control; PO: Pera orange juice; MO: Moro orange juice; TIMP-2: tissue inhibitor of metalloproteinase-2; TNF-α:
tumor necrosis factor alpha; MMP-9: matrix metalloproteinase-9; TIMP: tissue inhibitor of metalloproteinase.
Data are expressed as mean ± SD or median and 25th and 75th percentiles, in arbitrary units; ANOVA and Tukey.

4. Discussion

This is the first study to assess plasma metabolomics in healthy rats that received
Pera or Moro orange juice. Using metabolomics, we identified three metabolites in the PO
group and six in the MO group that significantly differed from the controls in healthy rat
plasma after administration of Pera and Moro orange juice. Metabolomics is an emerging
and promising approach for identifying new biomarkers and providing new insights into
nutritional science [24], that allows a better understanding of the association between
specific substances and metabolic pathways.

In the past few years, several studies have focused on the role of antioxidants in orange
juice, mainly flavonoids (hesperidin and naringenin), carotenoids (xanthophylls, cryptox-
anthins, carotenes), and vitamin C as contributors in preventing or treating CVD and other
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chronic illnesses. However, most studies have evaluated isolated phytochemicals from the
orange juice instead of whole juice intake, and focused on pathological conditions [34–37].

We identified differentially expressed biomarkers according to their mass/charge (m/z)
ratios. Metabolites in the PO group corresponded to: N-docosahexaenoyl-phenylalanine
(m/z 476.3168), diglyceride (DG; 20:4/24:1) (m/z 709.6141), and phosphatidylethanolamine
(PE; O-20:0/16:0) (m/z 734.6044). The first metabolite is a phenylalanine-derived com-
pound, a lipid signaling molecule. Its activity is not completely understood, but seems
related to analgesic and anti-inflammatory action [38,39], indicating that it could be an
interesting target in cardiac remodeling [29,40]. DG and PE are involved in phospholipid
biosynthesis [41] such as lipid transportation, metabolism, and peroxidation. Diacylglyc-
erols are important players in modulating membrane fluidity [42]. PE is one of the most
abundant glycerophospholipids in the cell membrane, and essential for its integrity, particu-
larly in the human heart. After myocardial infarction, the main phospholipids significantly
decreased in the LV, indicating phospholipolysis [43]. Together, the presence of these
biomarkers in the plasma metabolomics of rats that received Pera orange juice suggests a
possible protective effect on cell membranes.

We identified six differentially expressed molecules in MO compared to controls:
N-formylmaleamic acid (m/z 181.9853), N2-acetyl-L-ornithine (m/z 197.0893), casegravol
isovalerate (m/z 361.1639), abscisic alcohol 11-glucoside (m/z 435.1981), cyclic phosphatidic
acid (CPA; 18:2) (m/z 455.1968), and torvoside C (m/z 779.3994). N-formylmaleamic acid is
a metabolite of nicotinamide, also known as Vitamin B3, which modulates inflammation,
cell signaling, and the synthesis of both nicotinamide adenine dinucleotide (NAD+/NADH)
and triphosphopyridine nucleotide (NADP+/NADPH), with a role in energy metabolism
and oxidative status [44–46]. Increased oxidative stress and inflammation stimulates
metalloproteinases, impairing cardiac remodeling. Therefore, N-formylmaleamic acid may
have antioxidant effects and contribute to cardiac protection.

N2-acetyl-L-ornithine is a precursor of L-arginine, an essential amino acid related
to nitric oxide (NO) [47]. Interestingly, O’Sullivan et al. have shown that NO modulates
MMP-9 expression and activity [48]. However, the results are conflicting, since NO seems
to act either inhibiting or activating MMP-9 [48]. Thus, as N2-acetyl-L-ornithine can be
metabolized to NO, which regulates MMP-9 activity; this molecule may interfere with the
dynamics and composition of the ECM.

Casegravol isovalerate, also known as sparoxomycin A1, is a coumarin compound found
in plants [49]. It has been used as an anticoagulant, antifungal, and antioxidant [50–52]. An-
other metabolite associated with MO juice consumption was abscisic alcohol 11-glucoside,
an intermediate of abscisic acid (ABA) biosynthesis. This molecule is a phytohormone
responsible for the synthesis of flavonoids in fruits, including anthocyanins. The biolog-
ical function of casegravol and abscisic alcohol 11-glucoside remains unknown in both
physiological and pathological processes [53–55].

CPA [18:2] acts in several biological functions, including antimitogenic regulation of
the cell cycle, inhibition of tumor cell invasion and metastasis, and regulation of neuronal
cell differentiation [56–58]. Furthermore, CPA induces hyaluronic acid synthesis in vitro
and in vivo [59,60]. Although hyaluronic acid is a major component of the ECM [61],
there are no studies related to its role in myocardial ECM. Lastly, torvoside C, also known
as steroidal saponin (SE), may modulate ECM and inflammation. In rats with diabetic
nephropathy, chronic treatment with SE decreased collagen-IV and fibronectin in the kid-
ney [62,63]. The addition of SE to in vitro prostate cancer cells reduced MMP-2 and MMP-9
activity and the expression of nuclear transcription factor-kappa B, and increased TIMP-2
activity [64]. Also, SE administration decreased TNF-α, interleukin-6, and interleukin-1-β
in rats with doxorubicin-induced cardiotoxicity [65]. This evidence suggests that steroidal
saponins are promising substances in the treatment of pathologies related to ECM changes
and inflammation, such as heart failure.
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To the best of our knowledge, we did not identify studies that evaluated the metabolomics
after orange juice intake in heart disease models, which could be interesting to characterize
the possible protective effect of these metabolites in pathological pathways.

In this study, orange juice induced changes in plasma metabolites related to the
regulation of myocardial ECM, inflammation, oxidative stress, and membrane integrity.
These alterations were not associated with modifications in components of cardiac ECM
in healthy rats. Taken together, our findings allow us to hypothesize that orange juices,
especially Moro orange juice, may have beneficial effects in cardiovascular disease in which
ECM alteration and inflammation are involved in the pathophysiologic process. Studies
involving pathological cardiac remodeling models are needed to clarify this issue.

5. Conclusions

Ingestion of Pera and Moro orange juice induces changes in plasma metabolites
related to the regulation of myocardial extracellular matrix, inflammation, oxidative stress,
and membrane integrity in healthy rats. Moro orange juice induces a larger number of
differentially expressed metabolites than Pera orange juice. Alterations induced by both
orange juices in plasma metabolomics are not associated with modifications in components
of cardiac extracellular matrix.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo13080902/s1, Figure S1: Analysis of Variable Importance in
Projection (VIP) Score.
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