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Hepatopreventive properties of hydroxytyrosol and mannitol-rich extracts obtained from exhaustive olive pomace using green extraction methods 

María del Mar Contrerasa,b,*, Irene Gómez-Cruza,b, Anouar Ferianic, Saleh Alwaseld, Abdel Halim Harrathd, Inmaculada Romeroa,b, Eulogio Castroa,b and Nizar Tlilie,*
Exhausted olive pomace (EOP) is produced in the olive-pomace oil extractors as by-product. However, the obtention of bioactive compounds from EOP can reinsert it into the economy as a new bioresource before applying other exploitation ways. The objective of the present study was to investigate the phytochemical differences between aqueous and aqueous acetonic extract from EOP (AE-EOP and AAE-EOP, respectively) obtained by hydrothermal and ultrasound-assisted extraction, respectively. The in vitro antioxidant activities, as well as, the in vivo hepatopreventive potential were evaluated. Using RP-HPLC–ESI–QTOF/MS, the chemical profile revealed that AE-EOP and AAE-EOP showed similar qualitative profiles, with some quantitative differences. Hydroxytyrosol and mannitol were the major compounds of the extracts. The investigations of antioxidant properties in vitro highlighted that AE-EOP was slightly more efficient in scavenging DPPH, ABTS, superoxide and hydrogen peroxide radicals, when compared to AAE-EOP. Additionnaly, AE-EOP and AAE-EOP showed dose-dependent suppressive effects on pancreatic lipase activity. The in vivo studies showed that AE-EOP and AAE-EOP presented interesting hepatopreventive capacities against CCl4 induced liver injury, as evidenced by i) the preventive effects against DNA damage, ii) the normalised hepatic biomarkers parameters (ALT, AST, GGT, and LDH), and iii) the normalised lipid profile (LDL-C, TC, TG, and HDL-C) through diminishing their levels and iv) as whole, which was confirmed by Oil Red O analysis. Furthermore, AE-EOP and AAE-EOP reduced the oxidative stress in liver tissue, by inhibiting the lipid peroxidation together with enhancement of the hepatic antioxidants activities (CAT, SOD and GPX) and GSH content. Additionally, AE-EOP and AAE-EOP exhibited an antifibrotic effect, which was clearly demonstrated by the histopathology examination using picrosirius red staining. The obtained results support the use of EOP extracts in the industries without further purification as antioxidants and against free radical induced damage.
1. Introduction
Extra virgin olive oil (EVOO) has not only a precious flavour and high nutritional quality, but also health-related properties have been attributed to its consumption. Recent findings have suggested that EVOO provides mechanisms to the liver to prevent inflammation, oxidative stress, insulin resistance, among other effects.1 EVOO enhances the antioxidant system for liver protection, and hydroxytyrosol along with its derivatives can be the active constituents.2 Hydroxytyrosol can reduce the production of reactive oxygen species, defeating oxidative stress in hepatic cells.3 It has been reported that the administration of hydroxytyrosol together with vitamin E in children with nonalcoholic fatty liver disease reduced oxidative stress parameters, insulin resistance, systemic inflammation, hypertriglyceridemia, and liver steatosis.4 


During olive oil processing, hydroxytyrosol and its derivatives are transferred from the fruit to the oil in different rates depending on the cultivar,5 but a large part remains in the derived by-product, olive pomace.6,7 However, olive fruits do not contain hydroxytyrosol as free form or it is present in little amounts and thus the most part of hydroxytyrosol comes from more complex molecules such as oleuropein.5,6 In many countries, olive pomace is extracted with hexane to recover the olive pomace oil, and previous studies have showed that the exhausted olive pomace (EOP) contained hydroxytyrosol in relevant amounts.8

Hydroxytyrosol can be extracted from EOP using polar solvents and eco-friendly extraction methods, like ultrasound-assisted extraction and hydrothermal extraction.8,9 In addition, results showed that mannitol is co-extracted with hydroxytyrosol. Mannitol is used as osmotic diuretic that increases brain capillary osmolality and reduces the extent of cerebral edema. A recent clinical study has evidenced that the use of mannitol can reduce intracranial pressure in 56% of patients suffering acute liver failure.10 Mannitol, administered in the intestine, can also ameliorate hyperammonaemia, oxidative stress, and the degree of hepatic encephalopathy in emergency patients.11

Previous studies have demonstrated the protective effects of hydroxytyrosol and mannitol, as individual active molecules, against liver diseases.12,13 Therefore, advances on the health benefits of extracts rich in hydroxytyrosol and mannitol could be useful to promote functional and pharmaceutical formulations based on these natural compounds using EOP as a low cost bioresource. However, to the best of our knowledge, there is no available information about the in vivo effects of EOP extracts. The objective of this study was to assess the hepatopreventive effect of two EOP extracts containing hydroxytyrosol, as the main phenolic compound, and mannitol on CCl4-induced liver damage in rats. This study could provide evidences that EOP extract presented a free radical scavenging potency and antioxidant capacity, together with preventive properties against DNA and liver tissue damage. 

2. Experimental
2.1. Extraction
EOP was obtained in the form of dry pellets in 'Spuny SA' (Jaén, Spain). Then, the extractions were performed under optimal conditions using conventional heating and ultrasound-assisted water extraction using the methodology reported by previous studies.9,14 Briefly, the hydrothermal extraction of the pelletized EOP was performed at 85 ºC for 90 min and using a solid load of 10% (w/v) in a thermostatic water bath at 200 rpm. The ultrasound-assisted extraction was applied to milled EOP (particle size around 1 mm) using a probe-type ultrasound (150 W, 40 Hz) (Branson Ultrasonics Corporation, Danbury, USA) working in continuous mode with the amplitude fixed at 70%. The extractive agent was 40% acetone, the solid load was 8.6% (w/v) and the extraction time was 12 min. Subsequently, a vacuum filtration was carried out to recover the liquid fractions (extracts). A nylon syringe filters (0.45 µm) were used to filter the aliquots of the aqueous (AE) and aqueous-acetonic (AAE) extracts (SinerLab Group, Madrid, Spain) and lyophilized (Noxair freeze-drier; Barcelona, Spain).
2.2. Characterization of the samples

Total phenolic levels. The total phenolic content (TPC) was determined at 760 nm using the Folin-Ciocalteu colorimetric method.14 To measure the absorbance, a Bio-Rad iMark™ device (Hercules, CA, USA) was used. The absorbance of the samples was compared to a calibration curve of gallic acid and the results were given as mg gallic acid equivalents (GAE).

HPLC analyses. First, reversed phase (RP)-high performance liquid chromatography (HPLC) with a diode detector (DAD) was applied to analyse the biomolecules (Shimadzu Prominence UFLC chromatograph, Kyoto, Japan). The chromatographic column was C18 BDS HYPERSIL (5 μm, 250 mm × 4.6 mm) (Thermo Fisher Scientific Inc., USA). The mobile phases were 0.2% orthophosphoric acid, methanol and acetonitrile and the gradient applied was according to the standard IOC method, with some modifications.15 According to this study, a commercial standard (Extrasynthese, Genay, France) was used to identify (in the 190-600 nm range) and quantify (at 280 nm) hydroxytyrosol. The results were presented in mg/g of extract.

For further characterization, mass spectrometry analyses were conducted using an Agilent 1100 HPLC connected online to an Esquire 6000 ion trap (Bruker, Bremen, Germany), according to previous studies.8 Moreover, to obtain mass accurate data, the analyses were also performed by RP-HPLC (Agilent 1200) coupled to a quadrupole-time-of-flight (QTOF) mass analyser (Agilent 6530B). In both cases, electrospray ionization was applied in the negative ionization mode. A Kinetex core-shell C18 column (2.1 mm× 50 mm, 2.7 m) (Phenomenex, Barcelona, Spain) and the same gradient was applied as in the previous study.8 The MS data were analysed with Bruker Data Analysis (version 4.0) and MassHunter Qualitative Analysis B.06.00 (Agilent Technologies), respectively.


The mannitol content of the extracts was determined by HPLC (Waters Prostar, Waters Corporation; Milford, MA, USA) with refractive index detection (RID) and a CARBOSep CHO-782 Pb column (Transgenomic, Inc., Omaha, NE, EE. USA). Milli-Q® water was used as eluent in isocratic conditions (0.6 mL/min, 70 ºC). This compound was quantified by the external standardization method using a commercial standard (Sigma-Aldrich; San Luis, MO, USA) and the data were given in mg/g extract.15
2.3. Evaluation of the antioxidant activity by chemical methods

DPPH• free radical scavenging. Briefly, 1 mL of AE-EOP and AAE-EOP extracts (0.5–5 mg/mL) was mixed with 1 mL of DPPH (0.1 mmol in methanol), according to Rebiai et al.16 After incubating 15 min at room temperature, absorbance readings were obtained at 517 nm. To calculate the inhibition activity the following equation was used: 
Inhibition (%) = [(Ac - As)/Ac] × 100.
Where: Ac was the absorbance of the control and As of the sample. 


The IC50 (50% of free radical inhibition) was calculated by plotting the concentration against the percentage of inhibition.
H2O2 scavenging activity. This test was conducted following a previous study17 with a slight modification. 1.2 mL of 0.1 M phosphate buffer (pH 7.4) and 0.3 mL of 40 mM H2O2 solution were added to 0.5 mL of extract at 0.5–5 mg/mL. The absorbance was read at 230 nm following 10 min of incubation at room temperature. The % of inhibition and the IC50 value was calculated as before. 
Superoxide radical scavenging assay. The assay was performed according to Yuan et.18 Briefly, 10 μL of AE-EOP and AAE-EOP extracts (0.5–5 mg/mL) was mixed with 50 mM Tris–HCl buffer (pH=8.2) and subsequently 0.2 mL of 3 mM pyrogallol was added. The mixtures were incubated 20 min (room temperature) and 4 min (25 °C) and then the absorbance was read at 325 nm against the corresponding blank solution. The % of inhibition and the IC50 value was calculated as before. 

ABTS assay. A solution of ABTS (7 mM) and potassium persulfate (2.45 mM) were mixed for 12−16 h in the dark at 37 °C.19 Then, the solution was diluted with distilled water up to reaching 0.70 at 734 nm, was added to the obtained mixture. 10 μL of AE-EOP and AAE-EOP extracts (0.5–5 mg/mL) was combined with ABTS•+ solution (6 min) and the absorbance then read. The % of inhibition and the IC50 value was calculated as before.
2.4. Pancreatic lipase inhibitory activity assay

The inhibitory activity of AE-EOP and AAE-EOP against pancreatic lipase was determined by using the method reported by Tong et al.20 20 mg of porcine pancreatic lipase dissolved in 1 mL of phosphate buffer (200 mmol/L; pH 7.2) was added to 0.2 mL of 5 mmol/L EDTA to prepare an enzyme solution of 2 mg/mL. The sample was shaken, and phosphate buffer (200 mmol/L phosphate buffer with 2 mmol/L CaCl2, pH 7.2) was added to obtain a total volume of 10 mL. 200 μL of AE-EOP or AAE-EOP solution (0.2, 0.4, 0.6, 0.8, and 1 mg/mL in 80% ethanol solution) was mixed with 7.2 mL of phosphate buffer (200 mmol/L phosphate buffer and 2 mmol/L CaCl2, pH 7.2). 500 μl of enzyme solution was added, mixed, and incubated at 37 °C for 1 h, and then added with 100 μL of substrate solution (10 mmol/L of 2,4-dinitrophenyl butyrate in 80% ethanol solution). The reactions were kept at 37 °C for 15 min. Pancreatic lipase activity was estimated by calculating the hydrolysis of 2,4-dinitrobenzene butyrate to 2,4-dinitrophenol at 360 nm using a UV-1700 spectrophotometer. The control contained all the reaction reagents, except for the enzyme solution. Orlistat was used as the positive control. The assay was carried out in triplicate. To calculate the inhibition activity the following equation was used, as before: 

Inhibition (%) = [(Ac – As)/Ac] × 100.

After calculating individual % inhibition values, the IC50 (mg/mL) was estimated as the concentration required for 50% inhibtion.
2.5. Experiments with animal model

Animals. Rats used in the current study were bought from the Central Laboratory Animals, Sfax, Tunisia. For acclimatization before the start of the experimental assays, the animals (180–220 g) were placed in cages at 21 ± 2 °C with 12-h light and dark cycle and humidity of 40 ± 4%. All animal procedures were conducted using the approval obtained from the local Institute Ethical Committee Guidelines (G/A/SV/2016/001) for the Care and Use of Laboratory Animals at the University of Gafsa, Tunisia.

Animal groups and model establishment. As a first step, acute toxicity assays were conducted by administering AE-EOP and AAE-EOP extracts at the following doses: 5, 10, 25, and 50 mg/kg bw. Then, the general behaviour and the number of deaths were monitored from the 24 h following administration of the extracts and it was continued within 14 days of the administration of the substances. 

Thirty six rats were arbitrarily separated into six groups (n=6): 
Control group: rats received daily a corn oil (0.5 mL/kg body weight, bw) for 8 weeks by gavage.

AE-EOP group: rats were pretreated by AE-EOP dissolved in corn oil (50 mg/kg bw) for 8 weeks by gavage daily.

AAE-EOP group: rats were pretreated daily by AAE-EOP dissolved in corn oil (50 mg/kg bw) for 8 weeks by gavage.

CCl4 group: rats received a dose of carbon tetrachloride (CCl4) dissolved in corn oil orally.
AE-EOP+CCl4: rats were pretreated daily by AE-EOP dissolved in corn oil (50 mg/kg bw) for 8 weeks by gavage daily and by CCl4 dissolved in corn oil orally.

AAE-EOP+CCl4: rats were pre-treated daily by AAE-EOP dissolved in corn oil (50 mg/kg bw) for 8 weeks by gavage daily and by CCl4 dissolved in corn oil orally.

The hepatoxicity was prompted by administration of CCl4 according to prior investigations on the impact of CCl4 on liver systems.21 The 3rd, 4th and 5th groups treated with CCl4 were given 0.5 mL/kg of CCl4 dissolved in corn oil at the rate of 1:1 (v/v). The dose of CCl4 used in this study (0.5 mL/kg bw) was established according to a recent study reported by Tlili et al.21 and Zhang et al.23
CCl4 was administered by gastric gavage twice per week (on every Tuesday and Thursday) over eight weeks, 3 h after extract administration. A daily pretreatment with AE-EOP or AAE-EOP was realized 7 days before CCl4 exposure and then daily throughout the research work by gastric gavage. Both extracts provided a similar energy resource (Table S1). The choice of AE-EOP or AAE-EOP doses has been established according to the acute toxicity study previously mentioned. It was also based on a previous study using natural bioactive compounds.24 
The rats of all groups were fed with standard chow diet (Table 1) with free access to food and water (ad libitum) for 1 week before and during the experiments.

Table 1 Energy resources (kJ/g) and ratio (%) of the normal chow diet.
	Parameters
	Protein 
	Carbohydrate 
	Fat 
	Total

	Ratio (%)
	21.6
	65.6
	12.8
	-

	Energy (kJ/g)
	3.31
	10.04
	1.95
	15.3


The amount of food eaten was measured twice weekly on a consistent time frame to calculate the food efficiency ratio. The blood samples were obtained after a 24 h fasting period, by cardiac puncture and then collected in EDTA tube. Plasma was recovered by centrifuging blood samples (3500 rpm, 15 min, 4 °C). Liver tissue was removed from rats after dissection. Both sample types were stored at -80 °C for further study, while a part of the hepatic tissue was directly used to make frozen histological sections. For further histopathological examination, the rest of samples were fixed in 10% formalin.

Determination of plasma and hepatic lipids profile. The concentration of total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL) were quantified by fluorometric and colorimetric enzymatic assays and using diagnostic kits from Biomaghreb (Tunisia, Ref 20121) and according to the manufacturer's instruction (with a detection sensitivity limit of approximately 4 mg/dL).


Lipids fractions were isolated from the hepatic tissue as previously described by Folch et al.25. Briefly, 100 mg of liver tissue was treated with 2:1 chloroform:methanol. The tissue was then homogenized and left to incubate at 4 °C overnight. Samples were then treated with 0.88% KCl and phase separation was achieved by a 10-min centrifugation at 500 × g. The lipid-containing organic phase was collected and dried down under nitrogen and reconstituted in chloroform. After evaporation, the pellets were dissolved in ethanol to determine the concentration of total hepatic cholesterol, and triglyceride. 

The LDL-C and HDL-C fraction in liver tissue was extracted by sequential ultracentrifugation as previously described by Nishi et al.26, and Uint et al.27. The LDL particles were isolated immediately after centrifugation by dialysis at 4 °C against PBS buffer containing 0.25 mM EDTA and then used to quantify LDL cholesterol. HDL was separated from LDL by chemical precipitation after the removal of VLDL, and used to calculate HDL cholesterol.
Total lipids, total cholesterol, triglycerides, LDL-C and HDL-C in liver were determined colorimetrically using an automated analyzer (Hitachi 717; Roche diagnostics, Switzerland) and relevant kits (Boehringer, Germany).


Lipid analysis by ORO. Fragments of fresh hepatic tissue were immediately cut (5 μm) by a cryostat, and stained with Oil red-O staining for the determination of lipid deposition, as reported by Feriani et al.28, using a commercial histology kit (Histoserv, Inc. Gaithersburg, MD, USA). The sections were analysed and photographed through a light microscope. 


Measurement of the activity of liver function enzymes. The activity of the following enzymes in plasma was determined by colorimetric enzymatic assays and using assay kits (BIOMAGHREB, Tunisia, Ref 20142): Alanine aminotransferase (ALT), lactate dehydrogenase (LDH), aspartate aminotransferase (AST), and glutamyl transferase (GGT).
Determination of oxidative stress markers and antioxidant enzymes. About 0.5 g of excised hepatic tissues was homogenized into 2 mL ice-cold physiological saline (pH 7.4), sonicated twice, and centrifuged for 20 min at 13000 ×g and 4 °C. The collected supernatants were used for the determination of stress oxidative markers.
The level of the lipid peroxidation through estimating the thiobarbituric acid reactive substances (TBARS) in the hepatic tissue was determined according to Tlili et al.21 The activity of glutathione peroxidase (GPx), catalase (CAT) and the superoxide dismutase (SOD) was determined according to Feriani et al.22 The level of total cellular glutation (GSH) was performed using the method reported by Ellman29 and the results were expressed as μmol per g tissue. The protein contents in the liver tissue homogenate in rat were determined by the method of Bradford30 using bovine serum albumin as standard. Briefly, the concentration of proteins was measured by adding Coomassie dye to the sample under acidic conditions. Then, the results were determined using a spectrophotometer at 595 nm and values were expressed as mg/protein.
Analysis of DNA Fragmentation. DNA in the targeted tissue of the studies animals were extracted by phenol-chloroform-isoamyl alcohol method as it was previously reported by Chtourou et al.31 Briefly, 50 mg of liver were rinsed twice with cold PBS, then resuspended in 0.5 mL of digestion buffer (100 mM NaCl, 10 mM Tris-HCl pH 8, 25 mM EDTA pH 8, 0.5% SDS, 0.1 mg/mL proteinase K) and incubated, with shaking, at 56 °C for 3 h. After cell lysis, the DNA was extracted after adding a volume of phenol/chloroform/isoamyl alcohol (25:24:1). 5µL of RNase A (Sigma-Aldrich) at 20 mg/mL was added, then incubated for 15 min to degrade all cellular RNAs.
Qualitative damage of genomic DNA was carried out by electrophoresis on 0.8% agarose/ethidium bromide gel staining.31 Intact and fragmented DNA fractions were visualized under UV light.

Hepatic histology. The fixed tissues of liver were inserted in parafﬁn. After that 5 µm thick was cut to obtain the various histopathology colorations. Hematoxylin and Eosin (H-E) staining was used to study the morphological structure, and picrosirius red stain was used to estimate liver fibrosis. Various photos of the tissues were obtained by a light microscope up and at 200× magnification.
Statistical tests. The data were expressed as the mean ± standard deviation (SD). A one-way ANOVA with Tukey post hoc test was used to compare the mean obtained for each treatment group (n = 6 rats) applying Graph-Prism 7.01 (GraphPad, San Diego, CA, USA). 
3. Results

3.1. Characterization of the extracts

To evaluate the bioactive potential of EOP, two different extracts were obtained using ecological extraction procedures; one using conventional heating and water and the other based on the use of ultrasound as intensification technology and acetone-water as solvent. Both extracts had similar HPLC-UV and RID qualitative profiles, confirming that hydroxytyrosol and mannitol are one of the major compounds of the extracts. As an example, Figures 1a and 1b showed the UV and RID chromatograms obtained for AA-EOP extract.
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Fig. 1 UV-chromatogram (280 nm) of AE-EOP extract (a), RID-chromatogram of AE-EOP extract (b), base peak chromatogram obtained by RP-HPLC-QTOF-MS of AE-EOP (c) and AAE-EOP extract (d).

For further standardization these compounds were quantified, along with the TPC, and it was shown that AE-EOP contained higher values than AAE-EOP (Table 2). 

Table 2 Total phenolic content (TPC) along with hydroxytyrosol and mannitol content in the AE-EOP and AAE-EOP extract. Values are given as mean ± standard deviation from triplicate determinations.
	Parameter
	AE-UAE
	AAE-UAE

	TPC (mg GAE/g)
	108.8 ± 0.6
	79.9 ± 5.6

	Hydroxytyrosol (mg/g)
	15.4 ± 0.5
	8.7 ± 0.1

	Mannitol (mg/g)
	134.9 ± 0.8
	122.7 ± 0.4


The minor phenolic compounds present in the extracts were also characterized by mass spectrometry since they could contribute to the pharmacological potential as a whole. The characterization was based on comparison the retention time, m/z, molecular formula, and fragmentation pattern. The AE-EOP and AAE-EOP extracts had similar qualitative profiles as also found by RP-HPLC-QTOF-MS, with some quantitative differences (Figures 1c and 1d). Moreover, Table 3 details the phenolic compounds characterized in the extracts, along with organic acids, secoiridoids, fatty acid derivatives, and maslinic acid.
Table 3 Compounds characterized by mass spectrometry in the aqueous (AE) and aqueous-acetonic (AAE) extracts of exhausted olive pomace.
	Rt (min)
	[M-H]- (m/z)
	Molecular formula
	Fragmentation pattern (m/z)
	Suggested compound
	AE-EOP
	AAE-EOP

	Phenolic compounds

	1.1
	315
	C14H20O8 
	153, 135, 123
	Hydroxytyrosol glucoside*
	+
	+

	1.2
	153
	C8H10O3
	123
	Hydroxytyrosol1*
	+
	+

	1.6
	461
	C20H30O12 
	315, 161, 135
	Verbasoside
	+
	+

	1.8
	299
	C14H20O7
	179, 161, 119, 101
	Tyrosol glucoside
	+
	+

	3.0
	461
	C20H30O12 
	299, 179, 161
	Verbasoside isomer
	+
	+

	6.7
	195
	C10H12O4
	153, 151, 59
	Hydroxytyrosol acetate
	+
	+

	6.8
	137
	C7H6O3
	Not fragmented
	Hydroxybenzoic acid
	+
	+

	9.5
	483
	C23H32O11
	347, 123
	Oleacein derivative (+ hexose + H2)
	+
	+

	9.9
	593
	C27H30O15
	285
	Luteolin O-deoxyhexosyl-hexoside
	+
	+

	9.9
	447
	C21H20O11
	285
	Luteolin 7-O-glucoside1
	+
	+

	10.1
	463
	C20H32O12
	347, 301
	Quercetin glucoside
	+
	+

	10.1
	543
	C25H36O13
	513, 377, 357, 313
	Dihydro oleuropein
	+
	+

	10.2
	623
	C29H36O15
	461, 315
	Verbascoside*
	+
	+

	10.4
	593
	C27H30O15
	447, 285
	Luteolin O-deoxyhexoside O-hexoside
	+
	+

	10.7
	701
	C31H42O18
	539, 437, 377, 307, 275
	Oleuropein hexoside isomer 1
	+
	+

	10.8
	685
	C31H42O17
	523, 453, 421, 299
	Nüzhenide
	+
	+

	10.9
	701
	C31H42O18
	539, 377, 307, 275
	Oleuropein hexoside isomer 2
	+
	+

	10.9
	623
	C29H36O15
	461
	Isoverbascoside*
	+
	+

	11.0
	335
	C17H20O7
	317, 199, 153
	Hydroxy oleacein isomer 1
	+
	+

	11.2
	335
	C17H20O7
	317, 199, 153, 111
	Hydroxy oleacein isomer 2*
	+
	+

	11.6
	541
	C25H34O13
	361, 225, 181
	Oleuropein derivative (+H2)
	+
	+

	11.5
	539
	C25H32O13
	403, 223
	Oleouropein isomer 1
	+
	+

	11.7
	551
	C25H28O14
	507, 389, 341, 281, 251, 179, 161
	Caffeoyl-6'-secologanoside
	+
	+

	12.1
	539
	C25H32O13
	403, 377, 307, 275, 223
	Oleuropein1
	+
	+

	12.1
	701
	C31H42O18
	377, 307, 275
	Oleuropein hexoside isomer 3
	+
	+

	12.7
	539
	C25H32O13
	377, 307, 275, 223
	Oleouropein isomer 2
	+
	+

	13.1
	539
	C25H32O13
	403, 377, 307, 275, 223
	Oleouropein isomer 3
	+
	+

	13.4
	319
	C17H20O6
	183, 181, 153, 111
	Oleacein2 
	+
	+

	13.0
	535
	C25H28O13
	491, 389, 345, 265, 163
	p-Coumaroyl-6'-secologanoside*
	+
	+

	13.8
	523
	C25H32O12
	361, 291, 259, 223
	Ligustroside
	+
	+

	14.2
	285
	C15H10O6
	175, 151
	Luteolin
	-
	+

	19.7
	361
	C19H22O7
	329, 291, 225, 193, 181
	Hydroxytyrosol linked to desoxy elenolic acid
	-
	+

	Other compounds

	0.4
	191
	C7H12O6
	
	Quinic acid*
	+
	+

	0.4
	181
	C6H14O6
	163, 143, 131, 119, 113
	Mannitol*
	+
	+

	0.5
	191
	C6H8O7
	111
	Citric acid*
	+
	+

	0.6
	393
	C16H26O11
	375, 213, 151
	Unknown
	+
	+

	0.9
	375
	C16H24O10
	331, 213
	Loganic acid
	+
	+

	1.5
	407
	C17H28O11
	389, 375, 357, 313
	Acyclodihydroelenolic acid hexoside*
	+
	+

	1.7
	199
	C9H12O5
	181, 155, 111
	Hydroxylated product of the dialdehydic form of decarboxymethyl elenolic acid
	+
	+

	1.8
	345
	C15H22O9
	299, 181
	Dialdehydic form of decarboxymethyl elenolic acid hexoside
	+
	+

	2.2
	553
	C22H34O16
	491, 371, 181
	Unknown
	+
	+

	2.4
	185
	C9H14O4
	139, 111
	Decarboxymethylelenolic acid derivative (+H2)
	+
	-

	3.9
	183
	C9H12O4
	139
	Decarboxymethylelenolic acid*
	+
	+

	4.2
	389
	C16H22O11
	345, 209, 165, 121
	Oleoside*
	+
	+

	4.8
	435
	C18H28O12
	389, 313, 357, 161
	Acyclodihydroelenolic acid hexoside derivative (+CO)#
	+
	+

	5.7
	377
	C16H26O10
	197, 153
	Elenolic acid derivative
	+
	+

	6.0
	389
	C17H26O10 
	357, 313
	Acyclodihydroelenolic acid hexoside derivative (-H2, -O)*
	+
	+

	6.6
	405
	C17H26O11
	373, 181
	Acyclodihydroelenolic acid hexoside derivative (-H2)
	+
	+

	7.0
	403
	C17H24O11
	371, 223, 179, 121
	Elenolic acid glucoside
	+
	+

	7.4
	243
	C11H16O6
	211, 167, 123
	Elenolic acid derivative (+ H2)
	+
	+

	8.1
	257
	C11H14O7
	225, 181, 137
	Hydroxy-elenolic acid
	+
	+

	15.5
	557
	C26H38O13
	513, 345, 209
	6'-O-[(2E)-2,6-Dimethyl-8-hydroxy-2-octenoyloxy]-secologanoside
	+
	+

	16.8
	329
	C18H34O5
	311, 275, 201, 171
	Trihydroxyoctadecenoic acid
	+
	+

	18.2
	331
	C18H36O5
	313, 295, 171
	Trihydroxyoctadecanoic acid
	+
	+

	19.5
	287
	C16H32O4
	269
	Dihydroxyhexadecanoic acid
	+
	+

	25.8
	471
	C30H48O4
	423, 405, 393
	Maslinic acid
	-
	+


1Compared with standards. 2Oleacein or decarboxymethyl oleuropein aglycone or 3,4-DHPEA-EDA. *Most intense peaks detected by mass spectrometry in both extracts; #High intense peak in aqueous acetonic extract; +, presence; -, absence.
3.2. Scavenging capacity of the extracts using chemical methods
The antioxidant potential of AE-EOP and AAE-EOP extracts were investigated by four complementary assays, as the scavenging ability of DPPH, hydrogen peroxide, superoxide radical and ABTS. 


The scavenging rates of the targeted free radicals by both extracts were enhanced when the concentration increased from 0.1 to 1 mg/mL (Fig. S1). Results in Table 4 showed that AE-EOP was slightly more effective in quenching free radicals with the lowest IC50 value (0.60-0.72 mg/mL) when compared to AAE-EOP (IC50; 0.64-0.82 mg/mL).
Table 4 Antioxidant activities, expressed as IC50 (mg/mL), of AE-EOP and AAE-EOP extracts. Values are given as mean ± standard deviation from triplicate determinations.
	Sample
	DPPH
	ABTS
	H2O2
	Superoxide

	AE-EOP
	0.71±0.10
	0.69±0.07
	0.72±0.01
	0.60±0.01

	AAE-EOP
	0.78±0.10
	0.72±0.08
	0.64±0.01
	0.82±0.01*

	BHT
	0.54±0.02 ¥  
	0.54±0.02 ¥  
	0.49±0.02 ¥  
	0.57±0.01¥


*AE-EOP vs AAE-EOP 
¥BHT vs AE-EOP or AAE-EOP

The antioxidant activity of the two extract was slightly lower than that of BHT used as control (IC50; 0.49-0.57 mg/mL, for DPPH, H2O2, ABTS, and superoxide radicals, respectively).
3.3. Acute toxicity

No behavioural changes, clinical signs of toxicity, or mortality was observed in animals up to a dose of 50 mg/kg bw until the end of the experiment.

3.4. Lipase inhibitory activity

Pancreatic lipase has a significant role in lipid metabolism. Results (Fig. S2) showed that AE-EOP or AAE-EOP inhibited pancreatic lipase activity at a concentration range of 0.2 mg/mL to 1 mg/mL, and AE-EOP or AAE-EOP have higher anti-lipase activity than that of orlistat (orlistat, IC50 = 0.97 ± 0.01 mg/mL; AE-EOP, IC50 = 0.79 ± 0.04 mg/mL, and AAE-EOP, IC50 = 0.89 ± 0.01 mg/mL). Results of the current study suggested that AE-EOP or AAE-EOP were a potential source of strong natural inhibitors of pancreatic lipase.

3.5. Change in weight, food intake, and food efficiency ratio

Changes in weight and food intake in all experimental groups are shown in Table 5. In the initial stages of the experiment, rats in all treated-group showed no differences in weight. Significant differences in weight gain were observed between the CCl4 group and the control group (p < 0.05) after 8 weeks of treatment. During the period of AE-EOP or AAE-EOP administration, weight gain increased compared to that in the CCl4 group (P < 0.05). The CCl4 group consumed significantly less foods than that in the control group. Food intakes in the AE-EOP or AAE-EOP groups were significantly higher compared to CCl4 group. The CCl4 group scored the lower food efficiency ratio, which were ameliorated by addition of AE-EOP or AAE-EOP extract.

3.6. Effect of on the hepatic injury marker enzymes 

The results of the biochemical markers analyses related to hepatic injury of all treated rats are depicted in Table 6. The CCl4-treated animals showed noticeable increase in the activity of LDH, GGT, ALT and AST, in comparison with the normal group. However, the pre-treatment of animals with AE-EOP or AAE-EOP extracts attenuated the effect of CCl4 and reduced the amount of the marker enzymes between 24% and 41% and 20% and 32%, for AE-EOP group or AAE-EOP group respectively, when compared to CCl4-treated groups alone. No differences were observed among AE-EOP and AAE-EOP groups.
Table 5 Initial and final body weights, body weight gain, food intakes, and food efficiency ratio of rats fed the experimental diets.
	Parameter
	Control
	AE-EOP
	AAE-EOP
	CCl4
	AE-EOP+CCl4
	AAE-EOP+CCl4

	Initial body weight (g)
	187.4 ± 2.7
	187.5 ± 4.6
	187.2 ± 2.8
	189.8 ± 2.7
	190.1 ± 8.5
	192.4± 2.2

	Final body weight (g)
	390.9 ± 2.9
	386.7 ± 5.8
	389.1 ± 4.9
	342.2 ± 3.2*
	364.9 ± 6.5¥
	353.8± 1.8¥

	Weight gain (g)
	203.4 ± 2.87
	199.2 ± 4.7
	202 ± 5.4
	152.3 ± 5.6*
	174.8 ± 4.8¥
	161.3 ± 2.3¥

	Total food intake (g)
	838.6 ± 6.2
	839.5 ± 5.2
	835.6± 1.9 
	820.5 ± 3.7*
	839.1± 2.6¥
	834.1 ± 2.9¥

	Food efficiency ratio (%)
	0.24 ± 0.04
	0.23 ± 0.03
	0.24± 0.07 
	0.18 ± 0.06*
	0.20± 0.01¥
	0.19 ± 0.03¥


Values are expressed as mean ± SD of six rats in each group.

*Significant differences compared to controls at p < 0.05.

¥ Significant differences compared to CCl4 group of rats at p < 0.05.

Table 6 Activity levels of lactate dehydrogenase (LDH), aspartate aminotransferase (AST), alanine aminotransferase (ALT) and γ-glutamyl transferase (GGT) in plasma of different animal groups.
	Parameter
	Control
	AE-EOP
	AAE-EOP
	CCl4
	AE-EOP+CCl4
	AAE-EOP+CCl4

	LDH (U/L)
	205.6 ± 4.19
	211.1 ± 3.5
	203.6 ± 3.9
	629.1 ± 4.6*
	374.1 ± 7.3¥
	440.1 ± 3.2¥

	AST (U/L)
	104.9 ± 3.78
	108.5 ± 2.7
	100.5 ± 2.7
	178.8 ± 2.9*
	135.6 ± 2.9¥
	142.7 ± 2.7¥

	ALT (U/L)
	40.0 ± 1.7
	43.1 ± 1.8
	38.8 ± 1.0
	97.6 ± 3.1*
	67.6 ± 2.4¥
	75.0 ± 3.9¥

	GGT (U/L)
	21.9 ± 2.7
	28.5 ± 2.3
	24.6± 2.5 
	49.8 ± 2.7*
	32.3± 3.6¥
	33.9 ± 0.9¥


Values are expressed as mean ± standard deviation, n = 6.
* Significant differences compared to controls at p < 0.05.

¥ Significant differences compared to CCl4 group of rats at p < 0.05.
3.7. Evaluation of the lipid profile and Oil Red-O analysis
Table 7 shows the levels of plasmatic lipid profile markers of the control and all treated animals. After the end of the experimental study, the rats treated with CCl4 revealed an increase in the levels of TC, TG, and LDL-C (p < 0.05), and a reducing of HDL-C concentration. The pre-administration either with AE-EOP or AAE-EOP following CCl4 treatment reinstated the lipid profile markers (p < 0.05) compared to the CCl4-treated group. The reduction of TC, TG and LDL-C levels was above 38%-49% and 33%-49%, for AE-EOP group or AAE-EOP group respectively, while the increase of the HDL-C was 39% and 30%, for AE-EOP group or AAE-EOP group respectively. Nevertheless, there were no signiﬁcant differences between the AE-EOP or AAE-EOP group and control group (p ≥ 0.05). In addition, no differences were observed among AE-EOP and AAE-EOP groups.
Table 7 Variation in the lipid profile levels (TC, TG, LDL-C, and HDL-C) in plasma of different animal groups.

	Parameter
	Control
	AE-EOP
	AAE-EOP
	CCl4
	AE-EOP+CCl4
	AAE-EOP+CCl4

	TC (mg/dL)
	42.2 ± 2.4
	39.3 ± 0.7
	42.5 ± 3.1
	90.5 ± 2.2*
	56.1 ± 2.9¥
	61.0 ± 2.6¥

	TG (mg/dL)
	69.0 ± 1.7
	69.5 ± 2.4
	63.0 ± 3.3
	123.7 ± 5.2*
	87.4 ± 1.5¥
	89.1 ± 2.3¥

	LDL-C (mg/dL)
	14.4 ± 1.3
	16.8 ± 2.5
	13.9 ± 1.4
	47.9 ± 3.2*
	24.3 ± 1.4¥
	24.3 ± 2.3¥

	HDL-C (mg/dL)
	41.1 ± 1.8
	37.6 ± 2.2
	44.6± 2.2 
	21.0 ± 2.8*
	29.2 ± 2.1¥
	27.3 ± 3.7¥


Values are expressed as mean ± standard deviation, n = 6.
*Significant differences compared to controls at p < 0.05.

¥Significant differences compared to CCl4 group of rats at p < 0.05.

The hepatic lipids profiles in the experimental groups are presented in Table 8. The administration of CCl4 caused hyperlipidemia in rats’ liver, as showed by the significant increase of hepatic total lipid, TG, TC, and LDL-C levels, as well as, a clear reduction of hepatic HDL-C, compared to negative control. The supplementation of rats with AE-EOP or AAE-EOP in the CCl4 treated rats positively modified the lipid profile.

The sections of frozen hepatic tissue stained with Oil Red O are presented in Fig. 2. Liver section from the control, AE-EOP and AAE-EOP treated groups showed a normal structure with presence of a few lipid droplets. However, a remarkable number of lipid droplets (red colour) was recorded in the hepatocytes of the CCl4 treated-group, when compared to the control group. The pre-treatment of AE-EOP or AAE-EOP with CCl4 revealed a reduction of lipid droplets in liver tissue, when compared to the CCl4 group alone. 

3.8. Lipid peroxidation analysis

The hepatic levels of TBARS of all animal groups are presented in Table 9. 
The concentration of TBARS in CCl4-treated rats increased by 56% when compared to the control group. The co-treatment with AE-EOP/CCl4 or AAE-EOP/CCl4 reinstated the level of these lipid peroxidation by-products in the liver (p < 0.01), so that the levels were closed to that of the control group. The differences in TBARS level were insignificant between AE-EOP and AAE-EOP groups.
Table 8 Liver lipid profiles of different experimental groups.
	Parameter
	Control
	AE-EOP
	AAE-EOP
	CCl4
	AE-EOP+CCl4
	AAE-EOP+CCl4

	Total lipid (mg/g wet liver)
	48.8 ± 3.4
	45.2± 2.8
	45.9 ± 3.6
	72.4 ± 3.6*
	61.4 ± 2.71¥
	57.5± 2.5¥

	Triglyceride (mg/g wet liver)
	33.1 ± 3.6
	30.3 ± 1.7
	31.8 ± 2.17
	45.2 ± 0.9*
	38.3 ± 1.1¥
	38.5± 1.8¥

	Total cholesterol (mg/g wet liver)
	14.8 ± 2.7
	12.7 ± 2.2
	11.1 ± 1.2
	25.2 ± 1.4*
	18.8 ± 2.1¥
	14.9 ± 1.9¥

	LDL-cholesterol (mg/g wet liver)
	2.7 ± 0.82
	2.83 ± 0.2
	2.78 ± 0.9
	7.64± 1.7*
	3.57 ± 0.7¥
	3.88 ± 0.3¥

	HDL-cholesterol (mg/g wet liver)
	8.72 ± 0.54
	8.48 ± 1.2
	8.95 ± 0.6
	3.37 ± 0.6*
	7.1 ± 0.5¥
	6.3 ± 0.5¥


Values are expressed as mean ± SD of six rats in each group.

*Significant differences compared to controls at p < 0.05.

¥Significant differences compared to CCl4 group of rats at p < 0.05.

Table 9 Levels of TBARS, GSH, and enzymatic antioxidant levels concentration (GPx, SOD, and CAT) in liver of different animal groups.
	Parameter
	Control
	AE-EOP
	AAE-EOP
	CCl4
	AE-EOP+CCl4
	AAE-EOP+CCl4

	TBARS (nmol MDA/g tissue)
	0.6 ± 0.1
	0.4 ± 0.5
	0.4 ± 0.1
	1.3 ± 0.2*
	0.9 ± 0.1¥
	0.7 ± 0.2¥

	GSH (μmoles/g tissue)
	42.1 ± 3.1
	39.3 ± 0.7
	42.5 ± 1.2
	25.5 ± 1.6*
	33.7 ± 1.3¥
	32.3 ± 2.7¥

	GPx (nmol/mg protein)
	7.5 ± 1.2
	9.9 ± 1.2
	9.5 ± 1.1
	1.6 ± 0.5*
	3.9 ± 0.7¥
	3.0 ± 0.9¥

	CAT (µmol of H2O2 destroyed/min per mg protein)
	24.9 ± 3.6
	26.6 ± 3.7
	26.7 ± 2.6
	9.5 ± 1.1*
	15.7 ± 1.4¥
	13.7 ± 0.8¥

	SOD (U/mg protein)
	64.3 ± 4.2
	57.4 ± 4.6
	62.7 ± 6.6 
	30.5 ± 1.5*
	45.6 ± 3.1¥
	40.1 ± 2.3¥


Values are expressed as mean ± SD, n = 6

*Significant differences compared to controls at p < 0.05.

¥Significant differences compared to CCl4 group of rats at p < 0.05.


Fig. 2 Photomicrographs of the liver tissue from each group rat in Oil Red O staining (G × 200) (arrows: lipid droplets) (n = 6 rats in each group).

3.10. Effects on hepatic enzymatic antioxidant concentrations
Table 9 displays the activities of various endogenous enzymatic (SOD, CAT and GPx) and non-enzymatic (GSH) antioxidants levels in the liver tissue of all studied animal groups. The hepatoxicity induced by CCl4 caused serious oxidative stress in hepatic tissues, as manifested by reduced activities of enzymatic (SOD, GPx, and CAT), and non-enzymatic (GSH) content, when compared to normal animals. Combined treatment with CCl4 and AE-EOP or AAE-EOP showed a signiﬁcant restoration (p < 0.05) of the activities of these antioxidant enzymes in comparison with the CCl4-treated group. These activities were similar in AE-EOP or AAE-EOP groups. 
3.11. Evaluation of the fragmentation of hepatic DNA
Fig. 3 illustrates the changes measured in the liver genomic DNA bands of the control and experimental groups after agarose gel electrophoresis. 
The genomic DNA isolated from the hepatic tissues in the control (lane 1) and AE-EOP and AAE-EOP-treated rats (lane 2 and 3) revealed an intact band of DNA. Alternatively, the CCl4 group showed marked changes as evidenced by DNA laddering (lane 4). Pre-treatment with AE-EOP and AAE-EOP extracts improved the CCl4-induced genotoxicity, as showing by less fragmented DNA (lane 5 and 6).

3.12. Histopathological ﬁndings by H-E staining
Fig. 4 shows the histopathological analysis of the control and treated groups using H-E. A normal structure was observed both in the hepatic tissue of the control and AE-EOP or AAE-EOP treated groups, where polyhedral hepatocytes are arranged around the central vein and separated by normal sinusoids.
Rats from CCl4-treated group showed excessive congestion of the centrilobular vein, dilatation of sinusoids, inﬁltration of inﬂammatory cells, hepatic cells fibrosis, vacuolization of hepatocyte (large arrow) with foci of lipid. 

Pre-treatment of the rats either with AE-EOP or AAE-EOP at a dose of 50 mg/kg/bw significantly diminished the CCl4-induced injury in the hepatic tissue. No differences were observed among AE-EOP and AAE-EOP groups.
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Fig. 3 Agarose gel electrophoresis analysis of hepatic DNA from control (Lane 1), AE-EOP (Lane 2), AAE-EOP (Lane 3), CCl4 (Lane 4), AE-EOP+CCl4 (Lane 5) and AAE-EOP+CCl4 (Lane 6) treated group. Arrows indicate DNA ladder (n = 6 rats in each group).
3.13. Fibrosis analysis

The collagen deposition in all experimental groups was estimated by picrosirius Red staining on 4 μm-thick paraffin-embedded liver sections (Fig. S3). The control, AE-EOP, and AAE-EOP groups revealed normal collagen distribution, whereas CCl4-treated animals showed an obvious collagen fibre deposition in the hepatic tissue, as manifested by high red color intensity, indicating an interstitial fibrosis. The pretreatment with AE-EOP and AAE-EOP had a notable effect in improving hepatic fibrosis, by reduced collagenous septa compared to CCl4 group alone, evident by the decrease in colour intensity.

Fig. 4 Photomicrographs of the liver tissue from each group rat in H-E staining (G × 200). Dilatation of sinusoids (arrow) and hepatic cells fibrosis (HF), excessive leukocyte inﬁltration (LI) and congestion (Cg), and vacuolization of hepatocyte (large arrow) with foci of lipid (star) (n = 6 rats in each group).

4. Discussion

CCl4 does not occur naturally, but it has been released into the environment by human activities. CCl4 is hazardous to animals and humans due to its widespread use. It is very stable in air (lifetime 30-100 years). It can be broken down or transformed in soil and water within several days. Because of past and present releases, CCl4 is still found in ambient air, water, and soil, but at very low background levels.32 CCl4 is responsible for the liver injury after conversion to toxic radicals via microsomal cytochrome P450.33 Therefore, based on previous studies,21,23 0.5 mL/kg bw was used in this study to stablish the CCl4—induced liver injury model.
EOP (or defatted olive pomace or dry olive pomace) is the final by-product generated in the olive sector in many countries like Spain. Previous studies have highlighted that this bioresource contained hydroxytyrosol and mannitol as main polar bioactive compounds8,9,14,15 and thus their exploitation is economically attractive. To evaluate the bioactive potential of EOP, two different extracts were obtained using ecological extraction procedures; one using conventional heating and water and the other based on the use of ultrasound as intensification technology and acetone-water as solvent. Then, the two extracts were characterized quantitatively and qualitatively, and evaluated for their antioxidant effect in vitro, as well as their hepatopreventive capacity in vivo against CCl4 injury since hydroxytyrosol and mannitol have shown interesting bioactive properties.
Results of this study showed that both extracts presented similar HPLC-UV and RID qualitative profiles, confirming that hydroxytyrosol and mannitol are the major compounds of the extracts, as has been previously reported.15 The total phenolic, mannitol, and hydroxytyrosol contents varied between the two extracts and revealed that AA-EOP contained higher levels than AAE-EOP. 

The peak identiﬁcation of phenolic profile was determined on the basis of their retention time, m/z, molecular formula, and fragmentation pattern with those found on previous works on olive-derived biomasses.8,34–36 The extracts showed similar qualitative profiles detected by RP-HPLC-QTOF-MS, with some quantitative differences. The differences observed could be due to the method of extraction and the solvent applied.7
The antioxidant activities of AE-EOP and AAE-EOP were tested using the scavenging ability of DPPH, hydrogen peroxide, superoxide radical, and ABTS. Results showed that both extracts were able to scavenge free radicals in all these assays as BHT. These antioxidant properties could be associated to the presence of phenolic compounds and mannitol. In addition, the fluctuation observed between AE-EOP and AAE-EOP could be attributed to the quantitative differences of these constituents. The anti-oxidation and scavenging free radicals of hydroxytyrosol, mannitol and its derivatives have been reported using chemical assays and in food systems.7,11,37 
In vivo, the obtained data revealed increased values in the activities of plasma AST, ALT, LDH and ALP biomarkers after CCl4 treatment, which was in accordance with previous results.21 The observed liver damage could be due to an altered membrane permeability and/or hepatocyte necrosis.38 The present finding confirmed this hypothesis and revealed remarkable injuries of the hepatic tissue, including dilatation of sinusoids, congestion of centrilobular vein, leukocyte infiltration, and vacuolization of hepatocyte. The obtained data were in accordance with those signalled by Unanma et al.39 who mentioned liver damage during CCl4 treatment in rats. The present data showed that AE-EOP and AAE-EOP extracts pre-treatment significantly retrieved the elevated levels of AST, ALT, LDH and ALP, indicating the hepatopreventive potential of these extracts. The preventive capacity of AE-EOP and AAE-EOP might be correlated to their bioactive molecules content. Similar results in other animal models have been reported previously, which revealed the possible stabilization of the structural integrity of the liver cell membrane by bioactive molecules, including mannitol,12 hydroxytyrosol,13 and its derivative oleuropein.40
Data from literature have linked liver injury development to oxidative stress.41 In fact, CCl4 treated animals showed remarkable increase in the oxidative stress processes (MDA), showing a subsequent reduction of the endogenous antioxidant enzymes SOD, CAT and GPx. The observed oxidative stress could be the result of a free radical production during CCl4 metabolism.42
The data also demonstrated that AE-EOP and AAE-EOP pre-treatment was able to attenuated the oxidative stress status produced by CCl4 by increasing the hepatic antioxidant effect through restraining protein oxidation and the lipid peroxidation, and simultaneously enhancing the activities of the aforementioned antioxidant enzymes and GSH levels. The ameliorative role of AE-EOP and AAE-EOP extracts could be due to the removal of free radicals obtained by the metabolism of CCl4 and stopping lipid peroxidation, which could alleviate liver tissue damage induced by oxidative stress. In this context, AE-EOP and AAE-EOP extracts exerts their strong radical scavenging activities owing to their phytochemicals as hydroxytyrosol and its derivatives, i.e. oleuropein, oleacein, verbascoside, etc., thereby known for its antioxidant capacity.13,40,43,44 Moreover, other studies have shown the potential anti-stress effect of hydroxytyrosol through activation of the transcription factor Nrf2,43 which is able to induce the expression of genes associated to oxidative stress response and drug detoxification.45 Mannitol can also induce a preventive role against oxidative stress through its scavenging properties.11 These authors have also shown that mannitol can reduce ammonia plasma in humans, while this event could also be occurred in CCl4-induced hepatic injury.46 
The apoptosis of liver cells induced by oxidative stress play a crucial role in the progression of hepatic tissue injury as present findings revealed that CCl4 administration produced DNA fragmentation. These results corroborated with previous studies highlighting that the administration of CCl4 induced DNA-damage by radicals generated by CCl4.42,47 Furthermore, the administration of AE-EOP and AAE-EOP extracts reduced the DNA fragmentation in liver tissue, indicating that AE-EOP and AAE-EOP extracts pre-treatment alleviated apoptosis by inhibited oxidative stress. Recent studies highlighted the anti-genotoxicity in liver tissue of the major metabolites in AE-EOP and AAE-EOP extracts, such as mannitol48 and hydroxytyrosol.49
The present findings also revealed that CCl4 induced perturbation of lipid profile as observed by considerable increased levels either in plasma and hepatic tissue of TC, TG and LDL-C, while HDL-C levels decreased. These changes in lipids parameters have been observed after CCl4 administration.21,42 Furthermore, a strong attenuation of the alteration of lipids markers by AE-EOP and AAE-EOP extracts was observed in AE-EOP+CCl4 or AAE-EOP+CCl4 treated rats. The specific analysis using Oil Red O corroborated these findings. In fact, a decreased lipid droplet in hepatocyte was observed in AE-EOP or AAE-EOP with CCl4 group compared to CCl4 group.

The mechanisms of AE-EOP or AAE-EOP in lowering high lipid parameters content are complex and multivariate. It was possible that the hypolipidemic effect of AE-EOP and AAE-EOP was due to the inhibitory activity of the pancreatic lipase, resulting in a decrease of lipid absorption, as showed for hydroxytyrosol and oleuropein.50,51 This hypothesis was strengthened by our study, which revealed that AE-EOP and AAE-EOP are considered an ideal source of strong natural inhibitors of pancreatic lipase in vitro, a property that could reduce the lipid biomarkers in the liver and thereby in the circulation.
Furthermore, the inhibition of HMG-CoA reductase, which is involved in cholesterol biosynthesis, could also occur. In this regard, olive oil phenolic compounds have shown inhibitory properies.52 Additionally, a previous study suggested that hydroxytyrosol may also inhibit the activity of acetyl-CoA carboxylase, a key enzyme regulating de novo lipogenesis.53 
The administration of AE-EOP and AAE-EOP increased the HDL cholesterol level. HDL is involved in the transfer of cholesterol from the tissues and arteries to the liver for processing. The mechanism that induce the increase of HDL cholesterol by AE-EOP and AAE-EOP is not known. It was possible that the two extracts were able to upregulate the factors involved in the transfer of cholesterol from cells to HDL. 54  

The liver cellular cholesterol concentration was lowered by AE-EOP and AAE-EOP treatment, which could be a result of an increase in packaging of cholesterol into HDL, in accordance with our findings showing an increase in HDL-cholesterol in the liver cells.
In the current study, results also showed that the LDL-cholesterol increased in liver of treated rats compared to the control group. This might be due to the fact that native LDL particles entering from the circulation throught LDL receptor are enriched in cholesterol.55
Moreover, the observed reduction in the plasmatic LDL-C after AE-EOP and AAE-EOP pre-treatment might contribute to the protection of hepatic LDL-R gene, or elevate its expression, and in turn reducing LDL-C in plasma.22,56 For example, this event has been related to the regulation of lipid metabolism and inflammation by hydroxytyrosol via inhibition of the p38 signal pathway and NF-κB down-regulation. It also favoured the biogenesis of HDL.57 In fact, hydroxytyrosol and some compounds of the EOP hydroxytyrosol cluster (e.g., oleuropein, verbascoside and oleacein) exhibited hypocholesterolemic properties.57–59 Moreover, the supplementation of the rats with the oleuropein and hydroxytyrosol improved the circulating parameters related to dyslipidemia, and reduced the LDL-C level and increased the HDL-C level.60
It has been suggested that fibrogenesis and oxidative stress are highly linked.61 Therefore, sirius red staining was carried out since it is generally used to point out the occurrence of liver fibrosis.62 The data obtained showed that CCl4 administration induced hepatic fibrosis detected by Picro-Sirius Red staining and manifested by excessive collagen deposition. These findings were in harmony with previous study indicating that CCl4 are able to induce liver fibrosis.24 Similarly, Ogaly et al.61 showed that CCl4 at 2.5 mL/kg induced fibrosis in rats with increased ALT and AST levels, which was associated to hepatocellular membrane damage and leakage related to oxidative stress. 
Administering AE-EOP and AAE-EOP along with CCl4 significantly improved liver fibrosis. Furthermore, the AE-EOP and AAE-EOP-treated group revealed a marked reduction in collagen deposit. In accordance, various studies have indicated that natural bioactive molecules are effective against fibrosis in hepatic tissues, including hydroxytyrosol.13,61,63 Therefore, the current findings are interesting to be translated to clinic as the extracts could have anti-fibrotic effects. Although the present study did not perfom a time course treatment or dose–response calculation. According to Nair and Jacob (2016)64, the extrapolated dose to be used in humans (60 kg) could be around 0.5 g, considering correction factors (Km) ratios of 6 (rat) and 37 (human). Moreover, the protein expression and the measurement of the activity of key molecules involved in the antiapoptotic, antifibrotic, and antioxidant effects also need further study for better understanding of the mechanisms of action of the extracts.
EOP derives from the fruit but during the processing in the olive mill and in the olive pomace oil extraction plant, the phenolic composition changes.6,8 Hydroxytyrosol can be present in the fruit of some olive cultivars, but in EOP it also comes from other more complex phenolic compounds like verbascoside, oleuropein, among others.5,65 EOP has a lower moisture content than the fruit and the original pomace, increasing the content of these biocompounds per g of raw material. Moreover, after EOP extraction by the studied methods, the extracts are enriched in hydroxytyrosol and mannitol (more than double), reducing the content of non-nutritive components like hemicellulose, cellulose and lignin. Interestingly, the amount of hydroxytyrosol in 0.5 g of any of the studied extracts is higher than 5 mg. In this regard, the European Food Safety Agency (EFSA) approved a health claim related to hydroxytyrosol, indicating that the daily consumption of “5 mg of hydroxytyrosol and its derivatives (e.g. oleuropein complex and tyrosol)” (about 20 g of olive oil) may help protecting LDL particles from oxidative damage.66 However, the vehicle is totally different as olive oil is a rich source of oleic acid. Therefore, it is difficult to extrapolate the effect of these extracts to that of the direct consumption of the olives, olive pomace or olive oil, for example. Alternatively, these extracts could be applied as antioxidant additive according to Vidal et al.37 or in nutraceuticals and functional foods to take advantage of this study. Nevertheless, other aspects should also be considered like their organoleptic properties, toxicity, microbiological quality, etc., which requires further study. 
Therefore, extraction of EOP can be applied as a first valorisation step to then exploit the lignocellulosic components of EOP. In this sense, the extraction of EOP will produce the enriched extract in hydroxytyrosol and mannitol, but also a solid fraction enriched in polymeric components (cellulose, hemicellulose, and lignin).67 These components can be valorised within a biorefinery context by using the extracted EOP solid and considering the new principles of the circular bioeconomy, e.g. to also obtain sugars and valuable sugars derivatives like bioethanol, antioxidant lignin, etc.67,68 
According to the aforementioned calculation,64 the extrapolated dose of CCl4 could be related to an exposition of ~4.9 mL for an adult of 60 kg. This chemical is rarely use today, but it still has applications in some industries. In general, the CCl4 doses of people exposure are lower than that used in our, but it has been reported that over time, CCl4 can accumulate and cause damage. Therefore, an intoxication with this amount of CCl4 could hardly occur by accidental or intentional ingestion since its use is under strict regulatory surveillance.69 If it occurs, the symptoms (e.g. liver problems) may appear immediately or shortly,70 and deaths can even occur after ingestion of less than 5 mL of CCl4.71 Alternatively, CCl4 is commonly applied in hepatotoxicity research as a model to find hepatopreventive and hepatoprotective agents, including natural compounds.24,72 In the review by Ugwu and Suru,72 the orally administrated dose of CCl4 to animals was between 0.2 mL (e.g., mice) and 4 mL (e.g., Wistar rats). This review showed that the oral dose of the control, which is generally the plant extract silymarin, is around 50 mg similar to that of the EOP extract used in the present study. In most of the cases, the beneficial effect (e.g., downregulating liver marker enzymes, restoring the liver tissue architecture, or improving antioxidant defense) of the plant extracts was explored through the oral administration of more than 100 mg.72 Therefore, the hepatopreventive and anti-fibrotic potential of the EOP extracts also seems promising. 

Conclusions
The present study showed that the AE-EOP and AAE-EOP extracts contained various bioactive molecules identified using RP-HPLC–ESI–QTOF–MS. Mannitol and hydroxytyrosol were the major compounds. In vitro studies showed that AE-EOP and AAE-EOP presented an interesting DPPH, H2O2, and ABTS scavenging abilities, in the range of BHT, with significant suppressive effects on pancreatic lipase activity. In addition, it was proved that AE-EOP and AAE-EOP extracts could alleviate CCl4-induced hepatic damage and fibrosis, and protect DNA from oxidative damage induced by CCl4. These hepatopreventive effects could be attributed to their bioactive constituents. The results suggested that EOP could be used as a raw material to obtain beneficial compounds for therapeutic approach against oxidative stress-related diseases.
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