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Abstract: Obesity is an inflammatory disease associated with secondary diseases such as kidney
disease, which can cause lipotoxicity, inflammation and loss of organ function. Polyunsaturated fatty
acids act in the production of lipid mediators and have anti-inflammatory characteristics. In this work,
the objective was to evaluate renal histopathology in obese mice and the effects of treatment with
capybara oil (CO) (5000 mg/kg/day for 4 weeks). Parameters such as body mass, lipid profile, systolic
blood pressure, urinary creatinine and protein excretion, structure and ultrastructure of the renal
cortex, fibrosis, tissue inflammation and oxidative stress were analyzed. CO treatment in obese mice
showed improvement in the lipid profile and reduction in systolic blood pressure levels, in addition
to beneficial remodeling of the renal cortex. Our data demonstrated that CO decreased inflammation,
oxidative stress and renal fibrosis, as evidenced by quantifying the expression of TNF-α, IL-10,
CAT, SOD, α-SMA and TGF-β. Although treatment with CO did not show improvement in renal
function, ultrastructural analysis showed that the treatment was effective in restoring podocytes
and pedicels, with restructuring of the glomerular filtration barrier. These results demonstrate, for
the first time, that treatment with CO is effective in reducing kidney damage, being considered a
promising treatment for obesity.
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1. Introduction

Obesity is a complex chronic disease characterized by excess body fat/adiposity
harmful to health, as it increases the risk of long-term medical complications and decreases
life expectancy [1]. Data from the World Health Organization [2] indicates that about
600 million people worldwide, aged 18 or over, are obese. In 2017, obesity and overweight
were the cause of more than 4 million deaths worldwide [3]. It is believed that the main
factor capable of leading to obesity is caloric and energy consumption. It is now recognized
that the development of obesity is a complex interaction of biological and psychosocial
factors [4,5]. Its incidence can lead to the development of secondary diseases such as
metabolic syndrome and chronic kidney disease [6,7].

Chronic kidney disease generated by obesity occurs mainly as a consequence of the
imbalance between lipolysis and lipogenesis, generating an accumulation of lipids in the
kidney. Excess lipids can cause lipotoxicity, triggering an inflammatory process and loss
of organ function, which can lead to changes in urinary creatine and protein levels, for
example [8]. In addition, the metabolic demand required with increasing body mass leads
to the process of hyperfiltration, increasing intraglomerular pressure and, consequently,
the risk of kidney damage, especially in the tubules [9,10].
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The exact mechanism by which obesity leads to chronic kidney disease has not been
fully elucidated. Data in the literature points to reduced production of adiponectin and
excessive production of leptin by adipocytes as triggers for renal inflammatory disease.
There is intense oxidative stress associated with abnormal lipid metabolism and overactiva-
tion of the renin–angiotensin–aldosterone system, in an attempt to balance kidney function
altered by inflammation [11,12]. Mice fed a high-fat diet showed albuminuria and renal
pathophysiological changes, such as lipid accumulation, increased deposition of type IV
collagen in the glomeruli and macrophage infiltration in the renal medulla [13].

Polyunsaturated fatty acids (PUFAs), such as omega-3 and omega-6, are essential for
the individual and act as precursors for the production of lipid mediators. These mediators,
such as resolvins and lipoxins, have anti-inflammatory characteristics, such as inhibiting
the production of pro-inflammatory cytokines, activating transcription factors, recruiting
macrophages [14], in addition to modulating the release of reactive oxygen and nitric oxide
species [15]. In a previous study with obese mice, it was found that lipoxin is able to
attenuate the inflammatory process, reducing albuminuria, free radical production and
tubulointerstitial collagen deposition [16].

In patients with chronic kidney disease, a diet rich in omega-3 led to increased pro-
duction of anti-inflammatory mediators. As humans are not able to synthesize these com-
pounds, a diet rich in PUFAs for these patients becomes essential. The sources of PUFAs
are animal and vegetable; however, their extraction process is complex and generates a
small amount of final product [17].

In this context, the use of capybara oil (CO) as an alternative source of PUFAs is promising,
since it can be extracted in large concentrations. According to Fukushima et al. [18], the oil is
extracted from capybara fat and contains 17.9% alpha-linolenic fatty acid and 19.6% linoleic
fatty acid, which correspond to omega-3 and omega-6 PUFAs, respectively. In addition, the
oil is also made up of oleic (35.6 to 39.8%) and palmitic (20.7 to 24.3%) PUFAs [19]. There
are still few studies using CO, but data in the literature shows that it is able to accelerate
the healing process in skin wounds in mice [20] and improve steatosis, inflammation and
mitochondrial activity liver [21].

Based on this information, we aim to evaluate the renal pathophysiological changes in
C57Bl/6 mice with chronic kidney disease, caused by obesity, and the possible beneficial
effects of CO in the treatment of this disease.

2. Materials and Methods
2.1. Obtaining Capybara Oil

Subcutaneous capybara fat was donated by “Santa Luzia Farm” from Goias State,
Brazil. Animals were bred in captivity as authorized by “Brazilian Institute of Environment
and Renewable Natural Resources”. The fat was extracted using hydrothermal processing
in a water bath for liquid oil for oral treatment of mice [21].

2.2. Experimental Groups and Diets

All experimental procedures involving animals were approved by the Committee for
Ethics in Animal Experimentation of the State University of Rio de Janeiro (n◦ 031/2018).
Twenty four C57BL/6 male mice (3 months old) were maintained in a temperature con-
trolled environment (21 ± 2 ◦C) and controlled undergoing a reversed light cycle
(12 light/dark), in accordance with the Committee’s guidelines. The diets were man-
ufactured by Pragsoluções (Jau, São Paulo, Brazil) following the American Institute of
Nutrition recommendations for adult rodents, AIN93M, as detailed in Table 1 [22]. The
animals consumed 4 g daily diets for 18 weeks (free access to water) (n = 12/group): control
diet (CD) and high-fat diet (HFD). The CD contained 10% of total energy from lipids, while
the HFD had an addition of lipids (from lard), totaling 60% of the total energy from lipids.
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Table 1. Composition and energy content of the diets (AIN-93M-based diets).

Ingredients (g/Kg) Control Diet High-Fat Diet

Casein 140 190
Corn starch 620.69 250.68

Sucrose 100 100
Lard 0 320

Soy oil 40 40
Fiber 50 50

Vitamin mix 10 10
Mineral mix 35 35

Cysteine 1.8 1.8
Choline 2.5 2.5

Antioxidants 0.008 0.016
Total mass 1000 1000

Carbohydrates (% energy) 76 26
Protein (% energy) 14 14
Lipids (% energy) 10 60

Total energy (kcal/kg) 3573 5404

2.3. Treatment with Capybara Oil and Experimental Groups

In the last 4 weeks (from 15th to 18th weeks), mice were subdivided into four groups
according to treatment administration (n = 6/group): CD, CD treated with capybara oil
(CD + CO), HFD and HFD treated with capybara oil (HFD + CO). The capybara oil was
administered daily via orogastric gavage in the CD + CO and HFD + CO groups at a dose
of 5000 mg/Kg for four weeks. CD and HFD groups received water by oral gavage to also
be handled.

2.4. Body Mass and Systolic Blood Pressure

Weekly body mass (BM) was measured in precision balance to calculate daily capybara
oil intake and to evaluate body mass gain.

During the first 14 weeks (pre-treatment period), the systolic blood pressure (SBP) of
mice was measured monthly by the noninvasive caudal artery plethysmography method
(Kent Scientific, EUA) in all experimental groups with conscious animals. During the
treatment period (from 14th to 18th weeks), SBP was measured biweekly to assess the effect
of capybara oil on blood pressure evolution. The mean of three measurements of each
animal was used. Before the experimental period, the SBP was measured in animals with
the objective of acclimatizing them and attenuating possible future changes in pressure due
to stress.

2.5. Assessment of Renal Function

One day before euthanasia, the groups of animals were placed in metabolic cages
for 24 h urine collection (n = 3/cage). Urinary creatinine and protein concentrations were
determined accordingly with the manufacturer. All commercial kits used were purchased
from Bioclin (Bioclin, Belo Horizonte, Minas Gerais, Brazil).

2.6. Euthanasia

On the day of euthanasia, 18 weeks after the administration diets, the animals were
anesthetized with intraperitoneal injection of Pentobarbital (40 mg/Kg) and the blood was
removed by cardiac puncture. Plasma was obtained by centrifugation (1200× g, 15 min) and
stored at −80 ◦C. Then, the left kidneys were collected and frozen at −80 ◦C for oxidative
stress assays. In addition, the right kidneys were collected and fixed in 4% paraformalde-
hyde for optical analysis or 2.5% glutaraldehyde for electron microscopy analysis.
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2.7. Biochemical Measurement

Total cholesterol (TC), low-density lipoprotein (LDL), high-density lipoprotein (HDL),
very-low-density lipoprotein (VLDL) and triglycerides (TGs) in plasma were measured
by a colorimetric enzymatic assay according to manufacturer’s recommendations (Bio-
clin, Brazil).

2.8. Morphological Analysis

The kidneys were collected, fixed with 4% buffered paraformaldehyde. For histological
processing, kidney samples were dehydrated in an increasing series of 70% (24 h), 90%
(1 h) and 100% (1 h) ethanol and diaphanized in xylol 2× (15 min each) to then be soaked
in paraffin 2× (30 min each). After embedding in paraffin, blocks containing kidney
samples were sectioned into 5 µm-thick slices. The slices were stained with Hematoxylin–
Eosin (HE) for histopathological analysis, with Periodic Acid Schiff (PAS) for glomerular
basement membrane analysis or Picro Sirius Red (PSR) for analysis of renal fibrosis, and
then observed under a light microscope equipped with a CCD camera (Olympus BX53
with camera Olympus DP72, Nagano, Chubu, Japan). The Image-Pro Plus 7.0 program
(Media Cybernetics, Silver Springs, Maryland, EUA) was used to obtain the HE, PSR and
PAS images with a magnification of 20×, 40× and 40×, respectively.

2.9. Immunohistochemistry

The slides with the sections were diaphanized and hydrated. Antigen retrieval was
performed by citrate buffer at pH 6.0 incubation for 30 min at 60 ◦C. Endogenous per-
oxidase activity was blocked using 0.3% hydrogen peroxide (H2O2) and non-specific
binding of the polyclonal antibodies was blocked by incubation 5% (w/v) BSA. Subse-
quently, sections were incubated with antibodies, and these reactions were amplified using
a biotin–streptavidin system (Dako, Santa Clara, CA, USA). Immunoreactive products
were visualized using diaminobenzidine (DAB) reagent (Dako) and counter-stained with
hematoxylin. The slides were dehydrated and mounted with entellan mounting medium.
Control sections were obtained by primary antibody omission. We used anti-TNF-α
(sc-52746), anti-TGF-β (sc-130348), IL-10 (sc-8438) and anti-α-SMA (sc-53142) (dilution
1:200, Santa Cruz Biotechnology, Dallas, Texas, EUA) antibodies. Then, ten random fields
were obtained from each slide and observed under a light microscope. The expression of all
markings was quantified using the Image-Pro Plus 7.0 program at a magnification of ×20.

2.10. Oxidative Stress Assay

Kidney samples were homogenized using a tissue homogenizer in 500 µL of potassium
phosphate + EDTA (KPE) buffer (pH 7.5), and then were centrifuged at 600× g for 10 min
at 4 ◦C, the supernatant collected, and the pellet discarded. At the end, the samples were
stored at −20 ◦C until the moment of the analyses, as performed by Kennedy-Feitosa et al.
(2016) [23]. Superoxide dismutase (SOD) activity was assayed by monitoring adrenaline
(Sigma-Aldrich, St. Louis, MO, USA) inhibition auto-oxidation. The activity is determined
by inhibition of the epinephrine self-peroxidation product during auto-oxidation. For the
measurement of SOD activity, glycine buffer (pH 10.2) was used and the tissue samples
were arranged in three different volumes (1 µL, 2 µL and 3 µL). Then, 193 µL of glycine
buffer, 2 µL of catalase and 4 µL of epinephrine were added and the reading was done
immediately in a spectrophotometer (SpectraMax M5—Molecular Devices) at 480 nm.
As a control, a blank was made where the free oxidation of epinephrine was evaluated
without the samples. Catalase (CAT) activity was measured by decrease of H2O2 (Sigma-
Aldrich, St. Louis, MO, USA) rate, and concentrations was monitored. The activity of
the catalase enzyme was determined by the rate of decay of hydrogen peroxide (H2O2)
at known concentrations from the first minute of the reaction (1 min). For this assay,
“MIX” was prepared, containing 25 mL of distilled water and 40 µL of hydrogen peroxide.
Subsequently, 1 µL of sample was added to 99 µL of the MIX. The samples were read in a
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spectrophotometer (SpectraMax M5—Molecular Devices) at 240 nm absorbance using an
UV plate.

2.11. Electron Microscopic Study

Kidneys were collected, cut into small tissue blocks (1 mm3), and fixed in 2.5% glu-
taraldehyde at 4 ◦C. For transmission electron microscope, the fragments were washed
in 0.1 M sodium cacodylate buffer, after, postfixaded with 2% osmium tetroxide, tissues
were dehydrated in increasing series of acetone (30, 50, 70, 90 and 100%), 15 min each step,
and embedded in epoxy resin for three days at 60 ◦C. Ultrathin sections were contrasted
with uranyl acetate and lead citrate. Sections were examined with a JEM1011 electron
microscopy (JEOL, Akishima, Tokyo, Japan).

For scanning electron microscopy, the fragments were washed in 0.1 M sodium cacody-
late buffer, postfixed with 1% osmium tetroxide diluted in 0.1 M sodium cacodylate buffer.
After further washing, the material was dehydrated in an increasing series of ethanol (30,
50, 70, 90% and 2× absolute), 30 min each step. The material was taken to the critical point
device for the replacement of ethanol by CO2, later fixed in stubs with carbon tape and
metallized with gold. After metallization, the material was analyzed using a scanning
electron microscope JEOL-JSM-6390-LV (JEOL, Akishima, Tokyo, Japan).

2.12. Statistical Analysis

Data were expressed as mean ± standard deviation. Statistical analyzes were per-
formed by comparing the groups, and differences between them were tested. Data were
compared by Student’s t-test (pre-treatment period) or two-way ANOVA (post-treatment
period) followed by Holm Sidak’s post-test. The significance level used was 5%. Graphpad
Prism version 6.0 software (GraphPad Software, San Diego, CA, USA) was used to perform
statistical analysis and graphing.

3. Results
3.1. Physiological Analysis

The BM of the mice was verified weekly throughout the experimental period (week
0 to week 18). One day before the diets administration, the BM was measured (week 0)
(Figure 1A,B).

In the pre-treatment period (week 0 to week 14) (Figure 1A), the BM of the CD group
animals remained constant. The HFD group animals increased significantly over the weeks
compared to the CD group mice from the 4th week of the experiment.

In the post-treatment period (week 15 to week 18) (Figure 1B), the BM of the CD and
CD + CO mice remained constant. The BM of the HFD and HFD + CO groups animals
remained significantly higher when compared to the CD and CD + CO groups. The
HFD + CO group animals showed a reduction in BM at week 18; however, this reduction
was not significant in relation to the HFD group. Thus, the treatment with CO is not able to
significantly change the body mass of C57Bl/6 mice.

The SBP of the mice was measured monthly throughout the experimental period from
week zero. In the post-treatment period, SBP was measured biweekly in order to monitor
the effect of treatment on the evolution of hypertension (Figure 1C). In the pre-treatment
period, the SBP of the animals of the HFD group increased progressively and significantly
(173.5 ± 7.6 mmHg) compared to the animals of the CD group, which remained constant
(130.3 ± 4.5 mmHg). In the post-treatment period, the SBP of the animals in the groups
fed the control diet (CD and CD + CO) remained constant during all the weeks of the
experiment (133 ± 4.85 mmH and 130.9 ± 4.87 mmHg, respectively) and showed no
significant differences between them. On the other hand, the SBP of animals in groups fed
a high-fat diet (HFD and HFD + CO) showed a significant increase compared to animals
fed a control diet. However, the animals in the HFD + CO group showed a significant
reduction in SBP levels in the last week of treatment when compared to the HFD group
(159.66 ± 5.85 mmH and 176 ± 4.1 mmH, respectively).
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Figure 1. Evolution of body mass and systolic blood pressure. (A,B) Evolution of BM through
18 weeks in grams (g). (A) Body mass in pretreatment period. From the 4th week, the HFD animals
had a significant increase in BM when compared to the CD. (B) Body mass in post-treatment period.
The CD and CD + CO groups showed constant and significantly lower body mass than the HFD
and HFD + CO groups. The HFD + CO group showed a non-significant reduction in body mass
compared to the HFD group. (C) Systolic blood pressure measured in pre- and post-treatment period
in millimeters of mercury (mmHg). The HFD group showed a significant increase in SBP compared
to the CD group in the pre-treatment period. In the post-treatment period, the HFD and HFD + CO
groups showed a significant increase in relation to the CD and CD + CO groups. The HFD + CO
group showed a significant reduction in levels in the last week of treatment when compared to the
HFD group. (a) represents p < 0.05 compared to the CD group, (b) represents p < 0.05 compared to the
CD + CO group and (c) p < 0.05 compared to the HFD + CO group. n = 6 for all experimental groups.

3.2. Plasma Biochemical Analysis

Plasma levels of total cholesterol, HDL, LDL, VLDL and triglycerides were evaluated
in animals from all experimental groups (Table 2). The HFD group showed a significant
increase in the levels of total cholesterol, LDL, VLDL and triglycerides when compared
to the groups fed a control diet (CD and CD + CO). In the HFD + CO treated group, a
significant decrease in total, LDL and VLDL cholesterol levels was observed compared to
the HFD group. In the analysis of triglycerides, the HFD + CO group showed a decrease
in levels compared to the HFD group, but this decrease was not significant. In relation to
HDL, considered good cholesterol, the HFD + CO group showed a significant increase in
relation to the CD and HFD groups.
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Table 2. Biochemical parameters in plasma.

Parameters
(mg/dL)

Groups

CD CD + CO HFD HFD + CO

Total cholesterol 117 ± 19.5 133 ± 8.6 187.8 ± 15.5 a,b,c 150.5 ± 23.9
HDL 75 ± 5.2 94.2 ± 4.3 76.8 ± 5.7 c 98 ± 15.9 a

LDL 36 ± 9.8 34.6 ± 7.9 80.9 ± 9 a,b,c 63.1 ± 10.6
VLDL 13.6 ± 3 14 ± 2.2 23.3 ± 3.8 a,b,c 15.8 ± 3.2

Triglycerides 62 ± 9.7 64 ± 10.5 107 ± 16.2 a,b 81.5 ± 16.2
Total cholesterol; high density lipoprotein (HDL); low density lipoprotein (LDL); very low density lipoprotein
(VLDL) and triglycerides. The HFD group showed increased plasma levels of total cholesterol, LDL, VLDL and
triglycerides when compared to the CD and CD + CO groups. The HFD + CO group showed a significant decrease
in total cholesterol, LDL and VLDL levels compared to the HFD group. The HFD group showed a significant
increase in HDL levels compared to the HFD group and a non-significant decrease in triglyceride levels. (a–c)
represent p < 0.05 in relation to the CD, CD + CO and HFD groups, respectively. n = 6 for all experimental groups.

3.3. Assessment of Renal Function

Urinary levels of creatinine and total proteins were evaluated in the animals of the four
experimental groups (Figure 2). Urinary protein levels showed a significant increase in the
HFD group compared to the CD and CD + CO groups. The animals in the HFD + CO group
showed a reduction in protein excretion, but this decrease was not significant in relation
to the HFD group (Figure 2A). The results regarding urinary creatinine levels showed a
significant decrease in their excretion in the HFD group when compared to the CD and
CD + CO groups. The animals in the HFD + CO group showed an increase in creatinine
excretion compared to the HFD group, but this increase was not significant (Figure 2B).
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tubules preserved. However, the HFD group showed a loss in the structure of renal cor-
puscles and tubules, in addition to possible areas with lipid vesicles (asterisks). In the HFD 
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Figure 2. Biochemical parameters in urine. (A) Urinary protein levels (mg/24 h). Levels of urinary
protein where significant increase in the HFD group compared to the CD and CD + CO groups.
HFD + CO group showed a reduction in protein excretion, but not significant in relation to the
HFD group levels. (B) Creatinine levels (mg/dL). CD and CD + CO were significantly higher when
compared to the HFD group. HFD + CO group showed an increase in creatinine excretion compared
to the HFD group, but was not significant. (a) p < 0.05 compared to the CD group and (b) p < 0.05
compared to the CD + CO group. n = 6 for all experimental groups.

3.4. Histopathological Evaluation

Histopathological changes were analyzed by HE staining. The groups CD and
CD + CO presented Bowman’s capsule, glomeruli (arrows) and proximal and distal convo-
luted tubules preserved. However, the HFD group showed a loss in the structure of renal
corpuscles and tubules, in addition to possible areas with lipid vesicles (asterisks). In the
HFD + CO group, a decrease in areas with lipid vesicles and a beneficial remodeling of the
renal cortex was observed when compared to the HFD group, mainly in the proximal and
distal convoluted tubules and corpuscles (Figure 3A).

PAS staining was done to highlight basement membranes of glomerular capillary
loops and tubular epithelial. The HFD group presented an intensely stained basement
membrane, mainly involving the parietal leaflet of Bowman’s capsule (arrows) and in the
glomerular capillaries, compared to the CD and CD + CO groups. However, the HFD + CO
group showed preservation of the basement membrane of the capsule, of the glomeruli
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and of the proximal and distal convoluted tubules, presenting a coloration compared to the
groups fed a control diet (Figure 3B).
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Figure 3. Renal histopathology. (A) Coloration in Hematoxylin-Eosin (HE). The CD and
CD + CO groups showed preservation of Bowman’s capsule, glomeruli (arrows) and proximal
and distal convoluted tubules, unlike the HFD group, which showed areas with possible lipid vesicles
(asterisks). The HFD + CO group showed beneficial remodeling of the renal cortex when compared
to the HFD group. (B) Coloration in Periodic Acid Schiff (PAS). The HFD group showed an intensely
stained basement membrane, mainly involving the parietal leaflet of Bowman’s capsule (arrows) and
in the glomerular capillaries. The HFD + CO group showed preservation of the basement membrane
of the capsule, glomeruli, and proximal and distal convoluted tubules. Calibration bar: 100 µm (HE)
and 50 µm (PAS).

3.5. Evaluation of Renal Ultrastructure

In the analysis of renal ultrastructure by scanning electron microscopy (Figure 4), the
control groups (Figure 4A,B) presented intact podocytes (asterisk) consisting of primary and
secondary processes (pedicelles) (arrow). In addition, the cell body (star) and the filtration
slits were preserved between the regular interdigitations of the pedicels. However, the HF
group (Figure 4C) had a more dilated filtration slit (arrowhead) and pedicels with irregular
contours, and many did not present regular interdigitations, as well as thickening of the
primary processes (asterisk). The HF group treated with CO (Figure 4D) showed beneficial
remodeling of the primary and secondary processes, with regular pedicel interdigitations.
Additionally, the primary prolongations were thinner and elongated compared to the
HF group.

In the analysis of renal ultrastructure by transmission electron microscopy (Figure 5),
the animals in the control groups (Figure 5A,B) presented numerous pedicels (arrowhead)
with regular thicknesses forming the filtration slits (arrow) with evident membranes. Fur-
thermore, it was observed that the glomerular basal membrane (asterisk) is intact and
the pores of the glomerular capillaries pores (cross) were continuous. However, the HF
group (Figure 5C) presented alterations in the renal ultrastructure, such as thickening of the
glomerular basal membrane, variable and irregular sizes of the pedicels (arrowhead), where
pedicels with different thicknesses are observed. Additionally, there is discontinuity of the
pores of the fenestrated glomerular capillaries. The HF group treated with CO (Figure 5D)
showed beneficial remodeling of pedicel morphology (arrowhead) with filtration slits and
preserved membranes. In addition, integrity of the glomerular basal membrane, as well as
continuity of glomerular capillary pores was observed when compared to the HF group.
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Figure 4. Analysis of renal ultrastructure by scanning electron microscopy. (A) Control group;
(B) Control + CO group; (C) HF group; and (D) HF + CO group. The CD and CD + CO groups
showed preservation of the renal cortex and its cells. The HFD group showed alterations in
the cortex cells, showing a more dilated filtration slit and pedicels with irregular contours. The
HFD + CO group showed beneficial remodeling of primary and secondary processes compared to the
HFD group. Podocytes (*), pedicels (arrows), cell body (star) and glomerular filtration cleft dilatation
(arrowhead) are indicated. Calibration bar: 1 µm.
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Figure 5. Analysis of renal ultrastructure by transmission electron microscopy. (A) Control group;
(B) Control + CO group; (C) HF group; and (D) HF + CO group. The CD and CD + CO groups
showed preservation of the pedicels and filtration slits with evident membranes. The HFD group
presented alterations in the renal ultrastructure, with thickening of the glomerular basement mem-
brane, irregularity in the pedicels and discontinuity of the pores of the glomerular capillaries. The
HFD + CO group showed beneficial remodeling of pedicel morphology with preserved filtration slits
and membranes. The filtration slit (arrows), pedicels (arrowheads), glomerular basal membrane (*)
and fenestrated glomerular capillary pores (†) are indicated. Calibration bar: 1 µm.
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3.6. Renal Inflammatory Response Evaluation by Immunohistochemistry

In the specific immunostaining for TNF-α and IL-10 (Figure 6A and 6B, respectively),
the groups fed a control diet (CD and CD + CO) showed a small expression of these
cytokines. In contrast, the HFD group showed many areas of intense TNF-α staining
(arrows) in the proximal and distal convoluted tubules and glomeruli and few areas of IL-
10 staining. However, the animals in the HFD + CO group showed less frequent staining of
TNF-α and high expression of IL-10 when compared to the HFD group. The quantification
of TNF-α and IL-10 are represented in Figure 6C and 6D, respectively. The quantitative
analysis corroborates the findings described above, with a significant increase in TNF-α
levels in the HFD group and IL-10 in the HFD + CO group when compared to the other
groups. The groups fed with a control diet (CD and CD + CO) did not show any significant
difference between them.
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Figure 6. Immunostaining and quantification of anti-TNF-α and anti-IL-10 antibodies in the renal
cortex of experimental groups. (A) Photomicrographs of TNF-α-specific immunostaining. (B) Pho-
tomicrographs of specific immunostaining for IL-10. (C) Immunostaining quantification (pixel/µm2)
for anti-TNF-α antibody. TNF-α immunostaining was confirmed by quantification, where levels
were significantly higher in the HFD group compared to others. The HFD + CO group showed
decreased levels compared to the HFD group. (D) Quantification of immunostaining (pixel/µm2) for
anti-IL-10 antibody. IL-10 immunostaining was confirmed by quantification, where HFD levels were
significantly higher when compared to CD and CD + CO. The HFD + CO group showed an increase.
Arrows indicate positive immunostaining. (a–c) represent p < 0.05 in relation to the CD, CD + CO
and HFD + CO groups, respectively. n = 6 for all experimental groups. Calibration bar: 100 µm.

3.7. Analysis of the Activity of Enzymes Related to Oxidative Stress

In the analysis of the enzymatic activity of central proteins associated with oxidative
stress (Figure 7), the groups fed a control diet (CD and CD + CO) did not show any
significant difference between them. The HFD group showed a significant increase in CAT
(Figure 7A) and SOD (Figure 7B) activity compared to the other groups. Regarding the
HFD+CO group, there was a significant decrease in both SOD and CAT enzyme activity
compared to the HFD group.
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Figure 7. Evaluation of the activity of enzymes related to oxidative stress (U/mg). (A) Quantification
of the activity of the antioxidant enzyme CAT. (B) Quantification of SOD antioxidant enzyme activity.
The CD and CD + CO groups showed no significant difference in CAT and SOD levels between
them. The HFD group showed a significant increase in the activity of these enzymes compared to
the other groups. The HFD + CO group showed a significant decrease compared to the HFD group.
(a–c) represent p < 0.05 in relation to the CD, CD + CO and HFD + CO groups, respectively. n = 6 for
all experimental groups.

3.8. Renal Fibrosis Analysis

The deposition of collagen fibers was analyzed by PSR staining (Figure 8A), where an
increase in collagen deposition can be observed in the HFD group compared to the other
groups. In an immunohistopathological study, positive immunostaining of the anti-TGF-β
and anti-α-SMA antibody was observed in the renal cortex in all experimental groups
(arrows) (Figure 8B and 8C, respectively). The HF group showed intense labeling mainly
in the tubules, when compared to the groups fed with a control diet (C and C + CO). In
contrast, a decrease in marking areas was observed in the hyperlipidic group treated with
CO when compared to the HF group. Through the quantification of the anti-TGF-β and
anti-α-SMA antibody, a significant increase in the number of labeled cells was observed in
the HF group in relation to the C and C + CO groups, as well as a significant decrease of
this microfilament in the HF + CO group when compared to the HF group, as shown in
Figure 8D and 8E, respectively.
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(pixel/µm2) for anti-TGF-β and (E) quantification of immunostaining (pixel/µm2) for anti-α-SMA.
Arrows indicate positive immunostaining mainly in tubules. An increase in collagen deposition was
observed in the HFD group compared to the other groups. In an immunohistopathological study, a
significant increase in TGF-β and anti-α-SMA levels was observed in the HFD group when compared
to the CD and CD + CO groups. In the HFD + CO group, a significant decrease in this microfilament
was observed when compared to the HFD group. (a–c) represent p < 0.05 in relation to the CD,
CD + CO and HFD + CO groups, respectively. n = 6 for all experimental groups. Calibration bar:
100 µm (anti-TGF-β) and 50 µm (anti-α-SMA and PSR).

4. Discussion

The prolonged HF diet in C57Bl/6 mice is an established model of diet that induces
obesity [24]. Feeding with high lipid content (60% of total energy) to mice is known
to induce several systemic alterations, such as obesity, hyperglycemia, abnormal lipid
profile, renal alterations, including albuminuria and glomerular lesions [13], in addition to
increased SBP [25]. Functional changes are intensified by the degree and time of onset of
obesity and by the pro-inflammatory and pro-fibrotic environment typical of obesity. The
final result is morpho-structural glomerular alterations, which can manifest in the form of
obesity-associated glomerulopathy [26].

In the present study, we observed that the induction of obesity in C57BL/6 mice
caused an increase in BM and an increase in SBP. In agreement with previous studies, the
pathophysiology of obesity-associated hypertension depends on multiple factors includ-
ing diet, metabolism, endothelial and vascular dysfunction, neuroendocrine imbalance,
sodium retention, glomerular hyperfiltration, proteinuria, and maladjusted immune and
inflammatory responses [27,28]. Obese animals treated with CO showed a decrease in SBP
levels and a tendency to reduce body mass.

Evidence is increasing that lipotoxic cell injuries can cause kidney damage, includ-
ing inflammation, oxidative stress, fibrosis, changes in intracellular signaling pathways,
and lipid-induced apoptosis [29]. Our findings reveal that obese mice had altered lipid
parameters, altered structural and ultrastructural morphology with loss of renal function,
in addition to oxidative stress and increased renal fibrosis and inflammation.

Our findings showed that capybara oil treatment reduced renal fibrosis by decreasing
the expression of TGF-β and α-SMA, playing a renal protective role through the suppression
of collagen production. Previous studies have indicated that TGF-β acts as one of the key
mediators in the progression of pathological renal fibrosis through the production of
extracellular matrix, increasing type IV collagen gene expression in tubular epithelial cells,
causing renal hypertrophy and fibrosis [30–33]. One of the fibrotic effects of TGF-β occurs
by inducing apoptosis and is associated with podocyte depletion, glomerulosclerosis, loss
of glomerular or peritubular capillaries, and tubular atrophy [34,35].

The α-SMA is considered a marker of mature fibroblasts or myofibroblasts. The
production of myofibroblasts in the kidney is the critical step that leads to renal interstitial
fibrosis [36], where their formation is mediated by the epithelial–mesenchymal transition
(EMT). Thus, renal EMT is considered another important pathway in the pathogenesis
and progression of renal interstitial fibrosis [37], where there is a loss of epithelial cell
adhesion molecules, such as epithelial e-cadherin, which are transformed into mesenchymal
marker α-SMA [38,39]. Previous studies have indicated that inhibition of myofibroblast
accumulation via EMT is critical in preventing tubulointerstitial fibrosis and preserving
renal function [37–39]. Studies have shown that the use of omega-3 fatty acids reduced focal
tubular atrophy and interstitial fibrosis with suppression of renal α-SMA expression [40,41].

The generation of free radicals is a continuous and physiological process, but exces-
sive production can lead to oxidative damage [42]. In the present study, we observed
an increase in the activity of the antioxidant enzymes CAT and SOD in obese animals,
indicating an increase in reactive oxygen species (ROS) and, consequently, in oxidative
stress. Antioxidant systems exist in the form of enzymatic and non-enzymatic compounds.
The enzymatic antioxidant system includes SOD and CAT, for example. These enzymes are
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responsible for the removal of superoxide anion (O2•−) and hydrogen peroxide (H2O2), re-
spectively [43,44]. The imbalance between the antioxidant and pro-oxidant systems results
in oxidative stress, which promotes changes such as lipid peroxidation, DNA fragmentation
and oxidation of different molecules, leading to cell death [42]. Under obese conditions, in
the presence of excessive ROS production or inflammatory response, the kidney will have
a greater chance of being exposed to cellular stress, and may undergo structural changes
and loss of function [10,45–47].

Regarding the inflammatory profile, we demonstrated a reduction in renal inflam-
mation, with an increase in the expression of IL-10, an anti-inflammatory cytokine, and a
decrease in the expression of TNF-α, a pro-inflammatory cytokine, in obese mice treated
with capybara oil. TNF-α is an important mediator of inflammation and an important
participant in the pathogenesis of kidney injury, promoting apoptosis by inflammation
and the accumulation of the extracellular matrix, reducing the glomerular filtration rate
and increasing permeability to albumin [48]. IL-10 is a cytokine with important anti-
inflammatory properties, such as inhibition of pro-inflammatory cytokine production and
stimulation of anti-inflammatory cells, such as regulatory T cells and macrophages [49]. A
deficiency in IL-10 expression can worsen the development of CKD through the progression
of atherosclerosis [50].

To assess renal function, urinary creatinine and protein levels were analyzed. Creati-
nine is an important marker of renal function and is mainly derived from muscle creatine
metabolism and is excreted entirely in the urine, not being reabsorbed by the body. There-
fore, its urinary level decreases when there is a deficiency in renal filtration capacity,
suggesting that there is damage to the nephrons [51]. In addition, the presence of protein in
the urine, called proteinuria, is toxic to the tubules and can cause tubulointerstitial inflam-
mation and is associated with kidney damage through stimulation of pro-inflammatory
effects. Therefore, this biochemical marker is considered a strong parameter to identify
the progression of CKD [52]. In our study, the animals in the HFD group had decreased
creatinine excretion and proteinuria. Treatment with CO showed a tendency to increase
creatinine excretion and decrease proteinuria, but it was not considered a significant differ-
ence. Therefore, these data indicate that CO treatment was not able to improve the renal
function of obese mice. A previous study corroborates our findings, showing that a diet
rich in omega-3 is able to improve kidney injury caused by acute ischemic injury, but is not
able to improve kidney function [53].

Urinary excretion of proteins such as albumin causes glomerular diseases such as
podocyte damage, mesangial hypertrophy glomerulosclerosis, and vascular endothelial cell
dysfunction [54]. The glomerular filtration barrier consists of three layers: the glomerular
epithelium, the basal lamina, and the slit diaphragms. Slit diaphragms are formed by
the secondary processes of podocytes, the pedicels, and prevent the passage of proteins
into the urinary filtrate [55]. Therefore, as a result of podocyte injury and pedicels, the
cleft diaphragms rupture and increased urinary protein excretion occurs. Through the
transmission and scanning electron microscope, our results indicated that the HFD group
presented ultrastructural alterations, such as discontinuity of the fenestrated glomerular
capillaries pores and thickening of the glomerular basal lamina, in addition to variable
and irregular sizes of the pedicels, thus impairing the functioning of the filtration barrier.
Treatment with CO was able to induce a beneficial remodeling of pedicel morphology and
improve the integrity of the glomerular basal lamina.

The role of lipid dysregulation in inducing kidney damage in obese individuals has
been widely reported [56]. Despite increasing reports associating obesity and high lipid
loads with renal failure, the molecular mechanism that governs the development of renal
dysfunction, as well as its therapeutic targets, are not fully elucidated. Therefore, there is a
need to explore new therapeutic potentials to prevent and/or reverse the harmful effects of
obesity and renal pathophysiological changes.

Our study has shown in an unprecedented way that CO improves the pathophysiolog-
ical kidney damage caused by obesity. Although there are few works in the literature with
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CO, our group demonstrated that this alternative source of PUFAs was able to reverse the
liver damage associated with non-alcoholic fatty liver disease [21] and improve the healing
process of wounds in a Swiss mouse model [20]. Several studies already published have
observed beneficial effects of supplementation of animal-derived oils in obesity models,
especially those rich in essential PUFAs, such as fish oil, mainly due to their prominent
anti-obesogenic effects [57,58].

Studies with fish oil relate its beneficial effects in animals fed an HFD [58–60]. The
mechanisms by which PUFAs are beneficial for obesity and consequent injuries are not
well understood, but studies indicate that these fatty acids have effects on the regulation
of kinase function proteins and precursors of prostaglandins, leukotrienes and thrombox-
anes [61].

In previous studies, fish oil supplementation in spontaneously hypertensive rats
decreased blood pressure and area of renal injury, in addition to reducing cholesterol and
triacylglycerol concentrations in these individuals. The improvement in the lipid pattern
through this supplementation is one of the cardiac and renal protective factors found in
hypertensive patients [62,63]. Additionally, Kasiske et al. (1991) [64] demonstrated that fish
oil supplementation reduced albuminuria, mesangial expansion and glomerulosclerosis in
diabetic rats, in addition to decreased serum triacylglycerols and cholesterol and increased
HDL. Thus, supplementation with omega-3 was able to alleviate or improve the progressive
picture of kidney injury.

However, commercial production of omega-3-rich oils has primarily relied on marine
fish oils, which may be hampered by seasonal variations and marine pollution, where
growing demand is no longer sustainable [57]. In the current scenario, studies with
capybara oil demonstrate a promising alternative to extract the oil in larger quantities and
use capybara by-products, since the consumption of its meat is growing every day in Brazil,
in addition to being rich in PUFAs [20].

Our model demonstrated that HFD promotes renal lipotoxicity by finding lipid
droplets inside renal cells, in association with ultrastructural changes that lead to podocytes,
proteinuria and renal dysfunction. The effects of lipotoxicity caused by lipid accumula-
tion were also evidenced in this model, which includes oxidative stress with increased
antioxidant enzymes, inflammation and fibrosis of the renal cortex. However, the treatment
with CO showed beneficial effects, probably due to its composition and mainly to the high
content of omega 3, as already described by Fukushima et al. (1997) [18] and Pinheiro et al.
(2001) [19]. Despite not showing improvement in renal function after 4 weeks, CO was
efficient in reducing lipid droplets in renal cells and restoring podocytes and pedicels, with
restructuring of glomerular filtration. In addition, the treatment exerted antilipotoxic effects
such as neutralizing oxidative stress, increasing IL-10 expression, playing an important
role in modulating the activity of infiltrating immune cells, and decreasing TNF-α, which
led to the reversal of renal fibrosis. Thus, CO presents itself as a potential therapeutic
target for obesity-related kidney diseases, but further studies are needed to investigate the
composition of this source used and signaling pathways, limiting points of our work.

In conclusion, this study showed for the first time that daily treatment with CO orally
promoted a reduction in systemic blood pressure, reestablished renal parenchyma and lipid
parameters, decreasing oxidative stress and the expression of pro-inflammatory cytokines
in the renal cortex of obese mice with renal disease. In addition, it was able to restore
α-SMA and TGF-β levels, with a consequent decrease in renal fibrosis. Therefore, our
findings suggest that CO treatment is not only a therapeutic alternative capable of reducing
blood pressure, but also has beneficial effects on the structure and ultrastructure of the
kidney, improving the systemic and local effects caused by obesity.

Author Contributions: Conceptualization and study design: P.G.P., L.L.A. and B.T.C.; methodology:
P.G.P., L.L.A., K.R., A.L.R.N., A.C.N.M., A.B., F.V.G. and G.M.C.; writing first manuscript: P.G.P.;
editing: B.T.C. and J.F.R.d.S.; reviewing: All authors; funding support, J.J.d.C. All authors have read
and agreed to the published version of the manuscript.



Nutrients 2023, 15, 2925 15 of 17

Funding: This work was supported by: Rio de Janeiro Research State Foundation/FAPERJ [grant No.
E-26/202.995/2018]; National Research Council/CNPq [grant No. 316464/2021-0]; Higher Education
Personnel Improvement Coordination/Capes [Finance Code 001] and State University of Rio de
Janeiro/UERJ.

Institutional Review Board Statement: All experimental procedures involving animals were ap-
proved by the Committee for Ethics in Animal Experimentation of the State University of Rio de
Janeiro (n◦ 031/2018).

Acknowledgments: We would like to thank the Rio de Janeiro State University for all structural
support for animal experimentation and other techniques and Fazenda Santa Luzia for providing the
capybara subcutaneous fat. We are also grateful to Gilmar Moreira for taking care of the experimental
animals. We thank the Electron Microscopy platforms at UERJ. We also thank Fundação Oswaldo
Cruz for treating the samples and allowing access to its scanning electron microscopy (JEOL-JSM-
6390-LV) and Universidade Federal Fluminense (especially the Laboratory of Electronic Microscopy
of the Instituto de Biologia) for allowing access to its transmission electron microscopy (JEM1011).

Conflicts of Interest: We declare no competing interests in this work.

References
1. Prospective Studies Collaboration; Whitlock, G.; Lewington, S.; Sherliker, P.; Clarke, R.; Emberson, J.; Halsey, J.; Qizilbash, N.;

Collins, R.; Peto, R. Body-mass index and cause-specific mortality in 900,000 adults: Collaborative analyses of 57 prospective
studies. Lancet 2009, 373, 1083–1096. [CrossRef]

2. World Health Organization. Obesity and Overweight; World Health Organization: Geneva, Switzerland, 2016. Available online:
http://www.who.int/mediacentre/factsheets/fs311/en/ (accessed on 28 July 2017).

3. World Health Organization. Obesity and Overweight; World Health Organization: Geneva, Switzerland, 2021. Available online:
https://www.who.int/health-topics/obesity#tab=tab_1 (accessed on 8 June 2022).

4. Lin, X.; Li, H. Obesity: Epidemiology, Pathophysiology, and Therapeutics. Front. Endocrinol. 2021, 12, 706978. [CrossRef]
5. Williams, E.P.; Mesidor, M.; Winters, K.; Dubbert, P.M.; Wyatt, S.B. Overweight and Obesity: Prevalence, Consequences, and

Causes of a Growing Public Health Problem. Curr. Obes. Rep. 2015, 4, 363–370. [CrossRef]
6. Szeto, H.H.; Liu, S.; Soong, Y.; Alam, N.; Prusky, G.T.; Seshan, S.V. Protection of mitochondria prevents high-fat diet-induced

glomerulopathy and proximal tubular injury. Kidney Int. 2016, 90, 997–1011. [CrossRef]
7. Eo, H.; Park, J.E.; Jeon, Y.J.; Lim, Y. Ameliorative Effect of Ecklonia cava Polyphenol Extract on Renal Inflammation Associated

with Aberrant Energy Metabolism and Oxidative Stress in High Fat Diet-Induced Obese Mice. J. Agric. Food Chem. 2017, 65,
3811–3818. [CrossRef]

8. Kume, S.; Uzu, T.; Araki, S.; Sugimoto, T.; Isshiki, K.; Chin-Kanasaki, M.; Sakaguchi, M.; Kubota, N.; Terauchi, Y.; Kadowaki, T.; et al.
Role of altered renal lipid metabolism in the development of renal injury induced by a high-fat diet. J. Am. Soc. Nephrol. 2007, 18,
2715–2723. [CrossRef]

9. Kovesdy, C.P.; Furth, S.L.; Zoccali, C.; World Kidney Day Steering Committee. Obesity and kidney disease: Hidden consequences
of the epidemic. J. Nephrol. 2017, 30, 1–10. [CrossRef]

10. Bobulescu, I.A. Renal lipid metabolism and lipotoxicity. Curr. Opin. Nephrol. Hypertens. 2010, 19, 393–402. [CrossRef]
11. Rüster, C.; Wolf, G. The role of the renin-angiotensin-aldosterone system in obesity-related renal diseases. Semin. Nephrol. 2013,

33, 44–53. [CrossRef]
12. Ruan, X.Z.; Varghese, Z.; Moorhead, J.F. An update on the lipid nephrotoxicity hypothesis. Nat. Rev. Nephrol. 2009, 5, 713–721.

[CrossRef]
13. Deji, N.; Kume, S.; Araki, S.; Soumura, M.; Sugimoto, T.; Isshiki, K.; Chin-Kanasaki, M.; Sakaguchi, M.; Koya, D.; Haneda, M.;

et al. Structural and functional changes in the kidneys of high-fat diet-induced obese mice. Am. J. Physiol. Renal Physiol. 2009, 296,
F118–F126. [CrossRef] [PubMed]

14. Molfino, A.; Amabile, M.I.; Monti, M.; Muscaritoli, M. Omega-3 Polyunsaturated Fatty Acids in Critical Illness: Anti-Inflammatory,
Proresolving, or Both? Oxidative Med. Cell. Longev. 2017, 2017, 5987082. [CrossRef] [PubMed]

15. Borsonelo, E.C.; Galduróz, J.C. The role of polyunsaturated fatty acids (PUFAs) in development, aging and substance abuse
disorders: Review and propositions. Prostaglandins Leukot. Essent. Fatty Acids 2008, 78, 237–245. [CrossRef] [PubMed]

16. Börgeson, E.; Johnson, A.M.; Lee, Y.S.; Till, A.; Syed, G.H.; Ali-Shah, S.T.; Guiry, P.J.; Dalli, J.; Colas, R.A.; Serhan, C.N.; et al.
Lipoxin A4 Attenuates Obesity-Induced Adipose Inflammation and Associated Liver and Kidney Disease. Cell Metab. 2015, 22,
125–137. [CrossRef]

17. Panahi, Y.; Dashti-Khavidaki, S.; Farnood, F.; Noshad, H.; Lotfi, M.; Gharekhani, A. Therapeutic Effects of Omega-3 Fatty Acids
on Chronic Kidney Disease-Associated Pruritus: A Literature Review. Adv. Pharm. Bull. 2016, 6, 509–514. [CrossRef]

18. Fukushima, M.; Takayama, Y.; Habaguchi, T.; Nakano, M. Comparative hypocholesterolemic effects of capybara (Hydrochoerus
hydrochaeris dabbenei) oil, horse oil, and sardine oil in cholesterol-fed rats. Lipids 1997, 32, 391–395. [CrossRef]

http://doi.org/10.1016/S0140-6736(09)60318-4
http://www.who.int/mediacentre/factsheets/fs311/en/
https://www.who.int/health-topics/obesity#tab=tab_1
http://doi.org/10.3389/fendo.2021.706978
http://doi.org/10.1007/s13679-015-0169-4
http://doi.org/10.1016/j.kint.2016.06.013
http://doi.org/10.1021/acs.jafc.7b00357
http://doi.org/10.1681/ASN.2007010089
http://doi.org/10.1007/s40620-017-0377-y
http://doi.org/10.1097/MNH.0b013e32833aa4ac
http://doi.org/10.1016/j.semnephrol.2012.12.002
http://doi.org/10.1038/nrneph.2009.184
http://doi.org/10.1152/ajprenal.00110.2008
http://www.ncbi.nlm.nih.gov/pubmed/18971213
http://doi.org/10.1155/2017/5987082
http://www.ncbi.nlm.nih.gov/pubmed/28694914
http://doi.org/10.1016/j.plefa.2008.03.005
http://www.ncbi.nlm.nih.gov/pubmed/18502631
http://doi.org/10.1016/j.cmet.2015.05.003
http://doi.org/10.15171/apb.2016.064
http://doi.org/10.1007/s11745-997-0050-z


Nutrients 2023, 15, 2925 16 of 17

19. Pinheiro, M.S.; Silva, J.J.C.; Rodrigues, R.C. Utilização Sustentável e Domesticação da Capivara; Embrapa Clima Temperado: Pelotas,
Brazil, 2001; Volume 31, p. 86.

20. Marinho, P.C.; Neto-Ferreira, R.; José de Carvalho, J. Evaluation of therapeutic intervention with a natural product in cutaneous
wound healing: The use of capybara oil. Evid.-Based Complement. Altern. Med. 2013, 2013, 217198. [CrossRef]

21. Marinho, P.C.; Vieira, A.B.; Pereira, P.G.; Rabelo, K.; Ciambarella, B.T.; Nascimento, A.; Cortez, E.; Moura, A.S.; Guimarães, F.V.;
Martins, M.A.; et al. Capybara Oil Improves Hepatic Mitochondrial Dysfunction, Steatosis, and Inflammation in a Murine Model
of Nonalcoholic Fatty Liver Disease. Evid.-Based Complement. Altern. Med. 2018, 2018, 4956079. [CrossRef]

22. Reeves, P.G.; Nielsen, F.H.; Fahey, G.C., Jr. AIN-93 purified diets for laboratory rodents: Final report of the American Institute of
Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J. Nutr. 1993, 123, 1939–1951. [CrossRef]

23. Kennedy-Feitosa, E.; Okuro, R.T.; Pinho Ribeiro, V.; Lanzetti, M.; Barroso, M.V.; Zin, W.A.; Porto, L.C.; Brito-Gitirana, L.; Valenca,
S.S. Eucalyptol attenuates cigarette smoke-induced acute lung inflammation and oxidative stress in the mouse. Pulm. Pharmacol.
Ther. 2016, 41, 11–18. [CrossRef]

24. Bellanti, F.; Villani, R.; Facciorusso, A.; Vendemiale, G.; Serviddio, G. Lipid oxidation products in the pathogenesis of non-alcoholic
steatohepatitis. Free Radic. Biol. Med. 2017, 111, 173–185. [CrossRef] [PubMed]

25. Costa, M.V.; Fernandes-Santos, C.; Faria, T.; Aguila, M.B.; Mandarim-de-Lacerda, C.A. Diets rich in saturated fat and/or salt
differentially modulate atrial natriuretic peptide and renin expression in C57BL/6 mice. Eur. J. Nutr. 2012, 51, 89–96. [CrossRef]
[PubMed]

26. Kambham, N.; Markowitz, G.S.; Valeri, A.M.; Lin, J.; D’Agati, V.D. Obesity-related glomerulopathy: An emerging epidemic.
Kidney Int. 2001, 59, 1498–1509. [CrossRef] [PubMed]

27. Re, R.N. Obesity-related hypertension. Ochsner J. 2009, 9, 133–136. [PubMed]
28. DeMarco, V.G.; Aroor, A.R.; Sowers, J.R. The pathophysiology of hypertension in patients with obesity. Nat. Rev. Endocrinol. 2014,

10, 364–376. [CrossRef]
29. Katsoulieris, E.; Mabley, J.G.; Samai, M.; Sharpe, M.A.; Green, I.C.; Chatterjee, P.K. Lipotoxicity in renal proximal tubular cells:

Relationship between endoplasmic reticulum stress and oxidative stress pathways. Free Radic. Biol. Med. 2010, 48, 1654–1662.
[CrossRef]

30. Böttinger, E.P. TGF-beta in renal injury and disease. Semin. Nephrol. 2007, 27, 309–320. [CrossRef]
31. Nussberger, J.; Gradman, A.H.; Schmieder, R.E.; Lins, R.L.; Chiang, Y.; Prescott, M.F. Plasma renin and the antihypertensive effect

of the orally active renin inhibitor aliskiren in clinical hypertension. Int. J. Clin. Pract. 2007, 61, 1461–1468. [CrossRef]
32. Kelly, D.J.; Zhang, Y.; Moe, G.; Naik, G.; Gilbert, R.E. Aliskiren, a novel renin inhibitor, is renoprotective in a model of advanced

diabetic nephropathy in rats. Diabetologia 2007, 50, 2398–2404. [CrossRef]
33. Feldman, D.L.; Jin, L.; Xuan, H.; Contrepas, A.; Zhou, Y.; Webb, R.L.; Mueller, D.N.; Feldt, S.; Cumin, F.; Maniara, W.; et al. Effects

of aliskiren on blood pressure, albuminuria, and (pro)renin receptor expression in diabetic TG(mRen-2)27 rats. Hypertension 2008,
52, 130–136. [CrossRef]

34. Meier, M.; Menne, J.; Park, J.K.; Holtz, M.; Gueler, F.; Kirsch, T.; Schiffer, M.; Mengel, M.; Lindschau, C.; Leitges, M.; et al. Deletion
of protein kinase C-epsilon signaling pathway induces glomerulosclerosis and tubulointerstitial fibrosis in vivo. J. Am. Soc.
Nephrol. 2007, 18, 1190–1198. [CrossRef] [PubMed]

35. Cho, M.H. Renal fibrosis. Korean J. Pediatr. 2010, 53, 735–740. [CrossRef] [PubMed]
36. Nagamoto, T.; Eguchi, G.; Beebe, D.C. Alpha-smooth muscle actin expression in cultured lens epithelial cells. Investig. Ophthalmol.

Vis. Sci. 2000, 41, 1122–1129.
37. Barnes, J.L.; Glass Ii, W.F. Renal interstitial fibrosis: A critical evaluation of the origin of myofibroblasts. Contrib. Nephrol. 2011,

169, 73–93. [CrossRef] [PubMed]
38. Liu, Y. New insights into epithelial-mesenchymal transition in kidney fibrosis. J. Am. Soc. Nephrol. 2010, 21, 212–222. [CrossRef]
39. Kriz, W.; Kaissling, B.; Le Hir, M. Epithelial-mesenchymal transition (EMT) in kidney fibrosis: Fact or fantasy? J. Clin. Investig.

2011, 121, 468–474. [CrossRef]
40. Fujikawa, M.; Yamazaki, K.; Hamazaki, T.; Wakaki, K.; Koizumi, F.; Yano, S.; Kobayashi, M. Effect of eicosapentaenoic acid ethyl

ester on albuminuria in streptozotocin-induced diabetic rats. J. Nutr. Sci. Vitaminol. 1994, 40, 49–61. [CrossRef]
41. Sabry, A.; El-Husseini, A.; Sheashaa, H.; Abdel-Shafy, E.; El-Dahshan, K.; Abdel-Rahim, M.; Abdel-Kaleek, E.; Abo-Zena, H.

Colchicine vs. omega-3 fatty acids for prevention of chronic cyclosporine nephrotoxicity in Sprague Dawley rats: An experimental
animal model. Arch. Med. Res. 2006, 37, 933–940. [CrossRef]

42. Barbosa, K.B.; Costa, N.M.; Alfenas, R.C.; Sergio, S.O.; Minim, V.P.; Bressan, J. Estresse oxidativo: Conceito, implicações e fatores
modulatórios. Rev. Nutr. 2010, 23, 629–643. [CrossRef]

43. Pietta, P.G. Flavonoids as antioxidants. J. Nat. Prod. 2000, 63, 1035–1042. [CrossRef]
44. Yu, B.P. Cellular defenses against damage from reactive oxygen species. Physiol. Rev. 1994, 74, 139–162. [CrossRef] [PubMed]
45. Kim, J.E.; Lee, M.H.; Nam, D.H.; Song, H.K.; Kang, Y.S.; Lee, J.E.; Kim, H.W.; Cha, J.J.; Hyun, Y.Y.; Han, S.Y.; et al. Celastrol, an

NF-κB inhibitor, improves insulin resistance and attenuates renal injury in db/db mice. PLoS ONE 2013, 8, e62068. [CrossRef]
46. Maric-Bilkan, C. Obesity and diabetic kidney disease. Med. Clin. N. Am. 2013, 97, 59–74. [CrossRef] [PubMed]
47. Ogawa, S.; Kobori, H.; Ohashi, N.; Urushihara, M.; Nishiyama, A.; Mori, T.; Ishizuka, T.; Nako, K.; Ito, S. Angiotensin II Type

1 Receptor Blockers Reduce Urinary Angiotensinogen Excretion and the Levels of Urinary Markers of Oxidative Stress and
Inflammation in Patients with Type 2 Diabetic Nephropathy. Biomark. Insights 2009, 4, 97–102. [CrossRef] [PubMed]

http://doi.org/10.1155/2013/217198
http://doi.org/10.1155/2018/4956079
http://doi.org/10.1093/jn/123.11.1939
http://doi.org/10.1016/j.pupt.2016.09.004
http://doi.org/10.1016/j.freeradbiomed.2017.01.023
http://www.ncbi.nlm.nih.gov/pubmed/28109892
http://doi.org/10.1007/s00394-011-0196-1
http://www.ncbi.nlm.nih.gov/pubmed/21499941
http://doi.org/10.1046/j.1523-1755.2001.0590041498.x
http://www.ncbi.nlm.nih.gov/pubmed/11260414
http://www.ncbi.nlm.nih.gov/pubmed/21603428
http://doi.org/10.1038/nrendo.2014.44
http://doi.org/10.1016/j.freeradbiomed.2010.03.021
http://doi.org/10.1016/j.semnephrol.2007.02.009
http://doi.org/10.1111/j.1742-1241.2007.01473.x
http://doi.org/10.1007/s00125-007-0795-9
http://doi.org/10.1161/HYPERTENSIONAHA.107.108845
http://doi.org/10.1681/ASN.2005070694
http://www.ncbi.nlm.nih.gov/pubmed/17360953
http://doi.org/10.3345/kjp.2010.53.7.735
http://www.ncbi.nlm.nih.gov/pubmed/21189948
http://doi.org/10.1159/000313946
http://www.ncbi.nlm.nih.gov/pubmed/21252512
http://doi.org/10.1681/ASN.2008121226
http://doi.org/10.1172/JCI44595
http://doi.org/10.3177/jnsv.40.49
http://doi.org/10.1016/j.arcmed.2006.07.001
http://doi.org/10.1590/S1415-52732010000400013
http://doi.org/10.1021/np9904509
http://doi.org/10.1152/physrev.1994.74.1.139
http://www.ncbi.nlm.nih.gov/pubmed/8295932
http://doi.org/10.1371/journal.pone.0062068
http://doi.org/10.1016/j.mcna.2012.10.010
http://www.ncbi.nlm.nih.gov/pubmed/23290730
http://doi.org/10.4137/BMI.S2733
http://www.ncbi.nlm.nih.gov/pubmed/19652765


Nutrients 2023, 15, 2925 17 of 17

48. Lee, S.Y.; Choi, M.E. Urinary biomarkers for early diabetic nephropathy: Beyond albuminuria. Pediatr. Nephrol. 2015, 30,
1063–1075. [CrossRef]

49. Moore, K.W.; de Waal Malefyt, R.; Coffman, R.L.; O’Garra, A. Interleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol.
2001, 19, 683–765. [CrossRef] [PubMed]

50. George, S.; Ruan, X.Z.; Navarrete, C.; Turner, D.; Reynard, M.; Sweny, P.; Hamilton, G.; Wheeler, D.C.; Powis, S.H.; Moorhead, J.F.; et al.
Renovascular disease is associated with low producer genotypes of the anti-inflammatory cytokine interleukin-10. Tissue Antigens
2004, 63, 470–475. [CrossRef]

51. Abensur, H. E-Book-Biomarcadores na Nefrologia; Associação Brasileira de Nefrologia: São Paulo, Brazil, 2011. Available online:
https://arquivos.sbn.org.br/pdf/biomarcadores.pdf (accessed on 5 July 2022).

52. Gorriz, J.L.; Martinez-Castelao, A. Proteinuria: Detection and role in native renal disease progression. Transplant. Rev. 2012,
26, 3–13. [CrossRef]

53. Rund, K.M.; Peng, S.; Greite, R.; Claaßen, C.; Nolte, F.; Oger, C.; Galano, J.M.; Balas, L.; Durand, T.; Chen, R.; et al. Dietary
omega-3 PUFA improved tubular function after ischemia induced acute kidney injury in mice but did not attenuate impairment
of renal function. Prostaglandins Other Lipid Mediat. 2020, 146, 106386. [CrossRef]

54. Jefferson, J.A.; Shankland, S.J.; Pichler, R.H. Proteinuria in diabetic kidney disease: A mechanistic viewpoint. Kidney Int. 2008,
74, 22–36. [CrossRef]

55. Garg, P. A Review of Podocyte Biology. Am. J. Nephrol. 2008, 47 (Suppl. 1), 3–13. [CrossRef] [PubMed]
56. Weinberg, J.M. Lipotoxicity. Kidney Int. 2006, 70, 1560–1566. [CrossRef] [PubMed]
57. Go, R.E.; Hwang, K.A.; Park, G.T.; Lee, H.M.; Lee, G.A.; Kim, C.W.; Jeon, S.Y.; Seo, J.W.; Hong, W.K.; Choi, K.C. Effects of

microalgal polyunsaturated fatty acid oil on body weight and lipid accumulation in the liver of C57BL/6 mice fed a high fat diet.
J. Biomed. Res. 2016, 30, 234–242. [CrossRef] [PubMed]

58. Lanza, I.R.; Blachnio-Zabielska, A.; Johnson, M.L.; Schimke, J.M.; Jakaitis, D.R.; Lebrasseur, N.K.; Jensen, M.D.; Sreekumaran Nair,
K.; Zabielski, P. Influence of fish oil on skeletal muscle mitochondrial energetics and lipid metabolites during high-fat diet. Am. J.
Physiol. Endocrinol. Metab. 2013, 304, E1391–E1403. [CrossRef]

59. Nascimento, F.A.; Barbosa-da-Silva, S.; Fernandes-Santos, C.; Mandarim-de-Lacerda, C.A.; Aguila, M.B. Adipose tissue, liver and
pancreas structural alterations in C57BL/6 mice fed high-fat-high-sucrose diet supplemented with fish oil (n-3 fatty acid rich oil).
Exp. Toxicol. Pathol. 2010, 62, 17–25. [CrossRef]

60. Tishinsky, J.M.; Gulli, R.A.; Mullen, K.L.; Dyck, D.J.; Robinson, L.E. Fish oil prevents high-saturated fat diet-induced impairments
in adiponectin and insulin response in rodent soleus muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 302, R598–R605.
[CrossRef]

61. Braddock, R.; Simán, C.M.; Hamilton, K.; Devlin, H.; Garland, H.; Sibley, C.P. Gamma-Linoleic acid and ascorbic acid ameliorate
the effects of experimental diabetes on electrolyte and bone homeostasis in pregnant rats. J. Endocrinol. 2002, 173, 273–284.
[CrossRef]

62. Aguila, M.B.; Pinheiro, A.R.; Aquino, J.C.; Gomes, A.P.; Mandarim-de-Lacerda, C.A. Different edible oil beneficial effects (canola
oil, fish oil, palm oil, olive oil, and soybean oil) on spontaneously hypertensive rat glomerular enlargement and glomeruli number.
Prostaglandins Other Lipid Mediat. 2005, 76, 74–85. [CrossRef]

63. Diaz Encarnacion, M.M.; Warner, G.M.; Gray, C.E.; Cheng, J.; Keryakos, H.K.; Nath, K.A.; Grande, J.P. Signaling pathways
modulated by fish oil in salt-sensitive hypertension. Am. J. Physiol. Renal Physiol. 2008, 294, F1323–F1335. [CrossRef]

64. Kasiske, B.L.; O’Donnell, M.P.; Lee, H.; Kim, Y.; Keane, W.F. Impact of dietary fatty acid supplementation on renal injury in obese
Zucker rats. Kidney Int. 1991, 39, 1125–1134. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00467-014-2888-2
http://doi.org/10.1146/annurev.immunol.19.1.683
http://www.ncbi.nlm.nih.gov/pubmed/11244051
http://doi.org/10.1111/j.0001-2815.2004.00183.x
https://arquivos.sbn.org.br/pdf/biomarcadores.pdf
http://doi.org/10.1016/j.trre.2011.10.002
http://doi.org/10.1016/j.prostaglandins.2019.106386
http://doi.org/10.1038/ki.2008.128
http://doi.org/10.1159/000481633
http://www.ncbi.nlm.nih.gov/pubmed/29852492
http://doi.org/10.1038/sj.ki.5001834
http://www.ncbi.nlm.nih.gov/pubmed/16955100
http://doi.org/10.7555/JBR.30.2016K0004
http://www.ncbi.nlm.nih.gov/pubmed/27533934
http://doi.org/10.1152/ajpendo.00584.2012
http://doi.org/10.1016/j.etp.2008.12.008
http://doi.org/10.1152/ajpregu.00328.2011
http://doi.org/10.1677/joe.0.1730273
http://doi.org/10.1016/j.prostaglandins.2004.12.003
http://doi.org/10.1152/ajprenal.00401.2007
http://doi.org/10.1038/ki.1991.143

	Introduction 
	Materials and Methods 
	Obtaining Capybara Oil 
	Experimental Groups and Diets 
	Treatment with Capybara Oil and Experimental Groups 
	Body Mass and Systolic Blood Pressure 
	Assessment of Renal Function 
	Euthanasia 
	Biochemical Measurement 
	Morphological Analysis 
	Immunohistochemistry 
	Oxidative Stress Assay 
	Electron Microscopic Study 
	Statistical Analysis 

	Results 
	Physiological Analysis 
	Plasma Biochemical Analysis 
	Assessment of Renal Function 
	Histopathological Evaluation 
	Evaluation of Renal Ultrastructure 
	Renal Inflammatory Response Evaluation by Immunohistochemistry 
	Analysis of the Activity of Enzymes Related to Oxidative Stress 
	Renal Fibrosis Analysis 

	Discussion 
	References

