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Obesity is a medical and sociological problem of great importance due to the high percentage of people
affected and the important health consequences that it involves. Most cases of obesity are related to an
inadequate diet, rich in fats, which could lead to changes in the patient’'s oxygenic metabolism. That is
why this study has been proposed to evaluate how some aspects of oxygenic metabolism are affected in
a nutritional experimental model, with a controlled hyperlipidic liquid diet based on olive oil, and the
effect of the antioxidant vitamin C on these conditions. Wistar rats were divided into four groups which
received a control and hyperlipidic liquid diet for 30 days, with or without a vitamin C supplement (CO,
COC, HO and HOC). First of all the body and fat tissue development was measured in the four groups.
Our results showed that the excessive intake of nutritional and healthy fat such as olive oil did not prevent
the appearance of obesity and the supplementation with vitamin C did not have a protective effect on
body and fat development. The study of the antioxidant enzymes superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx) in total liver, liver cytosol, abdominal white fat, brown fat and
blood cells showed that vitamin C could have different selectivities and affinities for different enzymes
and compartments/tissues of the body. Finally, the effect of vitamin C on various metabolic parameters
(glucose, pyruvate, lactate, LDH, ATP, acetoacetate and beta-hydroxybutyrate) provided positive protec-
tion against oxidative stress especially under hyperlipidic conditions. All things considered, the present
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DOI: 10.1039/c8f002550a study concludes that vitamin C treatment could protect Wistar rats from the oxidative stress impairment
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Obesity is related to mitochondrial metabolism.**' The
excess of fat in the tissues and the overweight aspect of it

1. Introduction

Obesity is considered one of the most important health issues in
industrialized countries due to its increasing frequency and
globalization.”™ It presents as an epidemic worldwide.>® Multiple
factors are implicated in its origin, such as social, psychological,
metabolic, dietary and molecular ones, among others.”** Obesity
is a chronic disease characterized by an accumulation of adipose
tissue in the body, which results in an increase in body weight
and eventually to health problems." It is a risk factor for the
development of diseases such as diabetes, hypertension, coronary
heart disease and some different types of cancer.'* >
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enhance the production of reactive oxygen species (ROS), which
contribute to the origin and establishment of oxidative stress.***

Although ROS are generated under normal physiological
conditions, an excess in their production or lack of antioxidant
defences can generate oxidative stress in organs and tissues
leading to progressive and neurodegenerative diseases.*® ™’

Some studies have demonstrated that diets rich or enriched
with antioxidants are useful in preventing functional impair-
ment caused by oxidative stress.*™** The antioxidant olive oil,
which is present in the Mediterranean diet, produces a decrease
in the expression of genes implicated in inflammatory and oxi-
dative processes.** ™ Olive oil contains beneficial substances
such as polyphenols and monounsaturated fatty acids that have
a positive effect on oxygenic metabolism.**"*° Other substances,
such as vitamin C in fruits and vegetables, have a positive effect
on the protection against lipoperoxidation.>*>"

The aim of the present study is to analyze the situation of oxy-
genic metabolism in obesity and the endogenous and exogenous
cytotoxicity induced by ROS in Wistar rats fed with liquid diets
based on olive oil and supplemented with vitamin C for 30 days.
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2. Materials and methods

2.1. Materials

The reagents used in the experiments were analytical grade
and were obtained from Sigma-Aldrich (USA), Boehringer
Ingelheim (Germany), Merck (Germany), and Panreac (Spain).

2.2. Animals

Male Wistar rats (150-180 g) (Charles River, Barcelona, Spain),
housed one or two animals per cage (Panlab, Barcelona, Spain)
under a 12 h light/dark cycle at 22 °C and 60% humidity and
maintained on standard chow and water ad [ibitum, were used.
This study was carried out in accordance with the guidelines
established in the Spanish legislation (Royal Decree RD 53/
2013). The protocol was approved by the Experimental Animal
Ethics Committee of the Universidad Catdlica de Valencia
“San Vicente Martir” (Spain). Rats were divided into four
groups which received a control and hyperlipidic liquid diet
for 30 days, with or without a vitamin C supplement:

Group 1: Control Olive Oil Diet (C.O.)

Group 2: Hyperlipidic Olive Oil Diet (H.O.)

Group 3: Control Olive Oil Diet + Vitamin C (C.0.C)

Group 4: Hyperlipidic Olive Oil Diet + Vitamin C (H.O.C)

The proportion of fats in the diet was provided by the
inclusion of olive oil in the diet. The dietary intake of the
animals was recorded daily and the body weight was measured

Table 1 Composition of liquid diets

Composition Control diet (C.0.) Hyperlipidic diet (H.O.)
Casein 52.0g 52.0g
pL-Methionine 0.8¢g 0.8¢g
Choline, hydrochloride 0.3 g 03g
Olive oil 85¢g 57.7 g
Dextrin 162.7 g 162.7 g
Cellulose 10.0 g 10.0 g
Xantham gum 20¢g 20¢g
Vitamins AIN-76A 2.6¢g 2.6¢g
Minerals AIN-76 9.1¢g 9.1¢g
Water 1000 mL 1000 mL

C.0.: control olive oil diet; H.O.: hyperlipidic olive oil diet.

Table 2 Final composition of the four studied liquid diets
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weekly. After the 30 days of treatment, rats were anaesthetized
with an overdose of isoflurane and sacrificed by cervical dis-
location and all the samples (liver, white and brown fat and
blood) were taken for the analytical determination.

2.3. Diets

The solid non-purified IPM R-20 diet commercialized by Letica
(Barcelona, Spain) and commonly used in our university
animal facility was taken as the reference for preparing the
composition of our experimental liquid diets.

The reagents used in the liquid diet production were
obtained from Sigma-Aldrich (St Louis, Missouri, USA) (pt-
methionine, choline, olive oil, dextrin, cellulose and xantham
gum) and ICN-Biomedicals (Santa Ana, California, USA)
(casein, vitamins and minerals). The liquid diets were pro-
duced following the directions of the American Institute of
Nutrition.>® In order to obtain the overfeeding of the animals
(H.0.), a supplement of lipids without changing the other
components was given. A model of hyperlipidic and hyperener-
getic diet (H.O.) was obtained with an increase of 45% of
energy with respect to the control diet (C.0.).”* Table 1 shows
the final conditions of the dietary treatment which the rats
received during the present study.

A second model was formulated with the same dietary
characteristics as the previous one but with a vitamin C sup-
plement of 200 mg kg™" day™' (C.0.C and H.O.C).>* The two
models of administered diets have the composition of macro-
nutrients and energy shown in Table 2.

The composition of fatty acids from the olive oil supply of
the diet was determined by gas chromatography at the
“Instituto de la grasa”, Sevilla, Spain. The content of oleic acid
was 81.3% and the content of antioxidants was namely alfa-
tocoferol 20.9 ppm, gamma-tocoferol 2 ppm and delta-toco-
ferol 4 ppm.

All the diets given to the rats were stable not only during
the administration to the animals, but also during the storage
period. The highest quantity of lipids added to the hyperlipidic
diet did not have the problems of dispersion stability of the
mixture, not being necessary to increase the proportion of the
thickening agent. Since the diets did not receive any conserva-

Composition (per

liter of diet) C.O. diet C.0.C diet H.O. diet H.O.C diet

Proteins 52.8¢g 52.8¢g 52.8¢g 52.8¢g

Fats 85g 85¢g 57.7¢g 57.7¢g

Carbohydrates 166.3 g 166.3 g 166.3 g 166.3 g

Energy 960 kcal 960 kcal 1400 kcal 1400 kcal

Intake Isoenergetically limited Isoenergetically limited Isovolumetrically limited Isovolumetrically limited

compared to animals fed
with a laboratory diet
30 days

with a laboratory diet
30 days
200 mg kg™ day™*

Treatment period
Vitamin C

C.0.: control olive oil diet; C.O.C: control olive oil diet supplemented with vitamin C; H.O.: hyperlipidic olive oil diet; H.O.C: hyperlipidic olive

oil diet supplemented with vitamin C.
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tive agent they were kept at 4 °C, in a closed environment pro-
tected from light and for a maximum period of 4 days.

The ingested quantity was obtained taking into account the
administered quantity and the consumed amount of diet.

2.4. Sample processing

Immediately after the sacrifice of the rats 2 mL of blood
samples were collected and 0.2 mL of heparine at 5% (Rovi,
Madrid, Spain) was added and the liver was extracted and white
adipose tissue from the abdominal area and all the brown fat
from the dorsal part of the thorax were extracted as well.

Each aliquot of the liver sample was homogenized in a Tris-
HCI buffer (10 mM) with 0.25 M sucrose, 1 mM EDTA, pH 7.4,
1:4 (w:v). The homogenized mixture was filtered through a
fine gauze and then centrifuged at 1900g for 20 minutes. After
centrifugation, a millilitre sample of supernatant fluid was
kept for the determination of total liver, and the remaining
supernatant was once more centrifuged at 18000g for
60 minutes in order to obtain the cytosolic fraction for the
determination of antioxidant enzymes.

The white and brown fat were homogenized and centrifuged
in the same manner as the liver sample. And the supernatant
was used also for the determination of antioxidant enzymes.

2 mL of blood samples were centrifuged at 1100g. The
pellet was resuspended in the same amount of bidistilled
water as the discarded supernatant and after vortexing the
solution, it was left for 2 hours at 4 °C to obtain total hemoly-
sis. Aliquots of 0.4 mL of samples were kept for the determi-
nation of glutathione peroxidase (GPx) and hemoglobin. In
order to obtain the precipitation of hemoglobin, chloroform :
ethanol (3:5, v/v) and 0.3 mL of bidistilled water were added.
The samples were gently shaken and then centrifuged at 1100g
for 10 minutes, and the supernatant fluid was kept in an
Eppendorf tube to measure the activity of superoxide dismu-
tase (SOD) and catalase (CAT).

2.5. Quantification of hemoglobin and antioxidant
enzymatic systems

The measurement of the total hemoglobin quantity was per-
formed through the use of a colorimetric commercial kit
supplied by Boehringer Mannheim (Reference 124729). The
spectrophotometric determination was done at 546 nm. This
determination consists of reacting hemoglobin with a reagent
that contains cyanide and ferrocyanide, which oxidizes hemo-
globin to methaemoglobin which is converted into cyano-
methaemoglobin. The color intensity of this compound is
measured photocolorimetrically.

SOD activity was measured at 450 nm by the inhibition of
the xanthine/xanthine oxidase-mediated oxidation of cyto-
chrome c¢ using an assay kit manufactured by Biovision
(Reference K335-100). The assay kit utilizes WST-1 that pro-
duces a water-soluble formazan dye upon reduction with
superoxide anions. The rate of the reduction with a superoxide
anion is linearly related to the xanthine oxidase activity and is
inhibited by SOD. Therefore, the inhibition activity of SOD is
determined by a colorimetric method. CAT activity was deter-

This journal is © The Royal Society of Chemistry 2019
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mined spectrophotometrically at 240 nm by the reduction of
H,0, at 25 °C.” CAT catalyzes the decomposition of hydrogen
peroxide into oxygen and water. The reduction of hydrogen
peroxide per unit of time is proportional to the amount of cat-
alase in the sample. GPx activity was assessed at 340 nm from
the NADPH decrease at 37 °C.>® The quantification is based on
the coupled reaction in which glutathione peroxidase catalyzes
the oxidation reaction of glutathione (GSH) to glutathione di-
sulfide (GSSG). Then, the enzyme glutathione reductase cata-
lyzes the reduction of the disulfide glutathione (GSSG) in the
presence of NADPH by forming glutathione (GSH). The protein
content was measured by the Bradford assay (Bio-Rad reagent).

2.6. Study of hepatocytes isolated from rats

2.6.1. Isolation of rat hepatocytes. Hepatocytes were
obtained from male Wistar rats (2-3 months old) fed with
control or hyperlipidic diets supplemented with vitamin C or
not. The isolation procedure was performed by following the
perfusion method described by Seglen.>”

The cells were centrifuged at 200g for 3 min, the super-
natant was discarded and the pellet was resuspended again
with Krebs buffer supplemented with calcium at 37 °C. The
samples were centrifuged once more at the same speed. The
supernatant was discarded and the pellet was weighed and
resuspended at the proportion of 10 mL g™ of cells.

The metabolic studies used 2 mL of cell suspension and
2 mL of Krebs-Henseleit buffer was added to the samples. The
hepatic suspension was distributed into 25 mL Erlenmeyer
flasks.

The oxidants tert-butylhydroperoxide (BOOH) and
dimethyl sulfoxide (DMSO) were added to the isolated hepato-
cytes. The samples were incubated at 37 °C for 60 minutes
with gentle and constant shaking under an atmosphere of
oxygen-carbon dioxide (95:5). After incubation, the reaction
was stopped with perchloric acid at 20%. The samples were
centrifuged at 1100g for 10 min, and the supernatant fluid was
neutralized with KOH (20%).

A special treatment of the samples was required for the
determination of LDH. After incubation and before cellular
destruction with PCA at 20%, the samples were centrifuged at
low speed (200g) for 5 min to avoid the breaking of the cell
membranes in order to get the cytosolic lactate dehydrogenase
(LDH) release. The supernatant fluid was kept for analysis.

2.6.2. Determination of metabolites. Pyruvate and r-lactate
were determined according to Valero and Garcia-Carmona.’®
The measurement of the following parameters was carried out
using these commercial kits: lactate dehydrogenase (Spinreact,
Reference: 1001260), p-glucose (Spinreact, Reference:
1001200.01) and ATP (BioSystems Ref: 11538). Acetoacetate
and p-hydroxybutyrate were determined spectrophotometri-
cally using the enzymatic procedure described by Williamson
and Mellanby.*®

2.7. Statistical analysis

Data are presented as the mean + SEM of n experiments
obtained from different animals. Statistical analysis was per-
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formed with SPSS software (19 version). Statistically significant
differences in mean values were tested by analysis of variance.
Then, the Scheffé test was carried out. The groups studied fitted
into the normality that was analyzed by the Kolmogorov-Smirnov
test and there was homogeneity of variances that was analyzed by
the Levene test. Statistical differences were set at p < 0.05.

3. Results

3.1. Nutrient intake and animal body development

The values of daily and total intakes of macronutrients and
energy in the control and hyperlipidic diets as well as those
supplemented with vitamin C are shown in Table 3. It can be
observed that the animals of the groups supplemented with
vitamin C ingested a slightly higher volume of diet (3%) from
the beginning of the treatment compared with the groups
without vitamin C supplementation.

The body development of the experimental animals was
assessed during all the dietary treatment and the results con-

Table 3 Dietary treatment of the experimental groups
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firmed that the overfed animals increased their body weight by
75-100% compared to their controls (Table 4). In addition,
this hyperlipidic group had a higher growth rate (68-75%)
than the control group (33-43%).

Since the development of obesity is associated with an
increase in lipid reserves, after animal sacrifice, the magnitude
of two important fatty tissue masses susceptible to further
development in the overfed animals was assessed: white
adipose tissue and brown adipose tissue. The feeding with
hyperlipidic diets caused a significant increase in the accumu-
lation of adipose tissue in the animals. In addition, Table 4
demonstrates that the increase in adipose tissue is consider-
ably higher than the general body development, with a greater
rise in the animals of the hyperlipidic groups compared to
their control groups.

3.2. Antioxidant enzymatic activities in different tissues and
compartments

The activity of the antioxidant enzymes superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx) was

Dietary treatment

Nutrient intake C.0.(n=7) C.0.C(n=38) H.O. (n=18) H.0.C (n=9)
Diet volume

Daily (mL per 24 h) 59.88 £ 0.65 64.43 +2.76 57.30 £2.10 63.03 = 3.50
Total (mL) 1796.50 + 19.50 1932.9 + 88.57 1718 £ 60.50 1890 + 106
Proteins

Daily (g per 24 h) 3.12 + 0.04 3.36 + 0.14 2.98 + 0.11 3.29+0.18
Total (g) 93.47 +£1.10 100.73 + 4.31 89.51 + 3.18 98.57 £ 5.50
Fat

Daily (g per 24 h) 0.50 + 0.01 0.54 + 0.03 3.27 +0.12 3.59 +0.20
Total (g) 15.00 £ 0.23 16.16 £ 0.77 98.03 + 3.48 107.80 £ 6.03
Carbohydrates

Daily (g per 24 h) 9.82 +0.12 10.59 + 0.45 9.41 +0.33 10.34 + 0.59
Total (g) 294.56 + 3.48 317.55 £ 13.64 282.23 £9.97 310.33 £17.70
Energy

Daily (kcal per 24 h) 55.58 + 0.67 59.90 +2.77 78.20 £ 2.77 86.02 + 4.86
Total (kcal) 1667.42 + 20 1797.14 + 83.07 2346 + 83.1 2580 + 145.7

C.0.: control olive oil diet; C.O.C: control olive oil diet supplemented with vitamin C; H.O.: hyperlipidic olive oil diet; H.O.C: hyperlipidic olive
oil diet supplemented with vitamin C. Values are expressed as mean + SEM.

Table 4 Body and fat tissue development of the experimental groups

Weight (g) C.0.(n=8) C.0.C (n=10) H.O. (n=10) H.O.C (n=11)
Body development

Day 1 181+2.9 181+ 4.3 178 +3.1 181+3.7
Day 7 199 +3.4 204 + 4.9 212+4.9 219 +3.8
Day 14 212 + 4 220 + 5.8 242+ 7.7 253 + 5.8
Day 21 230+5 243 + 8.1 272 + 10 286 + 8.5
Day 30 241 + 4.7 259 + 9.8 300 + 13 318 +13
Total increase 60.3 + 4.6 78.4 + 9% 121.12 + 2.9%° 137 + 1255
Fat tissue development

White Fat. Day 30 1.87 +0.43 1.71 +0.32 3.54 +0.82%° 4.15 + 0.47%
Brown Fat. Day 30 0.38 + 0.05 0.43 + 0.07 0.45 + 0.08" 0.54 + 0.09%*

C.0.: control olive oil diet; C.O.C: control olive oil diet supplemented with vitamin C; H.O.: hyperlipidic olive oil diet; H.O.C: hyperlipidic olive
oil diet supplemented with vitamin C. Values are expressed as mean + SEM. The statistical difference is indicated as follows: *p < 0.05, **p <
0.005 C.O. vs. C.0.C and H.O. vs. H.0.C; sp <0.05, “’p <0.005 C.O. vs. H.O. and C.O.C vs. H.O.C.
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Fig. 1 SOD activity in total liver (A), liver cytosol (B), blood cells (C), white fat (D) and brown fat (E). C.O.: control olive oil diet (n = 5); H.O.: hyperlipi-
dic olive oil diet (n = 7); C.O.C: control olive oil diet supplemented with vitamin C (n = 8); H.O.C: hyperlipidic olive oil diet supplemented with
vitamin C (n = 8). Values are expressed as mean + SEM. The statistical difference is indicated as follows: *p < 0.05, **p < 0.005 C.O. vs. C.0.C and

H.O. vs. H.O.C; ®p < 0.05, **p < 0.005 C.O. vs. H.O. and C.O.C vs. H.O.C.

evaluated in total liver, in the liver cytosol, in abdominal white
fat, in brown fat and in blood cells.

In total liver, liver cytosol and white fat, our results show a
significant decrease in the activity of SOD in the hyperlipidic
groups, supplemented or not with vitamin C, compared to
their controls (Fig. 1A, B and D). In addition, it can be
observed that the administration of vitamin C did not modify
the activity of the enzyme in these tissues except for in liver
cytosol, where there was a significant increase in the activity of
SOD in the hyperlipidic group supplemented with vitamin C
(Fig. 1A, B and D).

In brown fat, the SOD profile was more irregular than that
observed in white fat. Thus, the enzymatic activity suffered an
increase in the hyperlipidic groups. Only vitamin C sup-
plementation had a positive effect in the control group
(Fig. 1E). In the case of blood cells, there was no change in the
activity of the enzyme in all the experimental groups studied
(Fig. 1C).

The catalase activity observed in total liver and liver cytosol
was very similar between them (Fig. 2A and B). In addition,
this enzyme showed a very similar profile in total liver, liver
cytosol, white fat and brown fat (Fig. 2A, B, D and E) to the pre-
viously described SOD (Fig. 1A, B and D) with the following
exceptions: the administration of vitamin C produced a signifi-
cant decrease in catalase activity in the control groups of total
liver and liver cytosol (Fig. 2A and B). In white fat, only the
hyperlipidic group supplemented with vitamin C showed a sig-
nificant decrease in catalase activity (Fig. 2D). In the case of
blood cells, the hyperlipidic group lost catalase activity which
was recovered by the administration of vitamin C (Fig. 2C).

This journal is © The Royal Society of Chemistry 2019

The results obtained in the study of GPx activity in total
liver and liver cytosol (Fig. 3A and B) were very similar to those
observed in CAT activity in the same tissues (Fig. 2A and B). It
is important to highlight that in the case of GPx, the adminis-
tration of vitamin C to the hyperlipidic group mostly recovered
the loss of enzymatic activity in total liver (Fig. 2A). As hap-
pened with the SOD activity in white fat (Fig. 1D), GPx in this
tissue decreased in the hyperlipidic groups supplemented or
not with vitamin C compared to their controls (Fig. 3D).
Following the tendency observed in SOD and CAT activities in
brown fat (Fig. 1E and 2E), the administration of vitamin C to
the hyperlipidic groups enhanced the enzyme activity of the
GPx (Fig. 3E). Finally, the hyperlipidic group supplemented
with vitamin C showed a decrease in GPx activity in blood cells
(Fig. 3C).

3.3. Hepatocytes

The next step in this study was to assess through various meta-
bolic parameters (glucose, pyruvate, lactate, LDH, ATP, acetoa-
cetate and beta-hydroxybutyrate) the antioxidant and cytopro-
tective effects of vitamin C in rat isolated hepatocytes that had
been subjected to the 4 diets used in the present study (see the
Materials and methods section). Oxidative stress was induced
in hepatocytes by -BOOH and DMSO.

Glucose levels changed in all groups before and after the
incubation period (Fig. 4A). The initial concentration of
glucose in rat hepatocytes fed with a hyperlipidic diet was 65%
lower than in the control diet. This decrease was reversed by
the administration of vitamin C (Fig. 4A). After 60 min of incu-
bation, an increase in glucose levels was observed in all the

Food Funct, 2019, 10, 3567-3580 | 3571
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Fig. 2 Catalase activity in total liver (A), liver cytosol (B), blood cells (C), white fat (D) and brown fat (E). C.O.: control olive oil diet (n = 5); H.O.:
hyperlipidic olive oil diet (n = 7); C.O.C: control olive oil diet supplemented with vitamin C (n = 8); H.O.C: hyperlipidic olive oil diet supplemented
with vitamin C (n = 8). Values are expressed as mean + SEM. The statistical difference is indicated as follows: *p < 0.05 C.O. vs. C.O.C and H.O. vs.
H.0.C; 3p < 0.05, %°p < 0.005 C.O. vs. H.0. and C.O.C vs. H.O.C.
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groups studied, an index of the glycogenolytic activity of the
hepatocytes. --BOOH incubation did not change this situation
and the differences remained in the groups. However, a signifi-
cant increase in glucose levels at 60 min of +BOOH incubation
was observed in the H.O.C group, compared to DMSO 60 min
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and control 60 min. DMSO did not alter the previously
described results (Fig. 4A).

In the case of pyruvate concentration (Fig. 4B), the levels of
this metabolite under basal conditions were twice in the H.O.
group than the C.O. group, which also occurred after incu-

This journal is © The Royal Society of Chemistry 2019
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t-BOOH 60 min or DMSO 60 min vs. control 60 min.

bation for 60 min. +-BOOH produced an increase compared to
the 60 min control in the C.0. and C.O.C groups. DMSO did
not trigger significant changes in reference to the respective
controls of each group (Fig. 4B).

Contrary to what was observed in pyruvate, the initial
lactate level (¢ = 0) was significantly lower in rat hepatocytes
fed with a hyperlipidic diet and in this group vitamin C had
an effect increasing the concentration of this metabolite
(Fig. 4C). Unlike pyruvate, after 60 min incubation changes
occurred depending on the nutritional group and the experi-
mental condition studied. After this incubation period and in
the absence of t-BOOH and DMSO, lactate levels increased in
the control group (C.0.) and in the hyperlipidic group sup-
plemented with vitamin C (H.O.C) (Fig. 4C). However, in the
hyperlipidic group (H.O.) and in the control group sup-
plemented with vitamin C (C.0.C) lactate values decreased. In
the presence of -BOOH, the concentration of lactate rose
significantly in the H.O. group (Fig. 4C). Under these experi-
mental conditions of oxidative stress, supplementation with
vitamin C improved the lactate levels in the hyperlipidic
group. DMSO provided lactate values much lower than those
observed with ¢BOOH. However, supplementation with
vitamin C led to a significant increase in hyperlipidic rats
(Fig. 4C).

This journal is © The Royal Society of Chemistry 2019

Regarding the concentration of LDH released to the incu-
bation medium by isolated hepatocytes of rats (Fig. 4D), we
found a significant increase in LDH values in the H.O. group
compared to the C.O. group during the incubation period.
This would indicate cell damage. This effect was enhanced by
the presence of +-BOOH. By supplementing with vitamin C a
decrease in the release of LDH was observed, indicating a pro-
tective effect induced by vitamin C that is more pronounced in
the hyperlipidic group. DMSO also induced a significant
increase in the release of LDH to the medium in the control
and hyperlipidic rats. In both cases, supplementation with
vitamin C also exerted a protective effect by significantly
decreasing LDH levels (Fig. 4D).

Fig. 5A shows the ATP levels of the isolated rat hepatocytes
of the different nutritional groups and under the different
experimental conditions. In all the groups studied, both at the
initial moment of incubation (¢ = 0) and after 60 min, ATP
remained within normal values, but these values were lower
when the cells were incubated in the absence of substrates as a
consequence of its metabolic utilization. In all groups, this
decrease ranged between 30 and 40% with respect to the
corresponding initial value at ¢ = 0 without any change in the
ATP due to the dose of olive oil or vitamin C supplementation.
When the cells were incubated in the presence of t-BOOH, the

Food Funct, 2019, 10, 3567-3580 | 3573
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ATP concentration decreased even more, being significant in
the case of the hyperlipidic diet (H.O.) group. However, the
presence of vitamin C in the hyperlipidic diet protects against
the decrease in ATP induced by BOOH. In the presence of
DMSO, similar values were found to those obtained in the
absence of substrates after 60 min of incubation. However, in
the H.O.C group, ATP decreased significantly suggesting a
possible cytotoxic interaction between these two compounds.

Rat hepatocytes of the C.0.C and H.O. groups showed sig-
nificantly higher acetoacetate levels than the control (C.O.)
(Fig. 5B). This was observed at ¢t = 0 and at ¢ = 60 min in the
absence of substrates, with higher acetoacetate levels after the
incubation period. Incubation with +BOOH and DMSO pro-
duced a similar profile (Fig. 5B). Under all conditions, sup-
plementation with vitamin C to the hyperlipidic group (H.O.C)
significantly decreased the acetoacetate levels. Therefore, it
could be suggested that vitamin C acted differently depending
on the content of fatty acids in the diet (Fig. 5B).

Regarding the other ketone body studied, beta-hydroxybuty-
rate, values did not vary from one group to another in fresh
isolated hepatocytes (¢ = 0) (Fig. 5C). At 60 min after incu-
bation, a significant increase in the concentration of this
metabolite was observed in the C.0.C and H.O. groups, being
higher in the C.O0.C group (Fig. 5C). In the presence of

3574 | food Funct, 2019, 10, 3567-3580

.05, *p < 0.005 C.O. vs. H.O. and C.O.C vs. H.O.C; +p < 0.05, ++p < 0.005

t-BOOH, supplementation with vitamin C in the control group
significantly reduced the concentration of beta-hydroxybuty-
rate. In contrast, in the presence of DMSO the changes were in
the opposite direction (Fig. 5C).

4. Discussion

4.1. Experimental model of nutritional obesity. Body and
tissue development of animals

Studies in the field of biochemical changes that are associated
with various nutritional alterations require a strict control of
all the nutritional factors that affect the feeding of experi-
mental animals; small modifications in the composition of
the diet (which may affect the different types of macronutri-
ents or the levels of micronutrients) can induce important
metabolic changes and hide the modifications induced by the
nutritional alteration under study.®®®! In this way, we must
obtain a perfect control of the components of the diet supplied
to the animals that will allow us to establish a more accurate
cause—-effect relationship and lead to a more correct interpret-
ation of the results obtained.

In our study, we developed a model of experimental nutri-
tional obesity, in which the animals received a higher amount

This journal is © The Royal Society of Chemistry 2019
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of daily energy, but this excess of energy was obtained exclu-
sively from the ingestion of a higher quantity of lipids from a
unique source. Investigations have demonstrated that the
majority of human obesity cases with a nutritional etiology are
produced by an excessive intake of lipids.®**’

This model of overfeeding was formulated based on the use
of “liquid diets”, since this form of administration allows one
to make dietary changes in a simple way and to know exactly
the nutritional components of the diet. Thus, the diet admi-
nistered to the control animals and that supplied to the
overfed animals would only differ in the amount of energy
ingested by the animals, with the difference provided only by
the amount of lipids that they take in with the diet, maintain-
ing the same proportion of the rest of the nutrients, vitamins
and minerals and with the same nutritional quality. Therefore,
the possible modifications of the oxygenic metabolism that we
wanted to study would be exclusively due to a higher energy
intake associated with a higher lipid intake and the type of
fatty acids supplied to the experimental animals, without the
introduction of other nutritional variables such as micronutri-
ents, protein quality, the amount and type of carbohydrates,
etc. All these factors could directly or indirectly affect the oxy-
genic metabolism.

The higher energy intake by the animals subjected to hyper-
energetic and hyperlipidic liquid diets triggered a higher
growth rate compared to the animals fed with liquid control
diets. This increase was progressive and is related to the
amount of energy ingested. An increase in white and brown fat
occurs simultaneously in animals fed with hyperlipidic diets,
as it happens in body development.®®*””* Olive oil is one of the
main components of the Mediterranean diet. It decreases body
weight, body mass index and waist and hip circumferences.””
Some of the mechanisms that could be responsible for the
decrease in body weight would be activating p-oxidation, indu-
cing satiety, stimulating energy expenditure by inducing
thermogenesis in brown adipose tissue, inhibiting adipocyte
differentiation, promoting adipocyte apoptosis and increasing
lipolysis. However, the effect of olive oil and the
Mediterranean diet would be higher in association with an
energy-restricted plan or physical activity improvements.”
This would explain our results in which we observed that,
when an excess of fat is consumed, such as olive oil, which in
normal quantities has beneficial effects on health, the positive
effects on obesity disappear. The excessive intake of a nutri-
tional and healthy fat such as olive oil did not prevent the
appearance of obesity. Supplementation with vitamin C did
not have a protective effect on body and fat development.

4.2. Oxygenic metabolism. Evolution of SOD, CAT and GPx

There is a complex defense system in organisms against ROS
generated in response to different physiological or pathologi-
cal situations. This system consists of an enzymatic anti-
oxidant system formed by the studied enzymes SOD, catalase
and GPx and an extensive non-enzymatic or chemical anti-
oxidant system that the analyzed vitamin C is part of.”*”> The
effectiveness of these three enzymes is due to a triple defensive

This journal is © The Royal Society of Chemistry 2019
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action: they reduce ROS and they prevent the interaction of
ROS to give rise to species of higher reactivity and finally they
repair oxidized macromolecules. In the absence of oxidative
stress, generated ROS are held to very low levels due to the co-
ordinated action of these enzyme systems. If there is a
reduction in the antioxidant capacity or unilateral deficiency
of one of these enzyme systems, it will increase cell vulner-
ability against ROS.”® SOD is present in all cells that use
oxygen in their metabolism. It catalyzes the conversion of
radical superoxide into hydrogen peroxide and oxygen.
Hydrogen peroxide is then transformed into water and oxygen
by CAT and GPx.”””®

Obesity is an important problem in modern society and is
associated with oxidative stress.”” One of the main sources of
oxidative stress in obesity is altered lipid homeostasis. In
addition, ROS production is a consequence of free fatty acid
oxidation.®® Obesity triggers changes in the concentration/
activity of antioxidants, both non-enzymatic and enzymatic.
Several studies indicate a consistent inverse relationship
between body fat and total antioxidant capacity.®’®* Our find-
ings are in agreement with previous results. In the present
study the activities of the antioxidant enzymes SOD, CAT and
GPx in total liver, liver cytosol, white fat, brown fat and blood
cells were analyzed. After inducing obesity in rats, it was
shown that the activity of SOD, CAT and GPx was significantly
reduced in total liver and liver cytosol when compared with
their respective control groups, supplemented or not with
vitamin C (Fig. 1-3). White fat also had a similar pattern. It is
postulated that changes in these three enzymes were associ-
ated with increased oxygen consumption and consequent pro-
duction of superoxide radicals.®>®® Certainly, it is reasonable
to think that increasing the amount of lipids in the diet will
lead to the generation of a ROS cascade, where the activity of
the antioxidant enzymes is affected by the concentration of
superoxide radicals. In blood cells, the antioxidant capacity
does not vary or decreases when obesity is induced. However,
opposite to the pattern observed in total liver, liver cytosol and
white fat occurs in brown fat. In brown adipose tissue, the
excessive lipid intake induces an increase in the three enzymes
(SOD, CAT and GPx) because of the compensatory adaptation
to oxidative stress in obesity.’” This could be due to the fact
that brown fat, unlike white fat, has a thermogenic function
and has a greater amount of mitochondria,®® so its oxygenic
metabolism is higher. Several studies have shown that obesity
is accompanied by an increase in brown fat mitochondrial
activity, inflammation and oxidative damage®>*° and that
brown fat is more resistant to obesity than white fat and other
body tissues®® which would explain our findings.

Olive oil is the principal source of fat in the Mediterranean
diet. The antioxidant properties of olive oil have been widely
studied in the literature.”*> The main mechanism by which
the components of olive oil have antioxidant effects involves
inhibition and/or scavenging of ROS.”> Among the different
components of olive oil include oleic acid which reduces intra-
cellular ROS levels, h-sitosterol that enhances SOD activity and
decreases radical superoxide levels, phenolic compounds
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which decreases lipid peroxidation and oleuropein that
reduces oxidative DNA damage.”® However, our results show
that when an excess of olive oil is ingested, the mechanism of
action of all these components in the body changes and conse-
quently their antioxidant properties disappear, which would
explain the decrease in the activity of SOD, CAT and GPx when
administering hyperlipidic diets. It would be necessary to
carry out further studies to understand and find out the actual
mechanism of action.

Vitamin C, also known as ascorbic acid, is a water-soluble
vitamin that is abundant in vegetables and fruits.”* Vitamin C
has become very popular for its antioxidant properties.’>™®’
Under oxidative stress situations vitamin C acts as a scavenger
of endogenous and exogenous ROS becoming oxidized to its
non-antioxidant and unstable form of dehydroascorbic acid.”®
In this study, the antioxidant capacity of vitamin C through
the measurement of SOD, CAT and GPx activities in different
tissues of control rats and obese rats was analyzed.
Supplementation with vitamin C in the control rats decreased
the activity of CAT and GPx in total liver and liver cytosol,
whereas in blood cells and white fat there were no changes
(Fig. 1-3). Some authors sustain that “overdosing” with anti-
oxidants is not effective in reducing oxidative stress due to sup-
pression of normal physiological response systems following
oxidative stress.”® This would support the findings observed in
total liver and liver cytosol. When vitamin C was administered
to obese rats a positive effect of the supplementation was
observed because there was an increase in the activities of GPx
in total liver and brown fat, SOD in liver cytosol and CAT in
blood cells (Fig. 1-3). These findings support the fact that
vitamin C could have different selectivities and affinities to
diverse enzymes and compartments/tissues of the body.
Vitamin C acts as a cofactor for a large group of enzymes'®*'%?
and the present results would contribute to the different selec-
tivities depending on the location and type of enzyme.

4.3. Metabolic study in rat isolated hepatocytes

In order to study the response of isolated hepatocytes to oxi-
dative stress, t-BOOH and DMSO were used. These stressors
were added to hepatocytes isolated from rats fed with olive oil
and supplemented or not with an antioxidant and cytoprotec-
tive agent, namely vitamin C.

To study the cell viability of these incubation groups, the
levels of ATP and LDH were quantified. Lactate dehydrogenase
is a cytoplasmic enzyme that catalyzes the conversion of pyru-
vate into lactate and NADH into NAD+ during glycolysis, and
the reverse reaction during the Cori cycle.'®® It is a very abun-
dant enzyme in the liver among other tissues, and passes to
the extracellular medium in response to cell damage, so its
increase in serum is indicative of tissue destruction.'®® With
regard to the release of LDH in our study, it has a clear depen-
dence on the nutritional status and the presence of antioxi-
dants. Thus, it has been observed that the cytotoxicity induced
by +BOOH mainly and DMSO in terms of LDH release is
higher in the hepatocytes of obese rats (Fig. 4D). The anti-
oxidant effect of vitamin C is found and demonstrated by
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reverting these values to their normal numbers'**'** (Fig. 4D).
ATP or adenosine triphosphate is the main energy source
molecule for most cellular functions. ATP levels are also an
indicator of cellular oxidative stress. Numerous studies have
shown that oxidative stress increases mitochondrial electron
transport, resulting in amplification of H,0, production, ATP
depletion and cell death.’®®'°” In addition, the decrease in ATP
levels creates a “vicious circle” since it makes the cell more vul-
nerable to oxidative stress and favors the formation of more
ROS and cell dysfunction.'®® Thus, the significant decrease in
ATP levels in hepatocytes isolated from rats fed with hyperlipi-
dic diets in the presence of +-BOOH could be due to the oxi-
dative stress generated in these conditions, because after the
administration of the antioxidant vitamin C, the ATP formation
is recovered. In the presence of DMSO the administration of
vitamin C decreases the ATP levels significantly suggesting a
possible cytotoxic interaction between these two compounds.
Glucose is the main molecule that provides energy and
components for our body cells. Pyruvate and lactate are inter-
mediate products formed during glucose metabolism.
Scientists have known for many years that the normal break-
down of glucose is interrupted under oxidative stress, as can
occur, for example, in inflammatory or toxic processes.'®®
Under these oxidative stress conditions, the normal functioning
of numerous enzymes involved in glucose metabolism is
impaired.’® Thus, variations in the cellular levels of glucose,
pyruvate and lactate are an index of the cytosolic redox
state."'%""* The present results show a decrease in glucose and
lactate levels and an increase in pyruvate levels in the hepato-
cytes isolated from obese rats, which would indicate the oxi-
dation of the cellular cytosolic state and therefore, an increase
in oxidative stress."'”'"! These results are reversed after sup-
plementation with vitamin C. In this case, glucose and lactate
levels significantly increase and pyruvate levels decrease, which
suggest an increase in glycogenolysis and gluconeogenesis.
Therefore, supplementation with vitamin C to the hepatocytes
isolated from obese rats implies the reduction of the cytosolic
redox state and cellular protection against oxidative stress.
Under conditions of long fasting (absence of glucose) or
intake of diets with a high content of fats (as occurs in our
experimental hyperlipidic group), an excess of fatty acids is
produced in the body, which are converted into acetyl-CoA."*?
The liver is able to convert the excess acetyl-CoA into the acet-
oacetate ketone body which is subsequently transformed into
the beta-hydroxybutyrate ketone body.''* Under these con-
ditions, acetoacetate and beta-hydroxybutyrate serve as fuel for
obtaining energy by the tissues.'’® Regarding the role of
ketone bodies against oxidative stress, the results are conflict-
ing. The experimental evidence is divided into studies that
show that ketone bodies are antioxidants and other studies
that show that they are prooxidants. This depends on whether
the studies have been carried out in vitro or in vivo, the type of
organ affected and the pathology."**'** It has been shown that
acetoacetate increases lipid peroxidation in human endothelial
cells,"'® hyperketonemia contributes to the oxidative stress
observed in diabetes mellitus,"”” and ketone bodies generate
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ROS in erythrocytes, monocytes and hepatic cell cultures
in vitro."*®'1° On the other hand, other studies have shown
that ketone bodies are neuroprotective and perform anti-
oxidant activity against a multitude of neurological diseases
such as epilepsy and reduce oxidative stress in cardiac
tissue."® In the isolated rat hepatocytes of our study the levels
of acetoacetate and beta-hydroxybutyrate increased in the
group of obese rats (HO) compared to the control (CO). These
levels decreased after the administration of vitamin C which
would indicate that in our case, the intake of hyperlipidic diets
generates an increase in ketone bodies that induce oxidative
stress. However, when administering vitamin C to the control
group (COC) the effect is opposite, so vitamin C acts differently
depending on the fatty acid content of the diet.

5. Conclusions

In the present work, the results revealed that when an excess
of fat is consumed, such as olive oil, which in normal quan-
tities has beneficial effects on health, the positive effects dis-
appear. The changes in the antioxidant activities of the
enzymes SOD, CAT and GPx in different compartments/tissues
of the body in obesity and after administering vitamin C
suggest a distinct selectivity and affinity pattern for them. The
antioxidant and protective effects of vitamin C against oxi-
dative stress and obesity are evident when measuring some
parameters of the carbohydrate and lipid metabolism such as
glucose, pyruvate, lactate, LDH, ATP, acetoacetate and beta-
hydroxybutyrate. However, future research is needed to eluci-
date the specific molecular mechanism behind the antioxidant
capacity of vitamin C mainly under obesity situations.
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