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Abstract

Dietary fat is discussed to be critical in the development of non-alcoholic fatty liver disease.
Here, we assess the effect of exchanging dietary fat source from butterfat to extra virgin
olive oil on the progression of an already existing diet-induced non-alcoholic fatty liver dis-
ease in mice. Female C57BL/6J mice were fed a liquid butterfat-, fructose- and cholesterol-
rich diet (BFC, 25E% from butterfat) or control diet (C, 12%E from soybean oil) for 13
weeks. In week 9, fat sources of some BFC- and C-fed mice were switched either to 25E%
or 12E% olive oil (OFC and CO). Glucose and insulin tolerance tests were performed, and
markers of liver damage and glucose metabolism were assessed. After 6 weeks of feeding,
BFC-fed mice had developed marked signs of insulin resistance, which progressed to week
12 being not affected by the exchange of fat sources. Liver damage was similar between
BFC- and OFC-fed mice. Markers of lipid metabolism and lipid peroxidation in liver and of
insulin signaling in liver and muscle were also similarly altered in BFC- and OFC-fed mice.
Taken together, our data suggest that exchanging butterfat with extra virgin olive oil has no
effect on the progression of non-alcoholic fatty liver disease and glucose tolerance in mice.

Introduction

Insulin resistance is acknowledged as one of the key risk factors in the development of several
metabolic diseases, among them also non-alcoholic fatty liver disease (NAFLD) [1, 2]. Results
of epidemiological studies suggest that NAFLD by now affects ~25% of the general global pop-
ulation and, depending on the area of the world studied, ~55-68% of patients with type 2 dia-
betes, making NAFLD the most prevalent liver disease in the world [3, 4]. Indeed, studies also
suggest that NAFLD soon will be the leading cause of liver transplantation in the US [5] and
annual direct medical costs associated with the disease are estimated to account to approxi-
mately $1,613 per patient in the US and €354 to €1,163 per patient in Europe [6]. Despite
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being intensely studied, molecular mechanisms involved are still not fully understood and uni-
versally accepted therapies other than life-style interventions are still not available. However,
the latter are often associated with low compliance and high relapse rates [7]. Also, with respect
to dietary interventions and recommendations focusing on changes of nutritional intake, the
role of different foods and nutrients like sugar or fat in disease development as well as therapy
is still a matter of debate.

Besides genetic predisposition, overnutrition along with overweight and obesity have been
identified as major factors contributing to the development of NAFLD (for overview see [8]).
In more recent years, not only overnutrition per se but rather dietary patterns associated with
the increased caloric intake are discussed to be critical in the development of the disease [9,
10]. Indeed, a so-called “Western-type” dietary pattern rich in processed foods, sweets, sugar-
sweetened beverages, red meat and refined grains resulting in a high intake of mono- and
disaccharides as well as saturated fats and a low fiber intake are thought to be widely contribut-
ing to the onset and progression of NAFLD [11-13]. Results of meta-analyses further suggest
that altering dietary fat intake through changes in fat sources or through supplementing n3
fatty acids resulting in an increase in the ratio of n3 to n6 fatty acids in diet may improve liver
parameters of NAFLD patients [14, 15]. A Mediterranean diet being rich in fruits, vegetables,
nuts, beans and whole grains but also using olive oil as predominate source of oil has also been
suggested to be beneficial in the treatment of NAFLD patients [16-18]. As part of a Mediterra-
nean diet, olive oil has been associated with benefits on human health, and herein, especially
metabolic diseases and NAFLD [19, 20]. Also, olive oil and compounds found in olive oil e.g.
fatty acids and polyphenols are discussed to exert beneficial effects in settings of insulin resis-
tance and NAFLD (for overview see [17, 21]); however, to date, data from animal and human
studies evaluating the isolated effects of olive oil on the liver and/ or insulin resistance are lim-
ited and at times contradictory. Indeed, while some studies suggest that polyphenol-rich extra
virgin olive oils may possess beneficial effects in regard to the development of liver diseases,
and herein, especially NAFLD [22], results of other studies reported no or even adverse effects
[23,24].

Starting from this background, the aim of the present study was to assess if exchanging but-
terfat in a fat-, fructose- and cholesterol-rich diet with extra virgin olive oil in mice with a diet-
induced NAFLD and insulin resistance has beneficial effects on markers of diet-induced
NAFLD and insulin resistance. Accordingly, to induce NAFLD, mice were pair-fed a liquid
diet rich in butterfat, fructose, and cholesterol for 8 weeks. It has been shown before by us that
when feeding this kind of diet even ‘normo-caloric’, mice develop macrovesicular fat accumu-
lation and early signs of inflammation in the liver within 6-8 weeks which progress to begin-
ning of non-alcoholic steatohepatitis (NASH) within additional 5 weeks of feeding this diet
[25]. To determine the effects of extra virgin olive oil on the progression of NAFLD and insulin
resistance, in some mice, dietary butterfat was completely exchanged with the oil in week 9 for
the next 5 weeks while the composition of the diet was maintained otherwise. Markers of insu-
lin resistance and NAFLD were assessed and compared to those determined in mice fed a but-
terfat-rich diet during the entire time.

Materials and methods
Animals and feeding

Female C57BL/6] mice obtained from Janvier (SAS, Le Genest-Saint-Isle, France) were used in
the mouse feeding experiments. In previous studies of our group but also other groups it was
shown that female mice are more or similarly susceptible to the development of early stages of
fructose-induced NAFLD [26, 27]. Also, results of others suggest a close resemblance of
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variability of traits and parameters between male and female mice [28]. All procedures were
approved by the local institutional animal care and use committee (‘Landesamt fiir Verbrau-
cherschutz), reference number: 02-004/16, Thuringia, Germany) and animals were handled in
accordance to the European Convention for the Protection of Vertebrate Animals used for
Experimental and Other Scientific Purposes. Mice were housed under controlled conditions in
a pathogen-free barrier facility at the Friedrich-Schiller University of Jena, Germany, accred-
ited by the Association for Assessment and Accreditation of Laboratory Animal Care and had
free access to water at all times. Experimental setup used in the present study and sample size
calculations were based on previous studies of our group [25]. Indeed, in these studies, it was
shown that in this feeding model, 5 weeks of treatment with a compound/ oil are sufficient to
show ‘therapeutic” efficacy [25, 29]. For the first 8 weeks of the experiment, animals were
either fed a liquid control diet (C; 69E% carbohydrates, 12E% fat derived from soybean oil,
19E% protein; Ssniff, Soest, Germany) or a liquid butterfat-, fructose- and cholesterol-rich diet
(BFC; 60E% carbohydrates, 25E% fat derived from butterfat, 15E% protein, 50% wt/wt fructose
and 0.16% wt/wt cholesterol; Ssniff, Soest, Germany). Mice were then randomly assigned to
the following groups (n = 7-8/ group): mice continuously fed the C or BFC diet or mice
switched to a control diet with exchanged fat source (CO, 12E% from extra virgin olive oil
instead of soybean oil) or a BFC diet with exchanged fat source (OFC, 25E% from extra virgin
olive oil instead of butterfat). Study design is summarized in S1 Fig. Composition of diets used
in the feeding trail are summarized in S1 Table and were previously described in detail [30].
Mice fed control diets and those fed the fat-, fructose- and cholesterol-rich diets, respectively,
were pair-fed to ensure equal caloric intake also detailed previously [25]. Dietary intake was
assessed daily, and body weight was assessed weekly. In weeks 7-8 and 12-13 of feeding, mice
were fasted for 6 h, anesthetized intraperitoneally (i.p) with ketamine/xylazine solution and an
insulin tolerance test (ITT) or glucose tolerance test (GTT) were performed as described
before [25]. After 13 weeks of feeding, mice were again anesthetized with ketamine/xylazine (i.
p.), and after a terminal blood collection from portal vein, animals were killed by cervical dislo-
cation, and liver and muscle tissue were collected.

Assessment of liver damage and inflammation

To assess liver damage, sections of paraffin-embedded livers (4 pm) were stained with hema-
toxylin and eosin and histology was scored using the NAFLD activity score (NAS) as described
by others [31]. Alanine transaminase (ALT) and aspartate transaminase (AST) activity in
plasma was measured in a routine laboratory (University Hospital Jena, Jena, Germany).

Staining of 4-hydroxynonenal protein adducts, neutrophils and F4/80
positive cells

To assess 4-hydroxynonenal protein adducts (4-HNE) and F4/80 positive cells in paraffin-
embedded liver sections (4 pm), immunohistochemical stainings (4-HNE: 1:1000 polyclonal
rabbit antibody (#H-1110) AG Scientific, San Diego, CA, USA; F4/80: 1:200 monoclonal rat
antibody (ab6640) Abcam, Cambridge, United Kingdom) were performed using an peroxi-
dase-linked secondary antibodies and diaminobenzidine as described in detail before [32, 33].
For staining of neutrophil granulocytes in liver sections a commercially available staining kit
was used (Naphthol AS-D Chloroacetate kit, Sigma-Aldrich, Steinheim, Germany) as previ-
ously described [34]. 4-HNE staining was quantified using an analysis system (Leica Applica-
tion Suite, Leica, Wetzlar, Germany), and numbers of F4/80 positive cells as well as neutrophil
granulocytes were counted per microscopic field (400 x or 200 x, respectively) utilizing a

PLOS ONE | https://doi.org/10.1371/journal.pone.0237946  September 3, 2020 3/19


https://doi.org/10.1371/journal.pone.0237946

PLOS ONE

Olive oil in the treatment of NAFLD

microscope integrated camera (Leica DM4000 B LED, Leica, Wetzlar, Germany), as detailed
previously [34, 35].

Free fatty acids in plasma and triglycerides in liver tissue

For determining levels of free fatty acids in plasma, a commercially available kit (Free Fatty
Acid Quantitation Kit, Sigma-Aldrich, Steinheim, Germany) was used according to manufac-
turer’s instructions. Measurement of triglyceride levels in liver tissue was performed as previ-
ously described in detail [34]. Measured values were normalized to protein concentration.

RNA isolation and real-time RT-PCR

RNA was isolated from liver and muscle tissue using peqGOLD Trifast (Peqglab, Erlangen, Ger-
many), concentration of RNA was measured, and cDNA was synthetized (Reverse Transcrip-
tion System, Promega GmbH, Madison, WI, USA). Using primers listed in S2 Table, real-time
polymerase chain reaction (PCR) was performed to evaluate expression of respective genes
normalized to 18S expression as previously described in detail [33].

PPARYy activity assay

Whole-cell extracts were isolated from frozen liver tissue using a commercially available
extraction buffer according to the instructions of the manufacturer (Active Motif, Inc., Carls-
bad, CA, USA). Due to a lack of suitable tissue samples, this was only possible for n = 3-4 mice
per group. Peroxisome proliferator-activated receptor gamma (PPARY) activity was measured
with a commercially available kit in accordance with the protocol provided by the manufac-
turer (PPARy Transcription Factor Assay Kits, Active Motif, Inc., Carlsbad, CA, USA).

Western blot

Cytosolic protein extracts were isolated from liver tissue and separated in SDS-PAGE as
detailed before [34]. After transferring proteins to a polyvinylidene difluoride membrane (Bio-
Rad Laboratories, Hercules, CA, USA), and incubating them with primary antibodies detect-
ing cleaved caspase 3 (Cell Signaling Technology, Massachusetts, USA) or B-actin (Santa Cruz
Biotechnology, Dallas, Texas, United States), bands were detected using Super Signal West
Dura kit (Thermo Fisher Scientific, Waltham, MA, USA) [34, 36] and analyzed using the Che-
miDoc XRS System with Image Lab software (Bio-Rad Laboratories, Hercules, CA, USA).

Statistical analysis

Statistical analysis was performed using PRISM (version 7.03, GraphPad Prism Software, San
Diego, CA, USA). A Grubb s outlier test was performed. An unpaired two-tailed Student’s t-
test was used for the comparison of C and BFC groups where applicable, whereas a two-facto-
rial analysis of variance (ANOVA) was carried out for the comparison of four groups after 13
weeks to assess significant differences (p<0.05) followed by Tukey s post hoc test. Using this
approach, the diet effect (DE), olive oil effect (OE) and interaction between diet and olive oil
(DExOE) were determined. In case of inhomogeneity of variances data were log-transformed.
Data are presented as means * standard error of mean (SEM). The following labeling was used
to identify statistically significant differences between groups: * p<0.05 compared to C-fed
mice, ® p<0.05 compared to BEC-fed mice, © p<0.05 compared to CO-fed mice.
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Results

Effect of extra virgin olive oil on body weight gain and markers of insulin
resistance

Caloric intake, body weight gain and absolute body weight within control diet (C) and high
fat, fructose and cholesterol diet fed groups were similar regardless of olive oil supplementa-
tion (see Table 1). Absolute body weight gain and body weight were significantly higher in but-
terfat-, fructose- and cholesterol-rich diet (BFC) group than in both C and control with extra
virgin olive oil (CO) fed mice (p<0.05 for both parameters and groups) after 13 weeks of feed-
ing. Similar differences were not found when comparing control groups with extra virgin olive
oil-, fructose- and cholesterol-rich diet (OFC) fed mice.

As expected, after 6 and 7 weeks of feeding, respectively, and even more so after 11 and 12
weeks of BFC feeding, fasting glucose levels and area under the curve (AUC) of GTT and ITT
were significantly higher in BFC- than in C-fed mice (p<0.05 for both time points and all
parameters, see Fig 1). Exchanging butterfat with extra virgin olive oil for the last 5 weeks of
the feeding experiment had no effect on the elevation of fasting glucose or AUC of GTT and
ITT. Indeed, all these parameters were significantly higher in BFC- and OFC-fed mice than in
both control groups while being similar between BFC- and OFC-fed mice. Despite the clear
signs of impaired glucose tolerance found in both, the GTT and the ITT, expression of insulin
receptor (Ir) and insulin receptor substrate 2 (Irs2) mRNA was similar between both groups in
muscle and liver tissue (see Table 2).

Effect of extra virgin olive oil on markers of liver damage

Previous studies of our group have shown that within 6-8 weeks of feeding a BFC, mice
develop severe steatosis with early signs of inflammation, which progresses to early steatohepa-
titis after 13 weeks of feeding [37, 38]. In line with our earlier studies, in livers of BFC-fed mice
macrovesicular steatosis and inflammatory foci were present (see Fig 2 and Table 3) and NAS
as well as hepatic triglyceride levels were significantly higher than those in both control groups
(p<0.05 in comparison to both, C- and CO-fed animals and parameters, see Fig 2 and

Table 3). Similar to the findings for GTT and ITT, exchanging the fat source to extra virgin
olive oil had no effect on liver histology as determined by NAS. Indeed, neither the degree of
steatosis nor inflammation as determined by NAS, nor hepatic triglyceride content, differed
between BFC- and OFC-fed animals (see Table 3). Liver weight and liver to body weight ratio
were also significantly higher in BFC- and OFC-fed animals when compared to both control
groups (p< 0.05 for both parameters and groups, see Table 3).

Table 1. Effect of olive oil on caloric intake, body weight, and body weight gain in female mice with early NASH.

Parameter 8 weeks' 13 weeks' E Two-way ANOVA
C BFC C BFC Cco OFC ! DExOE OE DE
Caloric intake (kcal/g bw/d) 0.43 +0.01 0.46 +0.01° 0.39 £ 0.01 0.44 + 0.01*° 0.39 +0.01 0.44 +0.01*° i NS NS <0.05
Absolute body weight gain (g) 3.7£0.2 43+0.2 3.6+0.3 5.8 + 0.4 3.9+0.2 5005 ! NS NS <0.05
Absolute body weight (g) 21.8+0.3 22.4+0.3 21.6 £0.5 23.9+0.6™ 21.8+0.3 230405 ! NS NS <0.05

C, control diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO, control diet with extra virgin olive oil; OFC, extra virgin olive oil-, fructose- and cholesterol-rich

diet; DE, diet effect; OE, olive oil effect; DExOE, interaction between diet and olive oil; NASH, non-alcoholic steatohepatitis; NS, not significant.

* p<0.05 compared to C-fed mice.

€ p<0.05 compared to CO-fed mice.

"Values are means + SEM, n = 7-8.

" Unpaired two-tailed Student’s t-test was used to compare groups after 8 weeks.

https://doi.org/10.1371/journal.pone.0237946.t001
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Fig 1. Effect of olive oil on parameters of glucose metabolism in female mice with early NASH. Fasting blood glucose
concentration after (a) 7 weeks and (b) 12 weeks of feeding. Area under the curve of glucose levels during the glucose tolerance
test after (c) 7 weeks and (d) 12 weeks of feeding, and during the insulin tolerance test of mice after (e) 6 weeks and (f) 11
weeks of feeding. Values are means + SEM, n = 7-8. Unpaired two-tailed Student s t-test (p<<0.05) was used to compare
groups after 6-7 weeks, while two-way ANOVA was used to compare groups after 11-12 weeks of feeding. * p<0.05 compared
to C-fed mice, © p<0.05 compared to CO-fed mice. C, control diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO,
control diet with extra virgin olive oil; OFC, extra virgin olive oil-, fructose- and cholesterol-rich diet; DE, diet effect; OE, olive
oil effect; DExOE, interaction between diet and olive oil; NASH, non-alcoholic steatohepatitis; NS, not significant.

https://doi.org/10.1371/journal.pone.0237946.9001

Activities of ALT and AST in plasma were also significantly higher in both BFC- and OFC-
fed mice compared to the two control groups; however, AST activity was also significantly
higher in plasma of BFC-fed mice when compared to OFC-fed animals (p<0.05, see Fig 2).
Numbers of F4/80 positive cells and neutrophils were significantly higher in livers of both
BEC- and OFC-fed mice than in both control groups (p<0.05 for both markers and groups
compared to C and CO), while these numbers were similar between BFC- and OFC-fed groups
(see Fig 3). Concentrations of 4-HNE protein adducts in livers of BFC- and OFC-fed mice
were significantly higher than in control groups (p<0.05 for both groups compared to C and
CO, see Fig 3). Levels of 4-HNE protein adducts in liver tissue were similar between BFC- and
OFC-fed mice. Expressions of interleukin 6 (I-6) and tumor necrosis factor alpha (Tnfer) in
liver tissue of BFC- and OFC-fed groups were higher than in mice fed control diets; however,
as Tnfo expression varied considerably, only the difference found for II-6 mRNA expression
reached the level of significance (C vs. BFC and C vs. OFC both p<0.05, see Table 3). Also,
mRNA expression of the pro-apoptotic marker of Bad [39] was found to be significantly lower
in livers of BFC- and OFC-fed mice, respectively, when compared to CO-fed animals (p<0.05
for both groups compared to CO, see Table 3), while no differences were found between C-fed
and BFC- and OFC-fed mice, respectively. Protein levels of cleaved caspase 3 in liver tissue
were also similar between groups; however, concentration varied considerably between groups
(see Table 3 and S2 Fig).

Effect of extra virgin olive oil on markers of hepatic lipogenesis

To determine if olive oil intake affected markers of hepatic lipogenesis, nRNA expressions of
acetyl- coenzyme A carboxylase (Acc), fatty acid synthase (Fas), stearoyl- coenzyme A desatur-
ase 1 (Scd1), sterol regulatory element-binding protein 1c (Srebplc) and Ppary were assessed
in livers of animals. Expressions of Acc and Fas mRNA were significantly higher in BFC-and

Table 2. Effect of olive oil on parameters of glucose metabolism in liver and muscle of female mice with early NASH.

Parameter 13 weeks E Two-way ANOVA

C BFC Cco OFC ! DExOE OE DE
Liver E
Ir mRNA (% of control) 100.0 £ 4.4 76.0 £ 6.3 69.0 £ 12.1 85.8+17.3 E NS NS NS
Irs2 mRNA (% of control) 100.0 £ 15.4 66.6 + 3.7 80.1 +10.2 94.0 +24.4 i NS NS NS
Muscle i
Ir mRNA (% of control) 100.0 £ 11.6 66.7 £ 12.9 1003+ 174 95.6+13.3 i NS NS NS
Irs2 mRNA (% of control) 100.0 = 36.5 55.5+15.8 61.4+13.4 553+7.1 E NS NS NS

C, control diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO, control diet with extra virgin olive oil; OFC, extra virgin olive oil-, fructose- and cholesterol-rich

diet; DE, diet effect; OE, olive oil effect; DExOE, interaction between diet and olive oil; Ir, insulin receptor; Irs2, insulin receptor substrate 2; NASH, non-alcoholic

steatohepatitis; NS, not significant.

"Values are means + SEM, n = 7-8.

https://doi.org/10.1371/journal.pone.0237946.t1002
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Fig 2. Effect of olive oil on indices of liver damage in female mice with early NASH. (a) Representative
photomicrographs of hematoxylin and eosin stained liver sections (200 x, 400 x), and (b) evaluation of liver histology
using NAFLD activity score (NAS) adapted from Kleiner et al. [31]. Activity of (c) aspartate aminotransferase (AST)
and (d) alanine aminotransferase (ALT) in portal plasma. Values are means = SEM, n = 6-8. C group for ALT:n=4 as
values were below the detection level. Two-way ANOVA was used to compare groups after 13 weeks of feeding. *
p<0.05 compared to C-fed mice, ® p<0.05 compared to BFC-fed mice, © p<0.05 compared to CO-fed mice. C, control
diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO, control diet with extra virgin olive oil; OFC, extra virgin
olive oil-, fructose- and cholesterol-rich diet; DE, diet effect; OFE, olive oil effect; DExOE, interaction between diet and
olive oil; NASH, non-alcoholic steatohepatitis; NS, not significant.

https://doi.org/10.1371/journal.pone.0237946.9002

OFC-fed mice when compared to the two control groups (p<0.05 for both comparisons of
both parameters) but did not differ among each other. Expression of Scdl mRNA was signifi-
cantly higher in livers of BFC- and OFC-fed mice than in C-fed mice (p<0.05 for both com-
parisons); however, similar differences were not found for the comparison of CO-fed mice and
the BFC- and OFC-fed groups. Srebplc mRNA expression and PPARYy activity and mRNA in
liver tissue were similar between groups (see Table 4, PPARYy activity; n = 3-4 due to a lack of
tissue). Furthermore, plasma levels of free fatty acids were also similar between groups (see
Table 4).

Effect of extra virgin olive oil on markers of TLR4 signaling in liver tissue

To determine if olive oil intake affected markers of toll-like receptor 4 (Tlr4) signaling shown
to be critical in the development of NAFLD [40, 41], expression of Tlr4, myeloid differentia-
tion factor 88 (Myd88) and lipopolysaccharide binding protein (Lbp) were assessed in liver tis-
sue of animals. Expressions of Tlr4 mRNA were significantly higher in livers of BFC- and
OFC-fed mice than in C-fed animals while for the comparison with CO-fed mice, only differ-
ences between BFC-fed and C-fed mice reach the level of significance as data varied consider-
ably in some groups (see Table 5). Contrasting these findings, neither mRNA expression of
Myd88 or Lbp differed between groups.

Table 3. Effect of olive oil on parameters of liver damage in female mice with early NASH.

Parameter

Liver weight (g)

Liver/body weight ratio (%)
NAS Steatosis

NAS Inflammation
Triglycerides (ug/mg protein)
11-6 mRNA (% of control)
Tnfa mRNA (% of control)
Bad mRNA (% of control)

Cleaved caspase 3 / B-actin (% of control)

13 weeks E Two-way ANOVA

C BFC co OFC ! DExOE OE DE
0.9 £0.03 1.7 £ 0.13%¢ 1.0 +0.04 1.6 +0.05 | NS NS <0.05
41+0.1 7.1+ 0.4 45+0.1 67+0.1% | <0.05 NS <0.05
0.2+0.1 3.0+0.1%¢ 0.5+0.1 25+02% | NS NS <0.05
0.0 £0.0 0.5+0.1° 0.0 +0.0 06+02 | NS NS <0.05
21+3 111 % 92 70 + 20° 111+13* | <0.05 NS <0.05
100.0 + 22.1 234.5 +32.9° 200.1+12.9 238.1 +345° | NS NS <0.05
100.0 + 18.4 188.4 + 40.0 98.8 +25.9 2160 +440 ! NS NS <0.05
100.0 + 8.0 69.3 £7.5° 1224+138 83.6+£72° ! NS NS <0.05

100.0 + 28.3 157.8 + 40.3 56.9 + 14.7 1259+47.0 | NS NS NS

C, control diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO, control diet with extra virgin olive oil; OFC, extra virgin olive oil-, fructose- and cholesterol-rich
diet; DE, diet effect; OE, olive oil effect; DExOE, interaction between diet and olive oil; Bad, Bcl2-associated agonist of cell death, I1-6, interleukin 6; NAS, NAFLD

activity score; NASH, non-alcoholic steatohepatitis; NS, not significant; Tnfo, tumor necrosis factor alpha.

# p<0.05 compared to C-fed mice.
€ p<0.05 compared to CO-fed mice.

"Values are means + SEM, n = 6-8.

https://doi.org/10.1371/journal.pone.0237946.t003
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Fig 3. Effect of olive oil on inflammation markers in livers of female mice with early NASH. Number of (a) F4/80
positive cells (400 x), (b) neutrophils (200 x) per microscopic field and (c) densitometric analysis of 4-hydroxynonenal
protein adducts in stained liver sections. Values are means + SEM, n = 7-8. Two-way ANOVA was used to compare
groups after 13 weeks of feeding. * p<0.05 compared to C-fed mice, © p<0.05 compared to CO-fed mice. C, control
diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO, control diet with extra virgin olive oil; OFC, extra virgin
olive oil-, fructose- and cholesterol-rich diet; DE, diet effect; OE, olive oil effect; DEXOE, interaction between diet and
olive oil; NASH, non-alcoholic steatohepatitis; NS, not significant.

https://doi.org/10.1371/journal.pone.0237946.g003

Discussion

The impact of macronutrients and herein especially of different fats and oils on the develop-
ment of metabolic diseases including insulin resistance and NAFLD is still not fully under-
stood. Life-style interventions aiming at a weight loss are still the first therapy of choice in the
treatment of metabolic diseases. These interventions often focus on a general reduction of
caloric intake e.g. through a reduction of fat intake and increas of the intake of complex carbo-
hydrate and/or recommend a change of dietary pattern towards a ‘Mediterranean diet” or
modification of the latter often associated with a switch of fat source to olive oil [42-44]. Some
human and animal studies suggest that olive oil may bear some beneficial effects on the devel-
opment of insulin resistance and NAFLD even in the absence of other dietary factors associ-
ated with the consumption of a ‘Mediterranean diet” [45, 46]; however, results of other studies
report no or even unfavorable health effects of olive oil [23, 24]. Here, using a pair-feeding
model in mice, we assessed, if exchanging butterfat with equivalent amounts of an extra virgin
olive oil bears protective effects on the progression of insulin resistance and/or development of
NAFLD. Indeed, when compared to butterfat, extra virgin olive oil is markedly richer in oleic
acids (18:1: olive oil 76-78% vs. 2.58% in butterfat) but also some polyunsaturated fatty acids
(18:2: olive oil 4.5-6% vs. 0.21% in butterfat; 18:3: olive oil 0.5-0.7% vs. 0.06% in butterfat). In
the present study, while only slightly differing in absolute body weight gain, mice fed the BFC
and those fed the OFC for the last 5 weeks of the experiment were similar regarding markers
of insulin resistance and early non-alcoholic steatohepatitis (NASH). Indeed, with the excep-
tion of AST activity, none of the parameters assessed related to liver health, e.g. NAS and ALT
activity or related to insulin resistance (e.g. insulin tolerance, glucose tolerance, mRNA expres-
sion of Ir and Irs2 in muscle or liver tissue) differed between mice fed the BFC or OFC diet.

Table 4. Effect of olive oil on parameters of lipid metabolism in liver and plasma free fatty acid levels of female mice with early NASH.

Parameter

Acc mRNA (% of control)

Fas mRNA (% of control)

Scdl mRNA (% of control)

Srebplc mRNA (% of control)
Ppary mRNA (% of control)
PPARYy activity (% of control)

Free fatty acids in plasma (nmol/ul)

13 weeks' E Two-way ANOVA

C BFC Cco OFC |  DExOE OE DE
100.0 + 18.4 445.7 + 74.6™° 87.8 + 14.8 306.4 + 43.8*¢ E NS NS <0.05
100.0 + 14.6 617.0 + 64.8™ 93.6 £21.8 482.9 + 73.2* E NS NS <0.05
100.0 £ 9.8 393.3 + 66.6° 230.6 £ 47.6 279.9 +39.1° E NS NS <0.05
100.0+9.5 129.8 +16.9 101.4 + 8.4 156.6 +26.8 ! NS NS <0.05

100.0 + 21.4 1115+ 11.1 130.0 +29.1 103.4+93 NS NS NS

100.0 + 32.8 117.5+24.9 98.2+6.3 90.9 +7.2 NS NS NS

0.5+0.1 0.3+0.03 0.5+0.1 0.4 0.1 E NS NS NS

C, control diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO, control diet with extra virgin olive oil; OFC, extra virgin olive oil-, fructose- and cholesterol-rich

diet; DE, diet effect; OE, olive oil effect; DExOE, interaction between diet and olive oil; Fas, fatty acid synthase; NASH, non-alcoholic steatohepatitis; NS, not significant;

Ppary, peroxisome proliferator-activated receptor gamma; Scdl, stearoyl- coenzyme A desaturase 1; Srebplc, sterol regulatory element-binding protein 1c.

# p<0.05 compared to C-fed mice.
€ p<0.05 compared to CO-fed mice.

"Values are means + SEM, n = 7-8, except for PPARy activity: n = 3-4.

https://doi.org/10.1371/journal.pone.0237946.t004
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Table 5. Effect of olive oil on parameters of TLR4 signaling in female mice with early NASH.

Parameter 13 weeks' E Two-way ANOVA
BFC (¢0) OFC !  DExOE OE DE
Tlr4 mRNA (% of control) 100.0 +7.0 227.5 +29.7*¢ 116.4 +17.6 190.7 + 21.2° E NS NS <0.05
Myd88 mRNA (% of control) 100.0 +11.1 89.2+9.5 85.8+£8.9 98.4 +15.7 i NS NS NS
Lbp mRNA (% of control) 100.0 + 8.6 112.4 + 16.3 68.5+13.2 11574224 | NS NS NS

C, control diet; BFC, butterfat-, fructose- and cholesterol-rich diet; CO, control diet with extra virgin olive oil; OFC, extra virgin olive oil-, fructose- and cholesterol-rich

diet; DE, diet effect; OE, olive oil effect; DExOE, interaction between diet and olive oil; NASH, non-alcoholic steatohepatitis; NS, not significant; Tlr4, toll-like receptor

4; Myd88, myeloid differentiation factor 88; Lbp, lipopolysaccharide binding protein.

* p<0.05 compared to C-fed mice.
€ p<0.05 compared to CO-fed mice.
"Values are means + SEM, n = 7-8.

https://doi.org/10.1371/journal.pone.0237946.t005

However, almost all of these parameters were significantly higher in BFC and OFC animals
when compared to the two control groups. Also, mRNA expressions of proinflammatory cyto-
kines like Tnfa and II-6 as well as concentrations of 4-HNE protein adducts were also similarly
elevated in livers of BFC- and OFC-fed mice. Furthermore, while mRNA expression of Bad
was lower in livers of both BFC- and OFC-fed mice, cleaved caspase 3 was similar between
groups as concentration of the latter varied considerably between groups. The pro-apoptotic
protein Bad has been shown to be also critical in the regulation of hepatic energy metabolism
[47]. And while others have shown that pro-apoptotic markers like Bad are upregulated in set-
tings of NAFLD [48, 49], it could very well be that in the present study, the lower expression of
Bad found in livers of OFC- and BFC-fed mice was related to its role regulating gluconeogen-
sis; however, this remains to be determined in future studies. Interestingly, markers of lipogen-
esis were also similarly altered in livers of BFC- and OFC-fed mice further suggesting that
replacing butterfat with similar amounts of extra virgin olive oil only had limited effects on
lipogenesis in liver in the present study. Findings for Srebplc mRNA expression as well as
PPARY activity and expression in liver are somewhat contrasting the findings of others report-
ing that in settings of high-fat diet/ obesity-associated NAFLD, these nuclear factors are found
to be increased [50-52]. Difference between the findings of others and those in the present
study might have resulted from the lack of abnormal body weight in the present study but
maybe also differences in diets fed as well as gender. This also needs to be addressed in future
studies. Furthermore, the difference found in AST activity may have resulted from the fact that
AST is considered as less specific for liver injury but rather may also be indicative of other tis-
sues damaged e.g. heart, pancreas and muscle [53]. Indeed, ALT activity is considered as a bet-
ter indicator of liver damage as its activity is greater in liver than in muscle (for overview see
[54]).

Taken together, results of the present study suggest, that the simple exchange of the source
of fat e.g. from butterfat to extra virgin olive oil when continuously feeding a diet rich in fruc-
tose and cholesterol but also fat, may not be sufficient to attenuate the progression of NAFLD
and insulin resistance in mice. Rather, our data suggest that the fatty acid composition and
polyphenols found in a commercially available extra virgin olive oil may not be sufficient to
attenuate NAFLD progression. However, these findings by no means preclude that extra virgin
olive oil when being fed concomitantly from the beginning or when being fed in the absence
of fructose and/or cholesterol may prevent the development and progression of NAFLD.

Our results are in part contrary to the findings of others assessing the effect of olive oil on
the development of NAFLD and/or insulin resistance. For instance, Sales et al. [55] reported
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that an 8 weeks long intake of an olive oil rich diet (41E% fat) did not resulted in the develop-
ment of steatosis in mice while that of palm oil did. Furthermore, in the study of Jurado-Ruiz
et al. [22] assessing the effect of extra virgin olive oil on the progression of NAFLD induced by
feeding mice a lard-based high-fat diet, the exchange of lard with an extra virgin olive oil also
partially attenuated the progression of inflammation but not steatosis in mice with pre-existing
NAFLD. In line with the findings of the present study, supplementing diet with olive oil in that
study was also not associated with changes in IL-6 and TNFa levels in plasma [22]. Also, in the
study of Jurado-Ruiz et al. effects on liver were more pronounced in those mice receiving a
polyphenol enriched olive oil further suggesting that maybe not the fatty acid pattern but other
compounds found in extra virgin olive oil may have beneficial effects on the liver. Contrasting
the present study, in that study animals were not pair-fed and especially those in the polyphe-
nol enriched olive oil group lost weight when being fed the olive oil enriched diet suggesting
bolstering the hypothesis that the polyphenol content of the olive oil may be critical for the
beneficial effects. Indeed, weight loss has been shown to attenuate the development of NAFLD
in several human and animal studies [56, 57]. Dos Santos et al. also showed that changing the
diet after 8 weeks from a high-fat diet to a high-fat diet supplemented with extra virgin olive
oil “slowed” the NAFLD progression with beneficial effects being associated with changes in
mitochondrial composition e.g. fatty acids [58]. In the study of Hernandez-Rodas et al. the
slight beneficial effect of an addition of 50 mg/kg/d extra virgin olive oil to a high-fat diet on
liver fat (~-24% compared to high-fat diet-fed mice) were associated with markedly lower
Srebplc and Fas mRNA expression as well as lower activity of Acc and Fas. Also, in this study,
markers of lipid peroxidation as well as expression of proinflammatory cytokines in liver tissue
were lower in livers of mice fed the high-fat diet fortified with extra virgin olive oil [59]. Differ-
ences between results of this study and the present study might have resulted from the amount
of extra virgin olive oil supplemented e.g. 25E% vs. 50 mg/kg/d as well as the experimental
setup (concomitant treatment for 12 weeks vs. exchanging fat source after 8 weeks). Indeed,
results of Rincon-Cervera et al. also showed that supplementing a high-fat diet with an extra
virgin olive oil rich with antioxidants may partially attenuate the hepatic fat accumulation and
the development of insulin resistance and that this may be associated with changes in markers
of lipid peroxidation. However, results of this study also suggest that not only fatty acid com-
position but also compounds found in extra virgin olive oil like antioxidants may be important
for the effects of the oil on liver health and glucose metabolism in settings of diet-induced
NAFLD [60]. In line with this hypothesis, it was shown in rats fed an iron-rich diet that the
addition of an antioxidant-rich extra virgin olive oil to the diet (100 mg/d) hindered the devel-
opment of liver steatosis through mechanisms involving an attenuation of oxidative stress and
induction of markers of lipogenesis [61]. Unfortunately, in the present study, no data were
available regarding polyphenol or antioxidant content of the extra virgin olive oil.

Results of recent studies suggest that certain extra virgin olive oils may affect intestinal bar-
rier function in settings of inflammatory bowel disease [62]. Impairments of intestinal barrier
function, and subsequently, an increased translocation of bacterial endotoxin and activation of
TLR4-dependent signaling cascades in the liver have repeatedly been associated with the devel-
opment of NAFLD (for overview [63]). In line with the findings of our group but also other
groups [64-66], in the present study, expression of TIr4 in liver tissue of both BFC and OFC
was significantly higher than in C-fed animals. Somewhat contrasting the findings for Tlr4
mRNA expression, expression of Myd88 and Lbp were similar between groups. However, it
has been shown that neither LBP nor MyD88 are solely regulated at the level of mRNA expres-
sion and also in dependence of different ligands/ compounds (e.g. endotoxin, peptidglycane
and proinflammatory cytokines) [67-70]. Difference between the studies of Cariello et al. [62]
and our study might have resulted from differences in the composition of the oils used but
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may also be related to difference in the models (e.g. dextran sodium sulfate vs. diet-induced
NAFLD). Taken together, our results suggest that the addition of extra virgin olive oil instead
of butterfat had no effects on TIr4 expression in liver tissue of mice with diet-induced early
signs of NASH. Further studies are needed to determine if specific cultivars of olives and sub-
sequently, different compounds found in the oil or the fatty acid composition found in olive
oil are critical in the effects of olive oil on intestinal barrier function.

Conclusions

Taken together, results of the present study suggest that in settings of a preexisting steatosis
with early signs of inflammation and insulin resistance, an exchange of all fat sources from
butterfat to an extra virgin olive oil neither attenuates the progression of liver disease nor insu-
lin resistance in mice when the consumption of “unhealthy” nutrients such as fructose and
cholesterol is continued. These data support the hypothesis that large amounts of extra virgin
olive oil by itself may only have limited therapeutic impact on liver and glucose metabolism in
settings of a pre-existing NAFLD and impaired glucose and insulin tolerance. However, if this
is a universal effect of extra virgin olive oil or if this is only attributable for the extra virgin
olive oil or the amounts used in the present mouse study, remains to be determined.
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