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A B S T R A C T

Background: Doxorubicin (DOX) is a highly effective chemotherapy drug widely used to treat
cancer, but its use is limited due to multisystemic toxicity. Lipid metabolism is also affected by
doxorubicin. Orange juice can reduce dyslipidemia in other clinical situations and has already
been shown to attenuate cardiotoxicity. Our aim is to evaluate the effects of Pera orange juice
(Citrus sinensis L. Osbeck) on mitigating lipid metabolism imbalance, metabolic pathways, and
DOX induced cytotoxic effects in the heart and liver.
Methods: Twenty-four male Wistar rats were allocated into 3 groups: Control (C); DOX (D); and
DOX plus Pera orange juice (DOJ). DOJ received orange juice for 4 weeks, while C and D received
water. At the end of each week, D and DOJ groups received 4 mg/kg/week DOX, intraperitoneal.
At the end of 4 weeks animals were submitted to echocardiography and euthanasia.
Results: Animals treated with DOX decreased water intake and lost weight over time. At echo-
cardiography, DOX treated rats presented morphologic alterations in the heart. DOX increased
aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol, high density
lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides. It also reduced superoxide
dismutase (SOD) activity, increased protein carbonylation in the heart and dihydroethidium
(DHE) expression in the liver, decreased glucose transporter type 4 (GLUT4) and the nuclear
receptor peroxisome proliferator-activated receptor γ (PPARγ1) in the heart, and reduced carni-
tine palmitoyltransferase I (CPT1) in the liver.
Conclusion: DOX caused dyslipidemia, liver and cardiac toxicity by increasing oxidative stress,
and altered energy metabolic parameters in both organs. Despite not improving changes in left
ventricular morphology, orange juice did attenuate oxidative stress and mitigate the metabolic
effects of DOX.

* Corresponding author. Departamento de Clínica Médica Faculdade de Medicina de Botucatu, Av. Mario Rubens Guimaraes Montenegro s/n
Campus de Botucatu – Rubiao Jr 18618-876, Botucatu, SP, Brazil.

E-mail address: bertha.polegato@unesp.br (B.F. Polegato).

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2024.e36834
Received 27 March 2024; Received in revised form 14 August 2024; Accepted 22 August 2024

mailto:bertha.polegato@unesp.br
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e36834
https://doi.org/10.1016/j.heliyon.2024.e36834
https://doi.org/10.1016/j.heliyon.2024.e36834
http://creativecommons.org/licenses/by-nc/4.0/


Heliyon 10 (2024) e36834

2

1. Introduction

Doxorubicin (DOX) is an anthracycline class chemotherapeutic drug widely used in treating solid cancers such as breast, lung and
prostate, and hematological cancers such as acute myeloblastic and lymphoblastic leukemia [1]. Despite good results in cancer
treatment, DOX induces many collateral effects. Since DOX selectivity for tumor cells is not perfect, it has a cytotoxic effect intrinsically
associated with reactive oxygen species production in mitochondria [2,3]. There is a high affinity between DOX and mitochondria due
to cardiolipin, a phospholipid of the inner mitochondrial membrane. Inside mitochondria, DOX is converted into semiquinone that
reacts with O2 producing superoxide and H2O2, one of the most important reactive oxygen species (ROS). These ROS interact with
several molecules that lead to mitochondrial dysfunction, releasing pro-apoptotic signals [4,5].

Following mitochondrial dysfunction, DOX can induce an imbalance in the cellular energy metabolism of several tissues. The
energy metabolism is defined as the process by which living cells acquire energy from carbohydrates, lipids and proteins to perform its
basic functions [6]. In previous studies, DOX decreased the myocardial mitochondrial ATPases in rats treated acutely and chronically
with the drug [7], reduced the nuclear receptor peroxisome proliferator-activated receptor γ (PPARγ) in mice [8] and the glucose
transporter type 4 (GLUT4) in skeletal muscle of rats [9], as well as the carnitine palmitoyltransferase I enzyme (CPT1) [10], which are
all essential components of lipid and glucose metabolism.

The PPARγ are ligand-dependent transcription factors that regulate the transcription of various genes involved in energy meta-
bolism, adipogenesis and insulin sensitivity [11]. GLUT4 is a transporter that allows glucose to enter the cell across the membrane and
represents approximately 70 % of the total glucose transporters of the body and are controlled by PPARγ [12]. CPT1 is an enzyme
localized in the outer mitochondria membrane, that regulates the transport of fatty acids, derived from lipids, to the cytosol, where the
energy generation takes place.

The decreased ability to transport and oxidize blood fatty acids [13,14] in the liver and in the heart caused by DOX could be
negative, especially for the heart, which, under physiological conditions, has fatty acids as the main substrate for ATP production
[15–18].

The liver plays a central role in lipid metabolism, serving as the center for lipoprotein uptake, formation, and export to the cir-
culation [19]. Additionally, DOX causes an increase in blood triglycerides (TG) and in low-density lipid cholesterol (LDL), causing
dyslipidemia. Taken together, these changes in energy metabolism can lead to multiorgan dysfunction, such as cardiac dysfunction.

Chronic heart failure is the limiting side effect for using more effective doses of DOX in treating tumors. Therefore, pharmacology is
constantly looking for strategies to increase DOX selectivity for cancer cells or decrease the side effects of its treatment. Since DOX side
effects are associated with ROS production, several studies have obtained promising results investigating the effects of natural
compounds with antioxidant properties [20,21].

Studies on humans have shown that orange juice consumption can reduce dyslipidemia, showing a reduction in total cholesterol
(TC), LDL, TG and an increase in high-density lipid cholesterol (HDL) in normolipidemic and hyperlipidemic patients [22–25]. This
reduction in total and LDL cholesterol can be related to hesperidin and naringenin, flavonoids found in citric fruits that may modulate
lipid metabolism [26–28]. These flavonoids attenuated cardiotoxicity in pre-clinical studies. Also, Vitamin C administration improved
dyslipidemia caused by DOX [28][]. However, studies involving the consumption of whole orange juice and not just one of its
components are scarce in the literature.

We previously observed that orange juice intake improved the activity of enzymes related to lipid and glucose cellular metabolism
[29], which could impact lipid serum profile; however, the exact pathways involved in the cellular metabolism were not extensively
evaluated previously.

Therefore, the aim of this study was to evaluate the effect of Pera orange juice (Citrus sinensis L.Osbeck) consumption as a strategy to
mitigate changes in the metabolic pathways, lipid metabolism imbalance and cytotoxic side effects induced by DOX in the heart and
liver of rats.

2. Material and methods

2.1. Experimental protocol

Twenty-four 200g and 2-month-old male Wistar rats were kept in individual cages under controlled conditions with a 12-h light/
dark cycle and free access to standard chow. Rats were randomly divided in three groups of 8 animals: Controls (C); DOX (D); and DOX
plus Pera orange juice (DOJ). DOJ animals received orange juice only ad libitum for 4 weeks. C and D animals received water only for
the same period. All liquids and chow were replaced every 24 h and daily intake recorded. Body weight was recorded every week.

D and DOJ animals received intraperitoneal injections (IP) of DOX (4 mg/kg) at the end of each week, totaling 16 mg/kg DOX per
animal [30–32]. Group C animals received the same volume of sterile saline IP. Animals were anesthetized and submitted to echo-
cardiography 48 h after last injection. They were subsequently euthanized with thiopental sodium (120 mg/kg, IP) and heart, liver and
blood were collected. Blood was centrifugated and resulting serum stored at − 80 ◦C. Heart and liver were weighed, the left ventricle
was stored at − 80 ◦C, the liver was fixed with alcohol (70 %) and then embedded in paraffin.

Prior approval was obtained from our local ethics committee (protocol number CEUA 1306/2019) which complies with the
Brazilian National Council standards for the Control of Animal Experimentation. Pera orange juice was donated by Fundecitrus
(Foundation for Citriculture Protection, Araraquara, Brazil), and all juice was from the same production batch. The juice remained
frozen at − 80 ◦C until use. The main flavonoids found in the orange juice used in this study had been previously reported by our group
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[29].

2.2. Echocardiography

Animals were lightly anesthetized with ketamine (50 mg/kg, IP) and xylazine (10 mg/kg, IP). Echocardiogram was performed
using Vivid S6 (General Electric Medical Systems, Boston, MA, USA) with a 5.0–11.5 MHz multifrequency transductor by the same
examiner blinded to animal groups. The following structural variables were obtained by bidimensional analysis: posterior wall (PWT)
and interventricular septum thickness (IST), left atrium (LAD), and left ventricle systolic (LVSD) and diastolic diameters (LVDD). The
following functional variables were obtained using transmittal Doppler: peak initial diastolic filling velocity (E wave), peak late
diastolic filling velocity (A wave), and isovolumetric relaxation time (IRT). We additionally performed tissue Doppler to evaluate
systolic (S′), initial (E′), and late (A’) mitral ring displacement in the lateral and septal wall. Left ventricular shortening fraction (SF =

(LVDD-LVSD)/LVDD) and E/A ratio were used as functional parameters for systolic and diastolic function, respectively [33].

2.3. Biomarkers of hepatotoxicity and dyslipidemia

Alanine aminotransferase (ALT) and serine aminotransferase (AST) enzyme levels were used to evaluate hepatic toxicity. Metabolic
disturbance was evaluated by measuring glucose, TG, TC, and HDL levels in serum samples. All assays were performed by colorimetric
enzymatic methods (Labtest, Belo Horizonte, Brazil) in a spectrophotometric analyzer. LDL values were calculated by the Friedewald
formula: LDL = CT-HDL- (TG/5) [34].

2.4. Oxidative stress

Liver samples were cut (8 μm) and placed onto gelatin-coated histological slides. Dihydroethidium (DHE) solution (5 μM DHE +

0.05 % DMSO) was applied to slides. Superoxide content in liver was measured by fluorescence of 2-OH-ethidium using a fluorescence
microscope with a red excitation filter and quantified by ImageJ software through mean fluorescence per unit area [35]. Left ventricle
tissue was homogenized in sodium phosphate buffer (pH 7.4, 0.01 M) and centrifuged (800×g/10 min 4 ◦C). Supernatant protein
content was determined using the Bradford colorimetric method (Bio-Rad, Hercules, CA, USA). Superoxide dismutase (SOD) and
Catalase activity, and protein carbonylation were measured by spectrophotometric assay, as previous described [36].

2.5. Western blot

We quantified PPAR-γ (peroxisome proliferator-activated receptor gamma), CPT-1 (carnitine palmitoyl transferase 1), GLUT-4
(glucose transporter type 4), and TNF-α (tumor necrosis factor alpha) in left ventricle tissue. Samples were homogenized in extrac-
tion buffer (NaCl 1M, Triton 1 %, Sodium deoxycholate 0.5 %, SDS 0.1 %, Tris base, proteinase inhibitor 1 %, Sodium orthovanadate 1
%, NaF 1M-1%) using a bead homogenizer (Bullet Blender® homogenizer, model BBX24, USA). Samples were then centrifuged
(800×g/10 min 4 ◦C) and supernatant protein content determined by the Bradford colorimetric method (Bio-Rad, Hercules, CA, USA).
Homogenates were diluted in Laemmli Buffer (100 ◦C/5 min) and placed in 10 % SDS–PAGE gel (Tris - HCL 240 mM pH 8.9, poly-
acrylamide 4%, glycerol, APS and TEMED) for electrophoretic separation [37]. After the electrophoresis run, proteins were transferred
to nitrocellulose membranes by a mini-transblot system (Bio-Rad, Hercules, CA, USA). Membranes were blocked with 5 %
Blotting-Grade Blocker (Bio-Rad, Hercules, CA, USA) and subsequently incubated overnight with anti-GLUT-4 (sc-53566, 65 kDa,
1:200 dilution, Santa Cruz Biotechnology, Dallas, TX, USA), anti-PPAR-γ (sc-7273, 54/57 kDa, 1:500 dilution, Santa Cruz Biotech-
nology, Dallas, TX, USA), anti-TNF-α (sc-52746, 26 kDa, 1:500 dilution, Santa Cruz Biotechnology, Dallas, TX, USA), anti-CPT1
(sc-393070, 86/90–94 kDa, 1:300 dilution, Santa Cruz Biotechnology, Dallas, TX, USA), or anti-GAPDH (sc-32233, 37 kDa,
1:40000 dilution, Santa Cruz Biotechnology, Dallas, TX, USA). Membranes were then incubated with HRP-conjugated secondary
antibodies for 90 min. Protein immunodetection was performed by chemiluminescence using Immobilon® Classico Western HRP
Substrate (Millipore, USA). Protein signal was recorded by ImageQuant™ LAS 4000 (GE Healthcare, USA) and quantified by ImageJ
software. We analyzed 6 samples per group and performed inter experiment controls using the same control sample in each elec-
trophoresis run. Normalization was performed by mean expression of control samples in each blotting and by GAPDH expression.

2.6. Immunohistochemistry

Liver samples were cut (8 μm) and placed onto silane-coated slides. Slides were then subjected to antigen retrieval in 0.01 M citrate
buffer pH 6.0 (120 ◦C/20 min) in an electric pressure cooker. Subsequently, slides were washed in peroxidase blockade solution (5 %
H2O2 in PBS) for 30 min, washed in non-specific antigen blockade solution (Bio-Rad, Hercules, CA, USA) for 30 min, and incubated
with anti-PPAR-γ (sc-7273, 54/57 kDa, 1:100 dilution, Santa Cruz Biotechnology, Dallas, TX, USA) or anti-TNF-α (sc-52746, 26 kDa,
1:100 dilution, Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4 ◦C. Slides were then incubated with a one-step horseradish
peroxidase (HRP)-polymer (Bio-Rad, Hercules, CA, USA) for 20 min. DAB chromogen (Bio-Rad, Hercules, CA, USA) was added to react
with polymer, and slides were stained with hematoxylin and eosin. Semiquantitative analysis consisted of calculating the immuno-
labelling index (%) for PPAR-γ. Qualitative TNF-α analysis consisted of counting the number of positive cells in the field. Images were
obtained using Olympus cellSens software (Olympus Corporation, Shinjuku, Japan).
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2.7. Statistical analysis

Variables with normal distribution were presented as means ± standard deviations. Variables with non-normal distribution were
presented as medians and quartiles. Normality was tested by Shapiro-Wilk. Analysis was performed by one-way ANOVA followed by
the Tukey test. We considered a statistical significance of 5 % for all analyses.

3. RESULTS

3.1. Body weight and liquid consumption

Throughout most of the protocol, animals that drank orange juice had a higher liquid intake than animals that received only water
(Fig. 1). DOX administration was responsible for a decrease in water intake (Fig. 1) and weight loss over time (Table 1) as initial body
weight was similar between groups. When normalized by body weight neither treatment modified LV or liver mass (Table 1).

3.2. Echocardiogram

When normalized to body weight, DOX increased the diameter of all chambers, confirming that DOX induced morphological al-
terations in the heart. In addition, DOX elevated PWT and LVMI, meaning that it induced heart hypertrophy. Complementary treat-
ment with POJ either conjugated or not conjugated with DOX, did not modify any of these effects. We did not observe any influence
from treatments on functional parameters (Table 2).

3.3. Biomarkers of hepatotoxicity and dyslipidemia

These results are shown in Fig. 2. DOX treatment led to an increase in TC, LDL fraction, and TG, indicating that DOX causes
dyslipidemia. Pera orange juice consumption reduced TC, LDL, and TG compared to Group D. Neither DOX or POJ administration was
capable of changing glucose and HDL. As expected, DOX raised serum ALT and AST levels, indicating that it causes significant damage
to the liver and possibly to mitochondria. Orange juice consumption protected the liver against injury as we observed decreased AST in
the DOJ compared to D.

3.4. Oxidative stress

DOX treatment reduced SOD enzyme antioxidant activity in cardiac tissue without affecting CAT activity. We also observed
increased protein carbonylation in the heart, a marker for oxidative damage to cellular proteins. As DOX reduced oxidative defense and
increased oxidation products, we assumed that DOX caused an oxidative stress state in the heart. When orange juice was administered
together with DOX (DOJ group), we observed an increase in SOD activity and a decrease in protein carbonylation in the heart, sug-
gesting attenuation of oxidative damage in this tissue. In the liver, we observed an increase in DHE markers of DOX treated rats. As
DHE reacts with superoxide it means that the liver was in a high oxidative stress state. Also, orange juice administration attenuated
hepatic oxidative stress, as there was a decrease in DHE markers in DOJ compared to D (Fig. 3).

3.5. Protein expression by Western blot

In the heart, DOX reduced GLUT4 and PPARγ1 expression, which suggests changes in physiological cellular energy metabolism.

Fig. 1. – Liquid consumption.
Values are expressed as average consumption of liquid in seven days for all animals in each group (n = 8 rats/group). Animals treated with orange
juice had a higher liquid intake. Groups: Circle, control; square, doxorubicin; triangle, doxorubicin + orange juice. One-way ANOVA was applied
considering p < 0.05; a p < 0.0001 DOJ vs C group; o p < 0.0001 DOJ vs D group; and * p < 0.0001 C vs D group. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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DOX also decreased TNF-α expression in myocardial tissue. Pera orange juice partially restored PPARγ1 expression but had no effect on
TNF-α or GLUT4 expression. We observed no differences in CPT1 expression in heart tissue (Fig. 4).

3.6. Immunohistochemistry

In the liver, DOX decreased CPT1marking and increased TNF-α positive cells. In contrast, the DOJ group exhibited decreased TNF-α
positive cells and increased in CPT1 marking compared to the D group (Fig. 5). Taken together, these results suggest that orange juice
attenuates the changes in metabolic and inflammatory parameters in the liver.

4. Discussion

DOX induced cardiac and hepatic damage, changes in heart and liver oxidative markers, modified parameters related to cellular
metabolic control in both organs, and induced dyslipidemia. Orange juice administration mitigated dyslipidemia, decreased oxidative
stress, and modulated the expression of proteins involved in cellular metabolism.

Lipid control is modulated by several factors, including transcriptional factors such as PPAR-γ. DOX induced PPAR-γ down-
regulation, with subsequent changes in lipid and glucose metabolism, as this factor affects the transcription of proteins related to
lipid transport to the myocyte, (GLUT-4 and lipoprotein lipase) inhibiting adipogenesis [13,14]. Also, DOX may induce changes in
CPT-1, responsible for lipid transport and essential for β-oxidation [14,38]. In fact, we observed a decrease in GLUT-4 and PPAR-γ1
expression in the left ventricle, and reduced CPT-1 in the liver of animals treated with DOX.

Considering that 70 % of the energy used by myocardial metabolism comes from lipid oxidation, the heart is more susceptible to
injury when lipid metabolism is altered [39]. Recently, Ribeiro et al., showed that DOX decreased β-hydroxy acyl-CoA dehydrogenase
activity and increased phosphofructokinase activity, associated with lipid and glucose metabolism, respectively. In this study, orange
juice intake improved the activity of both these enzymes, but the molecular mechanisms behind the effects were not studied [29].

Previous studies have shown that orange juice consumption can improve dyslipidemia in human and in some experimental studies
[22–24,28,40,41]. To the best of our knowledge, this is the first study to evaluate the effect of orange juice consumption on dysli-
pidemia caused by DOX. We also observed that this beneficial effect was combined with improved CPT-1 expression in the liver and
improved PPAR-γ1 expression in the heart.

Mitochondrial mechanisms are also related to DOX-induced metabolic changes. DOX can decrease activity of the enzymes involved
in Krebs cycle and the electron transport chain [7,29], compromising cellular energy generation. DOX has a high affinity to

Table 1
– Body and organ weights.

C (n = 8) D (n = 8) DOJ (n = 8)

BW (g) 369 ± 69 239 ± 34**** 227 ± 42****
Liver (g) 14.9 ± 3.93 10.1 ± 1.85*** 9.04 ± 1.34****
LV (g) 0.67 ± 0.13 0.44 ± 0.12**** 0.44 ± 0.07****
Liver/BW 3.98 ± 0.37 4.23 ± 0.45 4.03 ± 0.49
LV/BW 1.81 ± 0.10 1.84 ± 0.41 1.94 ± 0.19

BW, body weight at the end of experiment; LV, left ventricle; LV/BW, left ventricle weight corrected by body weight. Groups: C -
control; D - doxorubicin; DOJ - doxorubicin + orange juice. One-way ANOVA was applied considering p < 0.05; ***p < 0.001 and
****p < 0.0001 vs C group.

Table 2
– Echocardiographic parameters.

C (n = 8) D (n = 8) DOJ (n = 8)

PWT/BW (mm/kg) 3.43 ± 0.42 4.80 ± 0.61* 5.15 ± 0.66*
LAD/BW (mm/kg) 15.1 ± 2.45 21.6 ± 3.42**** 22.9 ± 3.44****
LVSD/BW (mm/kg) 8.97 ± 1.40 13.0 ± 3.42** 14.8 ± 3.24****
LVDD/BW (mm/kg) 20.0 ± 2.62 28.3 ± 3.94**** 30.3 ± 3.82****
E/A ratio 1.45 ± 0.23 1.49 ± 0.55 1.70 ± 0.38
IRT (ms) 23.8 ± 0.72 27.7 ± 2.92 28.2 ± 2.73
S’ (m/s) 3.56 ± 0.10 3.27 ± 0.11 3.37 ± 0.16
E’ (m/s) 3.51 ± 0.20 3.41 ± 0.59 3.63 ± 0.48
A’ (m/s) 4.74 ± 0.28 3.31 ± 0.52 3.24 ± 0.31
FS (%) 54.9 ± 5.29 54.2 ± 9.94 51.3 ± 8.39

Groups had no difference in heart rate (not shown). Structural parameters: PWT/BW, posterior wall thickness normalized by body weight; LAD/
BW, left atrium diameter normalized by body weight; LVSD/BW, left ventricle systolic diameter normalized by body weight; LVDD/BW, left
ventricle diastolic diameter normalized by body weight. Functional parameters: IRT - isovolumetric relaxation time; S′- systolic displacement of
the mitral ring in the lateral and septal wall; E′- initial displacement of the mitral ring in the lateral and septal wall; A’ - late displacement of the
mitral ring in the lateral and septal wall. Groups: C, control; D, doxorubicin; DOJ, doxorubicin + orange juice. One-way ANOVA was applied
considering p < 0.05; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs C group.
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mitochondria due to high cardiolipin content in its membrane, which leads tomisfunction of the electron transport chain and increased
reactive oxygen species (ROS) formation [42–44]. An antioxidant defense and ROS imbalance culminates in a state known as oxidative
stress. Superoxide is one of the main ROS produced by mitochondria. These ROS can react with DNA, lipids and proteins, generating
intermediate products such as protein carbonylation. In our study, we observed increased protein carbonylation in the heart and

Fig. 2. – Biomarkers of hepatotoxicity and dyslipidemia
LDLc - low density lipoprotein cholesterol; HDLc - high density lipoprotein cholesterol; AST - Aspartate transaminase; ALT - Aspartate transaminase.
Groups: C, control; D, doxorubicin; DOJ, doxorubicin + orange juice. One-way ANOVA was applied considering p < 0.05; ap<0.05 and aap<0.01 vs
DOJ, and *p < 0.05 and ****p < 0.0001 vs C.
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increased superoxide species in the liver, shown by the DHE marker. As expected and previously shown by other authors [29,45–51],
orange juice consumption was able to decrease both parameters in our study.

One important aspect is the fact that we did not observe effects any from orange juice on cardiac morphology or function. Cardiac
remodeling is an adaptive process that can pass through aggression, genetic modulation, and cellular and molecular changes, which
result in morphological and function changes. We believe that experimental time could impact these results.

We observed decreased serum AST concentrations in animals treated with DOX and orange juice. This could represent an
improvement in liver damage, as AST is abundant in hepatocytes [52–54]. However, mitochondria also have a large amount of AST,
and the improved AST in our study may be a marker of decreased mitochondrial injury [55]. Favoring this hypothesis is the fact that
orange juice consumption in our study did not improve serum ALT content.

DOX is metabolized by CYP450, an enzyme abundant in hepatocytes near blood vessels [56]. Our study showed more pronounced
TNF-α marking in areas near blood vessels in the liver, suggesting an increase in hepatic inflammation induced by DOX. Interestingly,
orange juice decreased TNF-α marking in the liver, which agrees with previous studies showing the anti-inflammatory properties of
orange juice [57–59]. Specifically in the DOX-induced toxicity model, administration of naringenin, a flavonoid present in orange
juice, also decreased TNF-α and hepatic inflammation [27]. Unexpectedly, we also observed decreased TNF-α in heart tissue of DOX

Fig. 3. – Oxidative stress parameters
A: heart parameters; B: hepatic parameters using dihydroethidium (DHE) technique. SOD: superoxide dismutase. Groups: C, control; D, doxorubicin;
DOJ, doxorubicin + orange juice. One-way ANOVA was applied considering p < 0.05; *p < 0.05 and **p < 0.01 and ****p < 0.0001 vs C, and
ap<0.05 and aap<0.01 and aaap<0.001 vs DOJ. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 4. – Heart protein expression evaluated by Western blot
Groups: C, control; D, doxorubicin; DOJ, doxorubicin + orange juice; OJ, orange juice. TNF-α - tumor necrosis factor alpha; CPT-1 - carnitine
palmitoyl transferase 1; PPAR-γ -peroxisome proliferator-activated receptor gamma; GLUT-4 - glucose transporter type 4. One-way ANOVA was
applied considering p < 0.05. **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs C, and ap<0.05 vs DOJ.
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treated rats as several studies have described increased TNF-α in DOX-induced cardiotoxicity [60–63]; however, most of them used
ELISA to determine TNF-α concentration instead of Western blot analysis.

Our study has some limitations. We did not perform all the analysis in heart and liver due to technical problems in the collection of
the organs. Also, we did not evaluate the complete pathway involved in the energy metabolism regulation. Further studies should be
performed to investigate the contribution of each compound of orange juice in the beneficial effects observed in the present study.

Taken together, our results suggest that orange juice could be an interesting strategy in mitigating DOX induced multiorgan
toxicity. The potential to use orange juice in translational studies are excellent since it is low cost, palatable, and widely available
throughout the world.

5. Conclusion

As hypothesized, DOX induced dyslipidemia, increased oxidative stress in the liver and heart and induced changes in metabolism
related cellular markers in both organs, characterizing the toxicity of this chemotherapy drug. Even though orange juice adminis-
tration did not impact left ventricular morphology, it attenuated dyslipidemia, oxidative stress and metabolic marker changes caused
by DOX. Orange juice consumption may be an effective strategy for mitigating DOX induced toxicity.
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