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Abstract

Non-alcoholic fatty liver disease (NAFLD) is characterized by excessive liver fat deposition in the
absence of significant alcohol intake. Since extra virgin olive oil (EVOO) reduces fat
accumulation, we analyzed the involvement of nitro-fatty acids (NO,-FA) on the beneficial effects
of EVOO consumption on NAFLD. Nitro-fatty acids formation was observed during digestion in
mice supplemented with EVOO and nitrite. Mice fed with a high-fat diet (HF) presented lower
plasma NO,-FA levels than normal chow, and circulating concentrations recovered when the HF
diet was supplemented with 10% EVOO plus nitrite. Under NO,-FA formation conditions, liver
hemoxygenase-1 expression significantly increased while decreased body weight and fat liver
accumulation. Mitochondrial dysfunction plays a central role in the pathogenesis of NAFLD while
NO;-FA has been shown to protect from mitochondrial oxidative damage. Accordingly, an
improvement of respiratory indexes was observed when mice were supplemented with both EVOO
plus nitrite. Liver mitochondrial complexes II and V activities were greater in mice with EVOO
supplementation and further improved in the presence of nitrite. Overall, our results strongly
suggest a positive correlation between NO,-OA formation from EVOO and the observed
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improvement of mitochondrial function in NAFLD. The formation of NO,-FA can account for the
health benefits associated with EVOO consumption.
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1. INTRODUCTION

Non-Alcoholic fatty liver disease (NAFLD) is characterized by excessive fat deposition in
hepatocytes in the absence of significant alcohol intake [1]. NAFLD encompasses a wide
spectrum of conditions ranging from simple steatosis, predominantly as large droplets or
macrovesicular fat, to a more severe clinical status by the appearance of inflammation,
termed nonalcoholic steatohepatitis [2,3]. The latter may progress to cirrhosis, hepatocellular
carcinoma, and liver failure [2,3]. During the development of NAFLD, hepatic mitochondria
adapt to hepatocytic fat accumulation. Lipotoxicity promotes the increase in reactive oxygen
species generation, with the consequent damage to hepatocytes and induction of
inflammation. Indeed, hepatic mitochondrial dysfunction plays a critical role in the
development and the pathogenesis of NAFLD by still undefined mechanisms [4-8]

Reports from the literature show a decrease in hepatic lipid accumulation by extra virgin
olive oil (EVOO) [9-11]. Most of the studies on EVOO have been focused on the beneficial
effects of its consumption, being EVOO the main source of beneficial lipids in the
Mediterranean diet. Olive oil is considered a functional food with high levels of
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monosaturated fatty acids that also contains multiple minor components with biological
activities [12]. As well as for the liver lipid accumulation, the mechanisms for the observed
EVOO effects remain undetermined.

Nitro-fatty acids (NO,-FA) are formed at the gastric compartment after fat intake. In
addition to diet-derived nitrite (NO, "), the acidic milieu of the gastric compartment
promotes a nitrative environment that, in turn, can mediate fatty acid nitration [13—18]. NO,-
FA are formed through reactions of nitric oxide-derived oxidant species, e.g. nitrogen
dioxide ("NO,), with either free or esterified unsaturated fatty acids [19-23]. Previous work
from our group showed that EVOO contains low levels of nitro-conjugated linoleic acid
(NO3-cLA) [15]. Under gastric conditions, the formation of nitro-oleic acid (NO,-OA)
significantly increased [15]. NO,-FA exerts cytoprotective and anti-inflammatory signaling
responses at different cell types and physiopathological conditions [19,24-27]. NO,-OA, the
most studied NO,-FA, presents potent anti-inflammatory and antioxidant properties in
preclinical studies [23]. The protective role of NO,-OA has been shown in diverse animal
models of ischemic cardiac injury [28], pulmonary arterial hypertension [29], renal disease
[30,31], hepatic injury [5,32,33] among others [26,34]. No data has been reported about the
effect that EVOO can produce in high-fat diet (HF) fed mice, a condition that stimulates
NAFLD, when fatty acid nitration is stimulated by the concomitant addition of NO, . In the
present study, we assessed the capacity of EVOO-associated NO,-FA generation in HF mice
to protect key parameters associated with NAFLD focusing on the protection of liver
mitochondria function.

2. MATERIALS AND METHODS
2.1. Materials.

Labeled nitro-oleic acid ([2C];gNO,-OA) was provided by Professor Bruce Freeman from
the University of Pittsburgh. EVOO was from the Frantoio variety and obtained from a first
press extraction. EVOO was provided by Dr. Juan B. Barroso from Universidad de Jaén,
Spain. Antibody to HO-1 was from StressGen Biotech and antibody to GAPDH was from
Sigma Co (Saint Louis, MO). All solvents were of HPLC grade from Pharmco (Brookfield,
CT). All other reagents were from Sigma Chemical Co (Saint Louis, MO) unless otherwise
specified.

2.2. Animal model

Female C57BI1/6J mice, at 6—8 weeks of age, were from the Direccion de Laboratorios
Veterinarios (DILAVE, Uruguay) and housed at the Bioterio of Facultad de Medicina,
Universidad de la Republica, Uruguay (UdelaR). Animal care and procedures followed the
Guide for the Care and Use of Laboratory Animals, approved by the Comision Honoraria de
Experimentacion Animal (CHEA, Protocol number N° 0011/11). The animals were treated
for 12 weeks while randomly assigned to one of the 8 groups, with ten animals each,
according to their feeding conditions as shown in Scheme 1. Four groups were fed with a
normal chow diet with 10% of the adjusted calories derived from fat (ND), with the
following experimental conditions: ND; ND plus water with 150 pM NO,~; ND
supplemented with 10% (w/w) EVOO; ND plus water with 150 uM NO,™ and 10% (w/w)
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EVOO. NAFLD was induced by feeding the other four groups with a high-fat diet (HF)
prepared as previously [35]. The composition of the HF was analyzed by Laboratorio de
Nutricion Animal y Evaluacion de Alimentos, Instituto Nacional de Investigaciones
Agropecuarias (INIA) and had 60% of the adjusted calories derived from fat (fat source,
beef tallow). HF groups were like those with ND (Scheme 1). In all cases, EVOO was from
the Frantoio variety and animals had access to food and water ad libitum. Weight gain, food,
and water intake were monitored every week during the period of study. Both ND and HF
control groups containing 150 uM NO,~ showed no differences in all the evaluated
parameters compared to the same groups in the absence of NO, ™ (data not shown). Total
water consumption and food intake did not present any differences between the groups.
Thus, the results shown correspond to six groups in total with ND and HF named as the
control groups. At the end of the experiment, animals were slaughtered under anesthesia
with isoflurane

2.3. Plasma nitro-fatty acid quantitation

Analysis of plasma NO,-FA was done as reported [36—38]. Plasma from heparinized blood
was obtained after centrifugation at 1800 rpm for 10 min. The plasma was separated and
incubated with 10 nM [13C];sNO,-OA for 5 min at 4°C. Then, lipids were extracted with
cold acetonitrile (1:4, v/v) and centrifuged 10 min at 1800 rpm and 4°C. After extraction,
qualitative and quantitative analysis of NO,-FA by LC-ESI MS/MS was performed using a
hybrid triple-quadrupole linear ion trap mass spectrometer (QTRAP4500, ABSciex,
Framingham, MA) coupled to a quaternary pump HPLC (Infinity 1260, Agilent). Reverse-
phase HPLC was performed using a C18 column (Luna 100%2 mm, 2 pM, Phenomenex),
and NO,-FA were separated and eluted from the column using a gradient solvent system
consisting of A (H,O containing 0.05% acetic acid) and B (CNCHj5 containing 0.05% acetic
acid) at 700 pl/min under the following conditions: 0 min 30% B, then 30-100% B in 10
min; 10-11 min 100% B and 100—0% B in 0.1 min and maintained for 4 min. Quantitative
analysis was performed in the multiple reaction monitoring (MRM) scan mode. The
transitions used were as follows: NO,-OA, m/z 326.2/46.1; [13C]{gNO,-OA, m/z 344.2/46.1
[36,37].

2.4. Histology

Formalin-fixed liver samples were cryoprotected in 30% sucrose at 4°C overnight. Before
sectioning, blocks were frozen in O.C.T. Compound (Tissue-Tek) and were brought up to
about —20 °C, then sectioned at 10 microns on a Cryotome. Slides were stored at =80 °C
until stained. Liver cryosections were stained with hematoxylin and Oil red O [32]. Bright
field oil red images were acquired using a Zeiss LSM 800 microscope connected to a color
XXX Cannon camera. Fluorescence imaging was performed with a laser scanning Zeiss
LSM 800 confocal microscope with a 63x (1.3 numerical aperture) oil immersion objective
using Zeiss Zen Black software. The density of oil red per area was measured in at least 10
slices per animal (n=3 per group) using the ImageJ software.

2.5. Study of mitochondrial function.

For mitochondrial studies, animals were slaughtered under anesthesia with isoflurane, livers
removed, and immediately weighed. Livers were washed extensively with cold PBS until
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they were free of blood and a biopsy of about 10 mg was obtained for further analysis. For
respiration analysis, liver biopsies were permeabilized as described previously [39] with
minor modifications. Fresh liver biopsies (4—5 mg) were permeabilized in ice-cold MIRO0S
medium with saponin (25 mg mL-1) for 10 min; then, biopsies were transferred to a petri
dish and washed thoroughly with at least 20 mL of ice-cold modified MIR0S5 medium per
sample. Cell respiration and mitochondrial function were immediately analyzed using an
Oxygraph 2 K (Oroboros Instruments Corp). Oxygen consumption was recorded at 37°C in
permeabilized liver biopsies, with the rate of oxygen consumption calculated employing the
equipment software (DataLab). Oxygen consumption is expressed as pmol of O, ¢+ s™1 e mL
~1 being the volume of the chamber 2.4 mL (V) in all cases, and sample biopsy weight
expressed in mg [39,40].

Baseline measurements of biopsies’ oxygen consumption were performed at the beginning
of the assay followed by the sequential addition of 20 mM succinate for complex II
evaluation and 4 mM ADP [39]. Inhibition of respiration by 2.5 uM antimycin A was
subtracted from all other values before calculating the reported respiratory parameters as
described [41-44]. State 4 was determined in the presence of complex II substrates,
corresponding to the rate of oxygen consumption/ sample weight. State 3 was measured
after the addition of ADP, which resembles the basal respiration of the tissue at saturating
concentrations of substrates and ADP/ sample weight. The cell respiratory control ratio
(RCR), corresponding to the state 3/state 4 ratio, represents the coupling between ATP
synthesis and electron transport [39].

2.6. Enzymatic assays and western blot

For mitochondrial complexes activities and western blot analyses, the liver was
homogenized in PBS using a Next Advance (Next Advance, Inc., NY) bullet blender with
bullet size and time of homogenization following the protocols given by the company. 0.5
mm zirconium oxide beads were added using a volume of beads equivalent to 1x the volume
of the sample and samples homogenized for 3 minutes at a speed of 8. The supernatant was
separated from the beads and further used for the necessary experimental procedures (18).

ATP synthase (ATPase) activity was determined by monitoring NADH oxidation at 340 nm
(e= 6.22mM™! - cm™1)) in a coupled reaction of pyruvate kinase and lactate dehydrogenase
[45]. The reaction mixture contained liver homogenate, 2.5 mM ATP, 50 mg/mL pyruvate
kinase, 50 mg/mL lactate dehydrogenase in 50 Mm Hepes, pH 8 [46]. Succinate
dehydrogenase (SDH) was measured spectrophotometrically in the presence of 20 mM 2,6-
dichlorophenol indophenol (DCPIP), 15 mM succinate, and 2 mM potassium cyanide.
Reduction of DCPIP was followed at 600 nm (e =20.5 mM™! - cm™!) [47]. The protein
content of the liver homogenates was determined by Bradford [48] and the mitochondrial
complexes’ activities were reported per mg of tissue protein.

Liver proteins were separated by 10% SDS—PAGE as reported [49]. Gels were transferred to
nitrocellulose membrane and proteins electroblotted by a semi-dry Trans-Blot cell.
Membranes were incubated with a polyclonal antibody against HO-1 in a 1:1000 dilution or
anti-GADPH diluted 1:2000. The LiCOR Odyssey system was used for immunodetection.

J Nutr Biochem. Author manuscript; available in PMC 2022 August 01.



yduosnuely Joyiny 1duosnuey Joyiny 1duosnuelp Joyiny

1duosnuey Joyiny

Sanchez-Calvo et al.

Page 6

2.7. Statistical analysis.

The results are expressed as mean =+ standard error of the means with values of at least three
independent experiments and analyzed with GraphPad Prism. Statistical analyzes were
performed by Student t-test or ANOVA followed by Tukey post-test. Differences were
significant when p < 0.05. In the case of histological studies, Kruskal-Wallis followed by
Dunn’s multiple comparison tests were used for statistical analysis with p < 0.05 considered
significant.

3. RESULTS

3.1. EVOO consumption increases nitro-fatty levels in plasma

Considering our previous studies demonstrating the formation of NO,-OA in EVOO under
in vitro model of gastric acidic conditions [15], we assessed the plasmatic levels of NO,-OA
after EVOO supplementation. Plasma from the HF animals exhibited lower levels of NO,-
OA when compared to ND mice (2.27 + 0.05 fmol NO»-OA/mg protein vs 1.93 + 0.08 fmol
NO,-OA/mg protein; Figure 1). Supplementation with 10% EVOO restored plasmatic NO;-
OA levels (2.23 + 0.13 fmol NO,-OA/mg protein). Importantly, NO,-OA levels were even
greater when EVOO supplementation was in conjunction with NO, ™, a condition where lipid
nitration was expected favored (Figure 1). These levels represent a 30% increase of NO,-OA
compared to the HF condition (2.53 + 0.12 fmol NO,-OA/mg protein vs 1.93 £+ 0.08 fmol
NO,-OA/mg protein).

3.2. Effects of NO,-OA formation on hemoxygenase-1 expression.

To elucidate whether the formed NO;-OA reaches the liver, heme oxygenase-1 (HO-1)
expression was tested (Figure 2). HO-1 is an inducible enzyme, which plays an important
role in both acute and chronic disorders due to its anti-inflammatory, and antioxidant
properties [50]. The activation of HO-1 expression is regulated by multiple transcription
factors sensitive to functional changes induced by electrophilic species, such as NO,-FA
[27,51]. In both ND and HF mice, HO-1 expression was induced by EVOO supplementation
being greater when administered in addition to NO,™ (Figure 2). This evidences the
relationship between the generation of these compounds and the expression of HO-1 in the
liver.

3.3. EVOO supplementation reduces body and liver weight

As shown in Table 1, after 12 weeks, mice fed with HF gained more weight compared to
those with ND (5.8 + 0.20 g vs 1.33 + 0.21 g). Supplementation of the diet with EVOO
decreased by almost 20% the gain of weight in the HF groups either in the absence or
presence of NO, ™ (Table 1). Fatty liver is considered when the organ weight increases at
least 5% from normal conditions [6,52]. The livers from the mice of the different groups
were obtained after 12 weeks of diet treatment. Liver§ weight was significantly greater
(43%) in the HF mice compared to ND (Table 1). Notably, supplementation with 10%
EVOO led to a lower weight increase being about 23 % lighter compared to those from HF
(Table 1). Nitrite addition did not add any effect on neither ND nor HF liver weight, when
compared to their corresponding EVOO supplemented groups (Table 1). No differences in
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food intake during the experimental time were observed between the different groups (data
not shown).

3.4. EVOO decreases liver fat accumulation in HF mice

Accumulation of lipids led to an increase in liver weight. We analyzed macroscopic and
microscopic aspects of livers from the different experimental groups (Figures 3 and 4).
Livers from HF mice resemble typical steatosis (Figure 3B), with the loss of the robust red
healthy color compared to ND (Figure 3A). Supplementation with EVOO improves the liver
appearance (Figure 3C) while EVOO + NO, ™ treatment restores the red color indicative of
less fat accumulation (Figure 3D). Following the liver§ weight, livers from ND and HF
groups supplemented with EVOO were softer than those from HF. We did not observe any
differences in the macroscopic aspect of livers from ND groups supplemented with EVOO in
the absence or presence of NO,~ compared to the ND condition (data not shown).

Fat accumulation in HF mice was observed histologically using oil red. Positive lipid
droplets accumulated in HF livers sections compared to the ND group (Figures 4A and B).
The lipid accumulation in the liver is indicative of the development of NAFLD characterized
by simple steatosis. Supplementation with EVOO led to a reduction of 40% in hepatic lipid
accumulation in the HF groups (Figure 4B). Finally, EVOO did not show any improvement
in fat accumulation in ND groups (Figure 4).

3.5. EVOO improves mitochondrial function

Lipid toxicity due to the consumption of a HF diet causes mitochondrial dysfunction which
produces oxidative stress and is related to apoptosis, inflammation, and other cellular
disorders [4,6]. Respiratory analyses were carried out in liver biopsies, to assess electron
transport chain activity and oxidative phosphorylation. Hepatic mitochondrial oxygen
consumption rates in liver biopsies from mice under ND or HF diet were analyzed by high-
resolution respirometry. Complex II-dependent respiration was diminished in HF animals
(Figure 5). Oxygen consumption rates as well as oxidative phosphorylation (RCR values)
were lower in HF mice than ND (Figure 5). Notably, conditions that stimulate NO,-FA
formation (EVOO + NO;") significantly improved mitochondrial function at both state 3
and RCR (Figures 5B and 5C). Moreover, supplementation with EVOO also potentiated
oxidative phosphorylation in ND mice compared to the control group (Figure 5C).

Considering the observed respiration data, mitochondrial respiratory chain complexes were
analyzed (Figure 6). Complex II (succinate dehydrogenase, SDH) and complex V (ATP
synthase, ATPase) activities were lowered by the HF diet (Figure 6). Both were restored by
10% EVOO supplementation and complexes’ activities increased at conditions of NO,-FA
formation (Figure 6). Besides, supplementation of ND with EVOO improved mitochondrial
activity at both complex V and RCR compared to controls (Figures 5C and 6B).

4. DISCUSSION

Herein, we examined the influence of EVOO supplementation in a murine model of NAFLD
induced by the consumption of a HF diet. Currently, it is widely accepted that HF-diet-
induced obesity in experimental animals resembles conditions of overnutrition and physical
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inactivity that are major risk factors for the development of metabolic syndrome in humans
[53,54]. Non-alcoholic fatty liver disease is emerging as the most common chronic liver
condition in the Western world, is a condition with a wide spectrum of symptoms from
simple steatosis to a more severe clinical status by the appearance of inflammation with or
without fibrosis [2,52,55,56]. Our results can be analyzed according to the hypothesis of the
“two-hit” for the establishment and outcome of the disease. The “first hit” involves the
accumulation of fat in the liver while the “second hit” includes oxidative stress and
mitochondrial dysfunction [57]. An excessive fat deposition in hepatocytes in the absence of
significant alcohol consumption characterizes hepatic steatosis which is defined as an excess
of intrahepatic fat greater than 5% of the liver$ volume [1,5,6]. Other considerations to
analyze the effects of a HF diet on the appearance of NAFLD are connected to the in vivo
model. Recent work in the area discussed the relevance of the mice strain, the gender and
age of the animals used, and the duration of the study when using high-fat diets [54]. This
study observed that the treatment for 12 weeks with a HF diet containing 40% fat (60% of
the calories derived from fat) rich in saturated fatty acids (SFAs) lead to an increase in body
weight and fat accumulation in the liver characteristic of NAFLD. Diets rich in SFAs in mice
C57B1/6j cause obesity with a decreased in basal metabolic rates, higher body weights as
well as fat gain when compared to diets rich in unsaturated fatty acids [54,58-60]. We
observed that female C57B1/6j mice fed with HF, as well as their livers, gained weight when
compared to the ND group. Moreover, liver macroscopic alterations (color and texture) were
also observed, and histological data confirmed the characteristic fat accumulation of liver
steatosis. Interestingly, NAFLD associated fat liver accumulation and body weight gain,
were lower when HF mice were supplemented with 10% EVOO (w/w).

The health benefits of EVOO are attributed to its lipid profile, mainly the monounsaturated/
polyunsaturated fatty acids ratio, and the presence of bioactive compounds such as
polyphenols [61-64]. Among EVOOs’ biological benefits have been described as a decrease
in cholesterol levels and low-density lipoprotein oxidation, decrease in inflammation,
improvement of endothelial dysfunction, blood pressure, thrombosis, hyperglycemia, and
NAFLD among others [12,65-73]. In addition to the consumption of EVOO, the
Mediterranean diet contains large quantities of vegetables rich in NO, ™ and nitrate (NO3").
The latter is widely accepted to exert nitric-oxide (‘NO)-like bioactivities at the
cardiovascular system as a reduction of blood pressure, inhibition of platelet aggregation,
and protection against ischemia-reperfusion [18,74—77]. Previous reports from our lab
showed that EVOO is a source of unsaturated fatty acids for NO,-FA formation under acidic
gastric conditions [15]. Moreover, NO,-FA incorporated into complex lipids can be released
by lipase hydrolysis and be distributed to different tissues thus modulating cell signaling
[78,79]. Oral administration of NO,-FA results in their absorption and distribution to the
kidney, liver, lungs, and heart [17,26]. However, less is known about the effect that dietary
EVOO supplementation in the presence of NO,™ can exert to stimulate NO,-FA formation
and biological actions. Our experimental conditions present all the substrates to perform
endogenous lipid nitration, thus plasma NO,-FA levels were quantified. Although gastric
conditions stimulate NO,-cL A formation as reported previously by our lab [15], their levels
after EVOO supplementation were below the limit of quantification probably due to the low
concentration of conjugated linoleic acid in EVOO (less than 0.2%) [15]. NO,-OA levels
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were lower in the HF condition when compared to ND whereas EVOO supplementation
reversed this decrease. Moreover, in the condition of HF supplemented with EVOO plus
NO;~, NO,-OA concentration was higher not only than the condition of HF plus EVOO but
even to the ND group. Since NO,-FA exert antioxidant and anti-inflammatory effects
including inhibition of pro-inflammatory transcription factors or the release of pro-
inflammatory cytokines, their capacity to induce the expression of antioxidant phase I1
enzymes was determined as a marker of their protective actions [27]. Liver HO-1 expression
was increased in animals supplemented with EVOO even when the animals were under ND.
By the increased plasmatic levels of NO,-OA, supplementation with EVOO in the presence
of NO,  presented the highest expression of HO-1. Considering the extensive reports in the
literature about the effects induced by NO,-FA on HO-1 expression and protein levels, and
how these changes exert protection on inflammatory processes [27,51,80,81], our data
support that stimulating NO,-FA formation is a novel mechanism to explain the beneficial
effects of EVOO consumption.

Liver lipid accumulation causes the organ weight increase while hepatocyte toxicity is
related to mitochondrial dysfunction, oxidative stress, apoptosis, inflammation, and other
cellular disorders [4,54,82,83]. Mitochondrial dysfunction plays an important role in the
development of NAFLD since mitochondria are involved not only in fatty acid B-oxidation
but also represent a key source of oxidant species [84]. Its relation with the “two-hit”
hypothesis and involvement in the pathogenesis of the disease has been established [7,8].
Reduction of mitochondrial complex activity has been reported 7n vivo and in vitro models
using SFAs diets, by decreasing the amount of the electron chain complexes subunits [85—
87]. With this background, we analyzed hepatic mitochondrial respiration in HF mice at
conditions where NO,-FA formation is stimulated. Reduced succinate dependent-
mitochondrial function measured by respiratory parameters (state 3 and RCR) and electron
transport respiratory chain complexes activities were observed on HF mice livers compared
to controls. When the HF diet was supplemented with EVOO plus NO, ", respiratory
parameters, as well as complexes Il and V enzymatic activities, were higher than HF and ND
groups. Mitochondria is a hub for cell signaling processes in inflammation, and NO,-FA
modulate inflammatory outcomes at a mitochondrial function [28,40,88]. Liver
mitochondrial function was improved in conditions where NO,-OA levels increased. We and
others have reported that NO,-FA can protect mitochondria under inflammatory or ischemic
pre-conditioning conditions [37,40,89]. The capacity of NO,-FA to be incorporated into
mitochondrial membranes to exert protective effects was demonstrated in kidney cells
activated with Angiotensin-II [40] while a recent study shows the capacity of NO,-OA to
diminish hepatic triglycerides accumulation, liver damage and improve mitochondrial
function [5]. One of the mechanisms by how NO,-FA exert their effects on mitochondrial
function is the formation of electrophilic adducts with critical cysteine, histidine, and lysine
residues. Indeed, mitochondria have multiple targets for electrophilic modifications whose
adduction can be cytoprotective at mitochondrial dysfunction conditions. Reports in the
literature demonstrate the capacity of NO,-OA to covalently modify, in a reversible manner,
mitochondrial complex IT affecting respiration and decreasing oxidant species formation
[28]. Other changes include a metabolic shift to glycolysis, which improves cellular outcome
involving covalent modifications by NO,-FA of glycolytic enzymes, e.g. GAPDH [90]. The
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effects exerted by NO,-FA on mitochondria vary from inhibition of respiration [28] to
uncoupling mitochondria by modifying UCP-2 [89] protecting hearts at ischemia/
reperfusion conditions. The effects on liver cells were not previously analyzed, and the
modifications needed to protect these cells at the mitochondrial level can be different.
Previous reports in a Non-Alcoholic Hepatic Steatosis (NASH) model treated with NO,-OA
showed that lipid metabolism enzymes or transcription factors are modulated [32]. Some of
these proteins are mitochondrial. Considering our results on mitochondrial function and
mitochondrial complexes activities, future studies will be aimed to detect modifications of
relevant mitochondrial proteins in our experimental model. Other authors propose NO,-OA
as a new drug candidate for NAFLD and other inflammatory diseases [26,33]. Thus, our
results strongly suggest a positive correlation between NO,-OA formation from EVOO and
the observed improvement of mitochondrial function. The gastric acidic formation of NO;-
OA can lead to their absorption and tissue distribution being the liver one of its target organs
where they can exert pleiotropic protective effects.

In summary, our results propose a novel nutraceutical value associated with the consumption
of EVOO in conjunction with vegetables, as NO, ™ sources. Overall, our data support that
stimulating NO,-FA formation is a novel mechanism to explain the beneficial effects of
consuming EVOO. These conditions favor NO,-FA formation and protective effects, as
those observed by the improvement of mitochondrial function in NAFLD, which are in line
with the health beneficial effects ascribed to the Mediterranean diet.
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Highlights
. EVOO supplementation in HF fed mice increase NO,-FA levels
. Endogenous NO,-FA formation decrease fat liver accumulation
. Liver mitochondrial function is improved by EVOO

. NO,-FA can account for the health benefits associated with EVOO
consumption
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Figure 1. EVOO consumption favors the formation of nitro fatty acids.
Plasma from ND or HF fed mice, with or without EVOO supplementation in the absence or

presence of 150 uM NO, ™, was extracted with cold acetonitrile (1:4, v/v). Then, the
presence and levels of NO,-OA were analyzed by LC-ESI-MS/MS. (A) Nitro oleic acid
(m/z326/46) elution profile was determined using its 13C labeled internal standard (m/z
344/46). Retention times and MS/MS spectra of the peaks (data not shown) confirmed the
presence of NO,-OA in plasma. (B) NO,-OA levels were obtained using calibration curves

with the internal standard. Plasmatic NO,-OA concentrations normalized to the mg of

plasma proteins are plotted. The control groups of ND and HF did not show differences with

the corresponding groups in the presence of NO, ™ (data not shown). Results shown
correspond to the mean + SEM, n=10. * p< 0.05 respect to ND conditions; # p< 0.05 respect

to HF + NO, condition.
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Figure 2. EVOO supplementation increases liver HO-1 expression.
(A) Western blot analysis of liver homogenates for HO-1 expression was done. The relative

density of HO-1 to GAPDH of the observed bands was plotted as the mean + SEM, n=8. (B)
Representative results from HF and HF+EVOO+NO, ™ groups. * express significant

differences relative to ND conditions. # express significant differences relative to the HF diet
(p<0.05).
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Figure 3. Olive oil supplementation decreases fat accumulation in mice liver.
After 12 weeks of diet treatment, mice were euthanized and livers obtained as explained in

the Methods section. Changes in the livers’ color from red to a light red-white color were
used as an index of fat accumulation. Pictures correspond to ND (A); HF (B), HF with 10%
EVOO supplementation (C); HF with NO,~ and EVOO (D). Pictures shown are one
representative for each group of n=10 as explained in the Methods section.
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Figure 4. Liver histology in the normal and high-fat diet-fed animals subjected to EVOO plus
nitrite supplementation.

Liver 30 um cryosections were stained with hematoxylin and the lysochrome diazo dye Oil
red O. (A) Representative bright-field microscopic images showing the Oil red O (red) and
hematoxylin (blue) in liver sections of mice fed with normal diet (ND, left panels), ND plus
olive oil (EVOO, middle panels) or ND plus EVOO plus nitrite (NO; ") (right panels). Lower
panels show a higher magnification of the liver histology. Insets in lower panels show a
representative confocal microphotograph of Oil red O staining. Scale bars: 40 um in upper
panels, 20 um in lower panels, 10 pm in insets. (B) Representative bright-field microscopic
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images showing the Oil red O (red) and hematoxylin (blue) staining in liver sections of mice
fed with high-fat diet (HF, left panels), HF plus EVOO (middle panels) or HF plus EVOO
plus NO,™ (right panels). Insets in lower panels show a representative confocal
microphotograph of Oil red O staining. Scale bars: 40 um in upper panels, 20 um in lower
panels, 10 pm in insets. (C) The graph shows the quantitative analysis of Oil red O intensity
among groups. Data are expressed as mean + SEM.*express significant differences relative
to ND conditions with p<0.0001 and #express significant differences relative to ND
conditions with p=0.027 and 0.0056 for HF+EVOO and HF+EVOO+NO; ", respectively.
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Figure 5. Stimulation of NO»-FA formation spare liver mitochondria.
Liver biopsies were permeabilized with digitonin and mitochondrial function analyzed by

high-resolution respirometry at 37°C. (A) Representative registers of oxygen consumption.
Arrows indicate the addition of the complex II substrate succinate and ADP to perform
oxidative phosphorylation. To confirm that oxygen consumption was due to mitochondria,
the addition of antimycin A was done. State 3 (B) and tissue RCR (C) were determined. At
least 5 animals per group were tested and the results shown correspond to the mean + SEM.
* express significant differences relative to ND conditions. # express significant differences
relative to the HF diet (p<0.05).
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Figure 6. Increasing plasma NO;-OA recovers mitochondrial complex II and V activities in HF

mice.

Liver homogenates were used to analyze (A) succinate dehydrogenase (complex I1) and (B)

ATP synthase (complex V) activities. In all groups at least 8 animals were tested and the

results shown correspond to the mean = SEM. * express significant differences relative to
ND conditions. # express significant differences relative to the HF diet (p<0.05).
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Scheme 1.
Experimental design.
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Table 1.
Body and liver weights gain.
Group Weight gain (g) Liver weight (g)
ND 1.33+0.21, 1.16 £ 0.05,
ND + EVOO 2.00+0.31, 1.13+£0.04,
ND +NO,_-+EVOO | 1.78+0.28, 1.16 £ 0.05,
HF 5.80+0.20 1.66 £0.10
HF + EVOO 4.75+0.25,, 1.27£0.01,
HF + NO,- +EVOO0 4.57 £ 0.20,, | 1,39£0.04,
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