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Abstract
Background and Aims
The Mediterranean diet, which is characterized by high consumption of olive oil, prevents

cardiovascular disease. Meanwhile, olive mill wastewater (OMWW), which is obtained as a

byproduct during olive oil production, contains various promising bioactive components such as
water-soluble polyphenols. Hydroxytyrosol (HT), the major polyphenol in OMWW, has anti-
oxidative and anti-inflammatory properties; however, the atheroprotective effects of OMWW and
HT remain to be fully understood. Here, we investigated the effect of OMWW and HT on
atherogenesis.

Methods and Results

Male 8-week-old apolipoprotein E-deficient mice were fed a western-type diet supplemented with
OMWW (0.30%w/w) or HT (0.02%w/w) for 20 weeks. The control group was fed a non-
supplemented diet. OMWW and HT attenuated the development of atherosclerosis in the aortic
arch as determined by Sudan IV staining (P<0.01, respectively) without alteration of body weight,
plasma lipid levels, and blood pressure. OMWW and HT also decreased the production of oxidative
stress (P<0.01, respectively) and the expression of NADPH oxidase subunits (e.g., NOX2 and
p22phox) and inflammatory molecules (e.g., IL-1p and MCP-1) in the aorta. The results of in vitro
experiments demonstrated that HT inhibited the expression of these molecules that were
stimulated with LPS in RAW264.7 cells, murine macrophage-like cells.

Conclusion

OMWW and HT similarly attenuated atherogenesis. HT is a major component of water-soluble
polyphenols in OMWW, and it inhibited inflammatory activation of macrophages. Therefore, our
results suggest that the atheroprotective effects of OMWW are at least partially attributable to the

anti-inflammatory effects of HT.
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Introduction

Cardiovascular events based on atherosclerotic disease remain the leading cause of morbidity and
mortality globally[1]. There have been substantial achievements in the prevention or risk reduction
of atherosclerotic disease by employing clinical interventions against risk factors, although those
are not enough[2]. In addition to these clinical interventions, one of the most important strategies
to prevent cardiovascular events is the promotion of a healthy lifestyle throughout life[3,4]. Recently,
there has been growing interest in the link between dietary patterns and atherosclerotic disease.
Among them, the Mediterranean diet, which is characterized by high consumption of olive ail,
especially extra-virgin olive oil (EVOQ), has attracted much attention[5-9]. In fact, several studies
indicated that better conformity with the traditional Mediterranean diet is associated with better
cardiovascular outcomes, including reductions in rates of coronary heart disease, ischemic stroke,

and total cardiovascular disease. Furthermore, in the PREDIMED trial and more recent

CORDIOPREV ftrial, a Mediterranean diet supplemented with EVOO showed a reduction in

cardiovascular events compared with the control diet[8,10]. Previous clinical and basic research
has suggested that the anti-inflammatory effects of monounsaturated fatty acids (MUFAs) such as
oleic acid, which is a major nutritional component of EVOO, on vascular cells are associated with
their cardioprotective effects[11-13].

In addition to MUFAs, olives contain various attractive biological compounds[14,15].

Especially, a byproduct obtained during olive oil production, olive mill wastewater (OMWW),

contains water-soluble polyphenols such as hydroxytyrosol (HT)[16]. Previous studies have
demonstrated that water-soluble polyphenols in OMWW have anti-inflammatory and/or anti-
oxidative properties, implying their cardioprotective effects[17-23]. However, the results of previous
studies, in which HT was administered to atherosclerotic animal models, are controversial[24].
Therefore, in this study, we administered OMWW, which contains water-soluble polyphenols
including HT or HT, to apolipoprotein E-deficient (ApoE”-) mice and examined whether OMWW
prevents atherogenesis in this mouse model. We also investigated the effects of HT on

atherogenesis and the pro-inflammatory activation of macrophages to examine the mechanism.

Materials and Methods



Chemicals

OMWW is obtained during the process of the extraction of olive oil. In this study, OLIVEX HT6®
(GROUPE GRAP’SUD) was used. OLIVEX HT6® is characterized by a higher polyphenol content
(30%), and itincludes HT (6%) and tyrosol (1%). HT was purchased from Tokyo Chemical Industry

Co., Ltd. Compositional data provided by the supplier is shown in Table1.

Animals and drug administration

ApoE~"- mice (C57BL/6J background), a hypercholesterolemic mouse model of atherosclerosis,
were originally purchased from The Jackson Laboratory. Male ApoE"- were fed a western-type diet
(WTD) supplemented with OMWW (0.30%w/w) or HT (0.02%w/w), from 8 weeks old for 20 weeks.
Both foods include a similar amount of HT. The control group received a non-supplemented WTD.
Mice were maintained under controlled lighting (12 h light/dark) and temperature (24°C) conditions.
All animal experimental procedures conformed to the guidelines for animal experimentation of
Tokushima University. The protocol was reviewed and approved by our institutional ethics
committee.

Analysis of blood pressure and serum lipid levels

Blood pressure was measured by a tail-cuff system (BP-98A . Softron) as we described

previously[25]. At the time of sacrifice, blood was collected from the heart, and plasma was
separated and stored at —-80°C until required. Plasma total cholesterol, low-density lipoprotein-
cholesterol, high-density lipoprotein-cholesterol, and triglyceride levels were measured using a
7180 Clinical Analyzer (Hitachi High-Technologies GLOBAL).

Analysis of atherosclerotic lesions

The development of atherosclerotic lesions in the aorta was assessed as we previously
described[26]. In brief, after sacrifice and perfusion with 0.9% sodium chloride solution, both the
heart and whole aorta were immediately dissected from the body. The upper part of the thoracic
aorta was opened longitudinally and fixed with 10% neutral buffered formalin. Quantification of
atherosclerotic lesions in the aortic arch was performed by en face Sudan IV staining. The lower
part of the thoracic aorta and the abdominal aorta were removed and snap-frozen in liquid nitrogen

for further analyses.



Measurement of aortic O2" production

Production of Oy in the aorta was measured using a lucigenin-enhanced chemiluminescence
assay as described previously[27]. The thoracic aorta with endothelium was cut into small pieces
and placed in modified Krebs/HEPES buffer (20 mM HEPES, 119 mM NaCl, 4.7 mM KCI, 1.25 mM
CaCly, 0.4 mM NaH2PO4, 0.15 mM NazHPO4, 1 mM MgSO4, 5 mM, NaHCO3, and 5.5 mM glucose)
in wells of a 96-well plate. After applying lucigenin at a final concentration of 5 pM,
chemiluminescence was recorded for 10 minutes at 37°C continuously. Then, NADPH was added
at a final concentration of 0.5 yM, and chemiluminescence was recorded for 10 minutes
continuously. The vessels were then dried by placing them in a 90°C oven for 24 h for determination
of dry weight. The production of superoxide was determined by calculating area under the curve.
Cell culture

RAW264.7, a murine macrophage cell line, was purchased from KAC Co., Ltd. RAW264.7 was
cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS and 1% penicillin G/streptomycin
in a COz incubator with 5% CO, at 37°C. RAW264.7 cells were pre-treated with HT (3, 10, or 30
pUM) for 1 hour in serum-starved conditions, and then stimulated with 50 ng/ml LPS for 24 hours.
Quantitative real-time PCR

Total RNA was extracted from the aorta and RAW264.7 cells using a RNeazy Mini Kit (Qiagen)
according to the manufacturer’s instructions. A quality check of RNA in all samples was performed
in a Bioanalyzer 2100 (Agilent Technologies) and samples with RIN>8.0 was used for further
analysis. cDNA was synthesized using a High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). To quantify the difference in gene expression, quantitative real-time PCR (qPCR)
was performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems) using TagMan
gene expression assay probes (Thermo Fisher Scientific) by the AACt method. Gene specific
primers were as follows; Cybb (NOX2, Mm01287743_m1), NOX4 (NOX4, Mm00479246_m1),
Cyba (p22phox, MmO00514478_m1), Ncfl (p47phox, MmO00447921_m1), Rac2 (Rac2,
Mm00485472_m1), Tnf (Tnfa, MmO00443258 m1), Ccl2 (MCP1, Mm00441242_m1), Vcam1
(VCAM1, MmO01320970_m1), Icam1 (ICAM1, MmO00516023_m1), and Serpinel (PAI1,
MmO00435858 m1). Data are expressed in arbitrary units by 18S rRNA (18S, 18sRNA;

Hs99999901_s1).



Statistical analysis
All results are expressed as mean + SEM. Comparisons of multiple groups were performed using
one-way analysis of variance followed by Dunnett's multiple comparison test. A value of P<0.05

was considered significant.

Results

OMWW and HT attenuated atherogenesis in ApoE"- mice

Administration of OMWW or HT for 20 weeks did not affect body weight, plasma lipid levels, or
blood pressure in ApoE” mice (Table 2). Both OMWW and HT reduced the development of
atherosclerosis in the aortic arch (P<0.01, respectively); however, there was no statistically
significant difference between the two groups (Figure 1).

OMWW and HT reduced oxidative stress

O2 measurement in the thoracic aorta demonstrated that administration of OMWW or HT
significantly reduced the production of superoxide compared with the control group (P<0.01,
respectively) (Figure 2A). Both treatments also suppressed the expression of NADPH oxidase
subunits in the abdominal aorta (Figure 2B). In particular, significant suppression of NOX2 and
p22phox by OMWW (P<0.05) or HT (P<0.05), of p47phox by HT (P<0.05), and of Rac2 by OMWW
(P<0.01) was observed.

OMWW and HT reduced vascular inflammation

Administration of OMWW or HT decreased the expression of inflammatory molecules in the
abdominal aorta (Figure 3). OMWW significantly reduced the expression of interleukin (IL)-1f,
monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1), and
vascular cell adhesion molecule-1 (VCAM-1) (P<0.05, respectively). Similarly, HT significantly
reduced the expression of IL-13, MCP-1, ICAM-1, VCAM-1, and plasminogen activator inhibitor-1
(PAI-1) (P<0.05, respectively).

HT attenuated inflammatory activation of macrophages induced by LPS

To investigate the anti-inflammatory effects of HT, a major polyphenol contained in OMWW, in vitro

experiments using RAW264.7 cells were performed. LPS promoted the expression of inflammatory



molecules such as IL-1p, MCP-1, iNOS, and ICAM-1 in this cell-type, while pre-treatment with HT

attenuated their expression in a dose-dependent manner (Figure 4).

Discussion

This study investigated the effects of OMWW and HT on atherogenesis in an atherosclerotic mouse
model. HT is known to be a major component of water-soluble polyphenols in OMWW. The results
of in vivo experiments demonstrated that OMWW and HT significantly inhibited the development
of atherosclerotic lesions and the expression of inflammatory molecules in the aorta, without
alteration of metabolic parameters and blood pressure. Both treatments also reduced the
production of superoxide and the expression of NADPH oxidase subunits in the aorta. In this study,
both treatment groups showed similar atheroprotective effects. The dosage of HT in the OMWW
group and HT group was equal (0.02% (w/w)), and HT is a major component of water-soluble

polyphenols in OMWW. These dose was similar to a previous study[28]. The dosage closely

approximated human intake[16,28] and was a very low one once body surface area is taken

into account[29]. Considering the case of actual administration to humans, according to the

previous human studies of HT administration[30,31], it seems easier to take HT as a

supplement than from a reqgular diet. Furthermore, the results of in vitro experiments showed that

HT suppressed inflammatory activation of macrophages. These results suggested that OMWW
attenuated atherogenesis by reduction of oxidative stress and inflammation, at least partially, and
that HT contributed to the atheroprotective effects of OMWW.

Numerous studies have indicated that the Mediterranean diet reduces cardiovascular
events. EVOO and MUFAs are a major component of the Mediterranean diet. Besides, OMWW
obtained during the process of extraction of olive oil also contains various bioactive
components[14]. Previous studies have shown that water-soluble polyphenols in OMWW
potentially have atheroprotective effects[21-23]. HT is a major component of olive-derived water-

soluble polyphenols, and it has various effects; including anti-inflammatory effects[18-20,32],

protective effects of endothelial function[33,34], inhibitory effects of vascular smooth muscle cells

migration[35,36], antihypertensive effect[37,38], and epigenetic effect via microRNAs[39.40];




however, it is still unclear whether HT attenuates the development of atherosclerosis, especially in
vivo[17,24]. Tyrosol, a dehydroxylated form of HT, is a second major water-soluble polyphenol in
OMWW. Tyrosol also has anti-inflammatory properties, though several studies suggested its effect
is weaker than that of HT[41,42]. Several previous studies suggested that OMWW has potential
atheroprotective effects, associated with the effects of these bioactive components. An in vitro
study demonstrated that olive extraxt suppressed inflammatory responses in in Vvitro
experiments[43]. Also, another study demonstrated that OMWW improved glucose and lipid profile
in rats and humans in vivo[15]. Furthermore, a previous study demonstrated that consumption of
OMWW increased glutathione level in healthy volunteers[16]. However, few studies have
examined whether OMWW inhibits atherogenesis in vivo.

Our present study demonstrated that both OMWW and HT reduced the expression of
NADPH oxidase subunits and superoxide production in the aorta of treated mice, suggesting the
suppression of oxidative stress. Numerous studies have indicated that oxidative stress promotes
inflammatory responses in various cell types in the vasculature, leading to the development of
atherosclerosis[44-46]. In this study, both treatments reduced the expression of inflammatory
molecules (e.g., IL-1p and MCP-1) in the aorta. We also examined the effects of HT on
macrophages, a key player in atherogenesis[47]. In our in vitro experiments, HT clearly attenuated
inflammatory molecule expression in murine macrophage-like cells stimulated with LPS. Previous
studies have demonstrated anti-oxidative stress effects of HT[32]. In addition, one study reported
that HT attenuated oxidative stress, suppressing the production of oxidized LDL, one of the
proinflammatory activators of macrophages[19,20]. Thus, our results, taken together with those of
previous studies, suggest that OMWW and HT suppress oxidative stress and pro-inflammatory
activation of macrophages, leading to the inhibition of atherogenesis.

The results of our present study demonstrated that OMWW and HT attenuated
atherogenesis in WTD-fed ApoE~"- mice without alteration of the lipid profile. Similarly, a previous
study showed that HT reduced atherosclerosis development in high-fat-fed rabbits[17], while HT
improved the lipid profile in their study. On the other hand, there is a report demonstrating that HT

increased atherosclerosis development in ApoE”- mice fed normal chow[24]. In that study, total
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cholesterol level was lower than that in our study; however, it increased after HT administration.
There is a possibility that HT effectively inhibits inflammatory responses caused by exogenous
cholesterol included in the diet. Also, the profile of gene expression including adhesion molecules
and inflammatory molecules associated with atherogenesis is different between the aorta in normal
chow-fed ApoE~- mice and that in western-type diet-fed ApoE"- mice[48]. Therefore, the difference
in diet and administration period might explain these discrepancies. Further studies are required
to establish the atheroprotective effects of OMWW and HT.

EVOO and bioactive compounds derived from olives have been gathering interests

in promoting a healthy lifestyle[39]. Accumulating evidence has proven that the Mediterranean

diet is associated with the decrease in metabolic disorders, cardiovascular diseases, cancer

risk, neurological disorders, and inflammatory disease. In addition, for over 25 years, to reveal

underlying mechanisms or develop new drugs, clinical and basic researchers have been using

isolated olive components such as OMWW and other polyphenols[49]. Many of these studies

have been performed in experimental animals and reported that olive-derived polyphenols

including HT abrogate the expression of inflammatory cytokines, bioactive lipids, and reactive

oxygen species, suggesting anti-inflammatory and anti-oxidative effects. Some human studies

have been done, however its effect is still controversial[39,50], however, of note, several

studies have demonstrated that OMW\W increased the plasma concentration of glutathione,

an_anti-oxidative molecule[28,51], decreased TXB:[52], and reduced inflammation[53].

Further studies are needed to have better understanding beneficial effects of olive extracts

and isolated olive components.

This study has several limitations. First, we used OLIVEX HT6® (GROUPE GRAP’SUD)

as OMWW. Various olive-derived phenol products which contain different percentage of phenols

are commercially available and several studies have reported their favorable effects[54-56]. We

did not aim to compare them in this study, but we need to be careful for cytotoxicity and maximum

intake/upper limits of them to establish health promotion with these bioactive nutrients[57-59].

Second, the dosage of our study was similar to previous study, however we did not examine the

dose dependency in in vivo study. Third, although there was no significant difference in body
11




weight between groups, detailed dietary intake, stability of OMWW in the diet, and blood

concentration of HT were not be verified in this study.

Conclusions

Our results demonstrated that OMWW reduced oxidative stress and inflammation in the
vasculature and attenuated the development of atherosclerosis in WTD-fed ApoE” mice. These
atheroprotective effects of OMWW are attributable, at least partially, to the anti-oxidative and anti-
inflammatory properties of HT, a major component of olive-derived water-soluble polyphenols. The
results of our study may be useful for understanding the vascular protective effects of the olive and

its derivatives and promoting a healthy lifestyle.
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Table 1. Compositinal data of OMWW in this study.

Polyphenols Content
Total polyphenols > 30%
Hydroxytyrosol > 6%
Tyrosol >1%

Table 2. Effects of OMWW and HT on metabolic parameters and blood pressure.

Control OMWW HT P-value
Body weight, g 39.0+1.6 37.6+1.5 35.5+1.3 0.27
Total cholesterol, mg/dl  1374+46.6 1355+60.9 1422+106.7 0.82
Triglyceride, mg/dl 176.1£17.3 137.5£12.5 157.4+22.9 0.34
HDL-cholesterol, mg/dl  77.4+4.9 79.6+4.1 81.4+2.6 0.79
LDL-cholesterol, mg/dl  1241+48.5 1219+37.7 1242+49.1 0.92
Blood glucose, mg/dl 157.649.7 145.546.3 155.3+11.2 0.61
Heart rate, bpm 664.4+18.7 676.3+16.9 648.9+18.8 0.54
Systolic BP, mmHg 114.945.6 114.3+1.4 110.943.6 0.69
Diastolic BP, mmHg 78.5+£3.8 72.8+3.3 68.1+1.9 0.08

HDL, high-density lipoprotein; LDL, low-density lipoprotein; BP, blood pressure. All values are
mean + SEM.
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Figure legends

Figure 1. Attenuation of atherogenesis by OMWW and HT.

En face Sudan IV staining demonstrated that administration of OMWW or HT to WTD-fed ApoE-"
mice for 20 weeks significantly reduced the development of atherosclerosis in the aortic arch (n=8-
10, per group). There was no difference between the two treatment groups. Scale bar; 1 mm. **;
P<0.01 and ***; P<0.001. All values are mean + SEM.

Figure 2. Attenuation of oxidative stress in the aorta by OMWW and HT.

(A) Administration of OMWW or HT to WTD-fed ApoE”’ mice for 20 weeks decreased the
production of O in the aorta compared with the control group (n=8-10, per group). There was no
difference between the two treatment groups. (B) Administration of OMWW or HT to WTD-fed
ApoE~- mice for 20 weeks decreased the expression of NADPH oxidase subunits in the aorta (n=8-
10, per group). *; P<0.05, **; P<0.01, and ***; P<0.001. All values are mean + SEM.

Figure 3. Attenuation of expression of inflammatory molecules in the aorta by OMWW and
HT.

Administration of OMWW or HT to WTD-fed ApoE~- mice for 20 weeks decreased the expression
of inflammatory molecules in the aorta. (n=8-10, per group). *; P<0.05, **; P<0.01, and ***; P<0.001.
All values are mean + SEM.

Figure 4. Attenuation of pro-inflammatory activation of macrophages by HT.

gPCR demonstrated that LPS promoted the expression of inflammatory molecules in a murine
macrophage cell line, RAW264.7, which was attenuated by pre-incubation with HT. (n=12, per

group). *; P<0.05, **; P<0.01, and ***; P<0.001. All values are mean + SEM.
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