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Abstract: Olive mill wastewater (OMWW) represents a by–product but also a source of biologically 

active compounds, and their recycling is a relevant strategy to recover income and to reduce envi-

ronmental impact. The objective of the present study was to obtain a new functional beverage with 

a health–promoting effect starting from OMWW. Fresh OMWW were pre–treated through filtration 

and/or microfiltration and subjected to fermentation using strains belonging to Lactiplantibacillus 

plantarum, Candida boidinii and Wickerhamomyces anomalus. During fermentation, phenolic content 

and hydroxytyrosol were monitored. Moreover, the biological assay of microfiltered fermented 

OMWW was detected versus tumor cell lines and as anti-inflammatory activity. The results showed 

that in microfiltered OMWW, fermentation was successfully conducted, with the lowest pH values 

reached after 21 days. In addition, in all fermented samples, an increase in phenol and organic acid 

contents was detected. Particularly, in samples fermented with L. plantarum and C. boidinii in single 

and combined cultures, the concentration of hydroxytyrosol reached values of 925.6, 902.5 and 903.5 

mg/L, respectively. Moreover, biological assays highlighted that fermentation determines an in-

crease in the antioxidant and anti–inflammatory activity of OMWW. Lastly, an increment in the 

active permeability on Caco-2 cell line was also revealed. In conclusion, results of the present study 

confirmed that the process applied here represents an effective strategy to achieve a new functional 

beverage. 
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1. Introduction 

Olive oil by-products, while representing a management problem for olive oil com-

panies, may actually represent a source of high value–added compounds that can be used 

in pharmaceuticals, food, feed and cosmetics for their health properties [1–3]. In fact, olive 

mill wastewater (OMWW) is a resource rich in phenols including hydroxytyrosol (HT) 

and tyrosol (TYR), characterized by high antioxidant, anti–inflammatory, antimicrobial 

and anticarcinogenic activities [4]. The scientific community has proposed several strate-

gies for the valorization of this by–product including solvent extraction techniques, selec-

tive resins, membrane filtration or enzymatic applications [5]. These techniques allow the 
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extraction and/or concentration of bioactive compounds in order to increase the nutraceu-

tical component and produce new products or functional ingredients, thus, responding to 

the demand of consumers who are now aware of the beneficial role that these natural 

products play in human and animal diets. In the food industry, OMWW have been pro-

posed as an added functional ingredient in meat, dairy, fish, bakery products and juices 

[6–8]. As a matter of fact, the addition of such phenolic components in food matrices has 

been shown not only to fulfil a technological function (i.e., to extend the shelf life) but also 

to improve the health and safety properties of the food. Although the interest of the sci-

entific community in the use of microorganisms in the bioprocessing of agro-industrial 

waste has grown in recent years [9], only a few microbial applications have been proposed 

for the valorization of this matrix. Authors have reported that the use of live microorgan-

isms increases the content and bioavailability of the phenolic compounds, and especially 

of HT and TYR [10,11]. In addition, the driven microbial fermentation provides several 

advantages by preserving and improving food safety and shelf life due to the formation 

of organic acids, such as lactic, acetic, formic, propionic acids, etc. [12]. The diversities of 

acids are dynamic among different alcoholic beverages and fermented food, as are the 

synergistic effects of abiotic and biotic factors [13]. Functional microorganisms, such as 

lactic acid bacteria (LAB) and yeasts, are responsible for the metabolism of organic acids. 

Therefore, the use of selected microorganisms, especially yeasts and LAB isolated from 

spontaneous similar fermented matrices such as table olives, could represent a low–cost 

strategy to stabilize and improve the nutraceutical and sensory traits of OMWW. In detail, 

Lactiplantibacillus plantarum strains from fermented olives have been largely associated 

with the metabolism of phenolic compounds as they can produce degradation enzymes, 

such as β-glucosidase, esterase, tannase, decarboxylase [14]. Moreover, some of them have 

been proposed due to their potential probiotic activity [15]. With regard to yeasts, several 

species show β-glucosidasic, lipasic and esterasic activity and have been used for their 

ability to improve sensorial profile through production of esters from fatty acids and free 

fatty acids. Among yeasts, Candida boidinii and Wickerhamomyces anomalus are the most 

commonly used as starters [16]. In addition, yeasts isolated from oil matrices, especially 

strains of W. anomalus, have demonstrated several probiotic characteristics, among which 

the most known is the in vitro cholesterol removal capacity [17]. 

Today, the functional beverage sector is steadily increasing worldwide thanks to its 

high nutritional value and the possibility to add flavors. Furthermore, nutraceutical bev-

erages with added probiotics and prebiotics are of considerable interest to the consumer 

[18], as this matrix was shown to inhibit proliferation and induce apoptosis in several tu-

mor cells, prevent DNA damage and exert anti–inflammatory activity [19]. 

The aim of this study was to set up a process to obtain a new functional beverage 

with a health–promoting effect starting from OMWW. For this purpose, OMWW were 

pre–treated through filtration and microfiltration and then subjected to fermentation with 

selected microbial pools, isolated from spontaneously fermented table olives. During fer-

mentation, the biotechnological aptitude of the different strain combinations, their effect 

on the fermentation parameters, the increase of the phenolic content, especially as HT in-

crease, were evaluated. Furthermore, a biological characterization to evaluate the safety 

profile and the antioxidant activity was performed on treated OMWW samples. Finally, 

the ability to cross Caco-2 cell monolayers, as a model of gastrointestinal tract absorption, 

was performed.  

2. Results 

2.1. Chemico-Physical Characterization of Sample of Different Trials 

The OMWW belonging to Trial I were monitored at different times (0, 8, and 30 days), 

through the detection of pH, total soluble solids (TSS), total phenol content and single 

phenols by HPLC (Table S1). Regarding pH, any significant difference was observed at 

the beginning of fermentation, and the lowest pH value (4.45) was reached at T8 in sample 
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inoculated with C. boidinii in single culture. The TTS at the beginning of fermentation 

showed values between 7.08 and 8.32, reaching values between 5.60 and 6.34 at T30. Dur-

ing the fermentation, the total phenol content showed, to some extent, a constant trend, 

reaching the highest concentration at T30 in samples fermented with W. anomalus in single 

culture, with a value of 3241.9 mg/L. The results obtained by HPLC confirmed this in-

crease, as samples treated with W. anomalus showed the highest concentration of HT, 

equal to 2630.4 mg/L. Regarding TYR, an increase during fermentation was observed, 

reaching, after 30 days, values between 508.6 and 679.4 mg/L in all treated samples. The 

chemical analyses performed on Trial I were repeated on Trial II (Table S1). The pH de-

creased during fermentation, showed the lowest values at T8. In detail, all inoculated sam-

ples showed a lower pH than the control sample. In particular, the lowest value was found 

in the samples with L. plantarum and W. anomalus in single culture, but also in the combi-

nation L. plantarum and C. boidinii and, finally, with the mix of the three strains with values 

ranging from 3.97 to 3.99. With regard to TSS, the greatest decrease occurred with the 

combination of L. plantarum in association with W. anomalus, going from a value of 7.84 at 

T0 down to 5.50 at T8. At T30, almost all samples maintained the value showed at T8 of 

fermentation. In addition, total phenols at T8 and T30, in all inoculated samples, showed 

a higher content over time compared with the control sample. In detail, the samples with 

significantly higher phenolic content were the three–strain association (3379.5 mg/L) and 

W. anomalus in single combination (3261.9 mg/L) at T8, while at T30 was the sample inoc-

ulated with L. plantarum with a value of 3577.6 mg/L. The results obtained by HPLC 

showed a decrease at T8 of HT in all samples except in the samples with L. plantarum 

where there was an increase of 115 mg/L of HT, and the sample inoculated with L. planta-

rum with W. anomalus which showed an increase equal to 262 mg/L of HT. All samples 

inoculated up to T30 had higher HT content. Opposingly, the TYR decreased during fer-

mentation from an average range of values from 319.7 mg/L to 136 mg/L. 

In Trial III, microfiltration resulted in a clear and sterile matrix. Before starting the 

final fermentation, a preliminary test was carried out in a reduced volume (100 mL) to 

ascertain if any difference could be revealed between trials with the addition of glucose, 

peptone and yeast extract (added at the same concentrations) and the trials without any 

additions. The results showed the same pH values and cell density during fermentation. 

Moreover, the addition of these compounds made the OMWW turbid (data not shown). 

For these reasons, to improve the acceptability of the product to consumers, the thesis 

without additions was chosen for the final test. During fermentation, pH, TSS and total 

phenol content were monitored (Table 1). Regarding pH, no significant difference was 

found at the beginning of fermentation. The pH at T0 was in a range of 5.12 and 5.19. 

Fermentation stopped at T21 for all samples examined. The end of fermentation was re-

vealed by the stabilization of the pH value that was evaluated every three days of fermen-

tation (data not shown). In particular, the samples inoculated with W. anomalus in single 

culture and in association with L. plantarum reached a pH value of 4.54 and 4.49 at T21, 

respectively. In addition, although slower than the previous theses, the theses containing 

L. plantarum and C. boidinii in single culture also reached at T21 a pH of 4.65 and 4.60, 

respectively. Total soluble solids showed no significant difference at any of the fermenta-

tion times. Initial values ranged from 8.30 to 10.85 °Brix, while values between 5.32 and 

8.17 °Brix were reached at the end of fermentation. The sample used as a control during 

fermentation maintained its pH and TSS values. Regarding the content of total phenols, 

the highest values at the beginning of fermentation were found in the sample containing 

the L. plantarum and W. anomalus combination, a value that decreased during the fermen-

tation process. In contrast, the sample with the three–strains combination showed an in-

crease in total phenol content up to T14 with a value of 4015 mg/L, and then decreased at 

T21 reaching a value of 1543 mg/L. 
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Table 1. Chemical parameters detected in samples of Trial III. 

Sample Time pH 
TSS  

(°Brix) 

Total Phenol 

(mg/L) 

Control 0 5.18 ± 0.01 8.30 ± 0.77 3627.4 ± 0.54 c 

L. plantarum 0 5.16 ± 0.01 10.60 ± 0.78 3711.2 ± 4.89 b 

C. boidinii 0 5.18 ± 0.01 10.28 ± 0.70 3539.8 ± 0.54 d 

W. anomalus 0 5.12 ± 0.08 9.76 ± 1.53 3172.9 ± 1.63 f 

L.p + W.a 0 5.13 ± 0.06 8.56 ± 0.80 4135.0 ± 4.89 a 

L.p + C.b 0 5.19 ± 0.02 10.04 ± 1.13 3474.7 ± 1.09 e 

L.p + W.a + C.b 0 5.18 ± 0.01 8.88 ± 1.39 2967.1 ± 2.18 g 

  n.s. n.s. ** 

Control 8 5.17 ± 0.01 a 8.30 ± 0.78 1985.8 ± 3.26 g 

L. plantarum 8 5.04 ± 0.03 b 10.30 ± 0.98 3032.5 ± 2.18 b 

C. boidinii 8 4.97 ± 0. 01 bcd 8.88 ± 2.18 3020.6 ± 0.54 c 

W. anomalus 8 4.87 ± 0.02 e 9.14 ± 1.77 2395.3 ± 1.63 f 

L.p + W.a 8 4.88 ± 0.04 de 7.52 ± 1.17 2897.2 ± 0.01 e 

L.p + C.b 8 5.00 ± 0.01 bc 9.50 ± 0.32 2991.0 ± 5.44 d 

L.p + W.a + C.b 8 4.94 ± 0.01 cde 8.24 ± 1.29 3268.2 ± 1.63 a 

  ** n.s. ** 

Control 14 5.18 ± 0.02 a 8.30 ± 0.78 1809.5 ± 0.54 f 

L. plantarum 14 4.68 ± 0.01 cd 9.90 ± 0.99 3282.9 ± 0.54 c 

C. boidinii 14 4.77 ± 0.01 b 7.99 ± 2.82 2443.8 ± 1.63 d 

W. anomalus 14 4.67 ± 0.04 cd 8.28 ± 1.44 3539.7 ± 0.54 b 

L.p + W.a 14 4.62 ± 0.09 d 6.64 ± 1.52 2199.2 ± 3.81 e 

L.p + C.b 14 4.89 ± 0.01 b 9.03 ± 1.12 3545.1 ± 53.84 b 

L.p + W.a + C.b 14 4.82 ± 0.02 bc 7.62 ± 1.36 4015.0 ± 2.72 a 

  ** n.s. ** 

Control 21 5.19 ± 0.01 a 8.20 ± 0.61 1009.4 ± 0.54 f 

L. plantarum 21 4.65 ± 0.03 c 8.15 ± 1.20 3392.1 ± 0.54 a 

C. boidinii 21 4.60 ± 0.01 d 5.60 ± 0.57 3005.2 ± 0.54 b 

W. anomalus 21 4.54 ± 0.04 e 6.36 ± 0.37 2394.2 ± 1.09 c 

L.p + W.a 21 4.49 ± 0.01 de 5.32 ± 0.04 1914.6 ± 1.63 d 

L.p + C.b 21 4.84 ±0.02 b 8.00 ± 1.41 3403.2 ± 10.88 a 

L.p + W.a + C.b 21 4.82 ± 0.01 b 5.99 ± 0.01 1543.6 ± 1.09 e 

  ** n.s. ** 

Data are expressed as mean ± standard deviations. Mean values with different letters within the 

same column at the same time interval are statistically different. n.s. not significant; ** Significance 

at p ≤ 0.01. 

2.2. Microbiological Analyses 

Results on microbiological analyses (Table S2) are referred at the same sampling 

times reported for chemical analyses. Overall, for samples of Trial I, high microbial den-

sities were detected for aerobic mesophilic bacteria, enterobacteria, and yeast in all sam-

pling times. Regarding LAB, an increase of 1 Log unit at T8 was detected, and the values 

were quite constant until T30, with some exceptions. In detail, at the beginning of fermen-

tation, the sample treated with L. plantarum showed a significantly higher cell density, 

with a value of 5.85 log CFU/mL, whilst at T30 the highest LAB densities were detected in 

samples treated with the combination of the three strains, namely of L. plantarum and C. 

boidinii, W. anomalus in samples inoculated with W. anomalus in single culture, and in sam-

ples treated with L. plantarum and C. boidinii in mixed cultures. Yeasts and molds also 

showed a similar trend in all samples. In fact, cell density increased at T8 of fermentation 

and then decreased at T30, when an average value of 6.45 Log CFU/mL were detected. 
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Aerobic mesophilic bacteria counts showed only a slight variation during fermentation, 

reaching a final mean value of 6.25 Log CFU/mL, whereas Enterobacteriaceae and staph-

ylococci showed a significant decrease during fermentation. At the beginning of fermen-

tation, the latest microbial groups showed an initial average value of 6.63 and 3.05 Log 

CFU/mL, respectively. These values decreased significantly during fermentation in the 

inoculated samples, reaching values under the detection limit. In Trial II, the LAB and 

yeast counts increased during fermentation (Table S2). In detail, the LAB mean value start-

ing from 4.27 Log CFU/mL reached, after 30 days, a mean value of 7.34 Log CFU/mL, 

whilst in samples inoculated with W. anomalus it reached the lowest cell density. A similar 

trend was observed for yeasts that at the 30th day exhibited a mean cell density of 9 Log 

CFU/mL in the sample inoculated with L. plantarum and C. boidinii in mixed culture. Aer-

obic mesophilic bacteria were found at high density, until the end of fermentation when 

a final average value of 7.52 Log CFU/mL was counted. Different trends were observed 

for Enterobacteriaceae and staphylococci, for which after a slight increase a significant 

decrease was detected after 30 days in all samples. 

Regarding Trial III, before starting fermentation, the microfiltered OMWWs were 

subjected to microbiological analyses to confirm the achieved sterility. The following mi-

crobial groups were searched: LAB, yeasts, staphylococci, total mesophilic aerobic bacte-

ria, Enterobacteriaceae and Clostridium perfringens. All used media and conditions are re-

ported in Section 4.  

Once the OMWWs were analyzed, the selected strains were inoculated at a cell den-

sity of 108 and 107 CFU/mL for L. plantarum and yeasts, respectively. As shown in Figure 

1, a different growth pattern between the two yeasts and the LAB strains was observed 

during fermentation. In fact, while in all inoculated samples LAB showed an initial de-

crease, during the first 14 days they increased until the 21st day; the yeasts increased their 

cell density during the first 18 days, when they reached values between 7.03 and 7.78 Log 

CFU/mL. 

 

Figure 1. Microbial counts detected in MRS and SAB during fermentation in microfiltered OMWW 

differently inoculated. Data are expressed as means of Log CFU/mL ± standard deviations. 
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2.3. Phenol and Organic Acid Detection  

Regarding phenolic content, HT and TYR were the main detected compounds, found 

at high concentration by HPLC during fermentation (Figure 2). As for HT, at the begin-

ning of fermentation a concentration between 341.7 and 469.1 mg/L was found. At the end 

of fermentation, an exponential increase of HT in all inoculated samples was observed. 

Particularly in the samples treated with L. plantarum and C. boidinii in single and in com-

bined cultures, the HT concentration was found as 925.6, 902.5 and 903.5 mg/L, respec-

tively. A slowly increase in concentration of TYR was observed during fermentation, 

reaching values between 315.6 and 544.7 mg/L in all inoculated samples. In contrast, the 

control samples showed a significant decrease in HT along fermentation, reaching values 

of 170.6 mg/L and a slight increase in TYR, reaching final value of 303.7 mg/L. 

 

Figure 2. Concentration of HT and TYR during fermentation in microfiltered OMWW differently 

inoculated. Different letters indicate statistical differences within the columns for the same com-

pound (significance at p ≤ 0.01). 

In addition, organic acids were evaluated at the end of fermentation in all samples. 

The control sample, at the beginning of fermentation, was used as an initial control (Table 

2). The control, analyzed at both the beginning and at the end of fermentation, showed a 

constant value of acids except for butyric, for which a concentration of 566.4 mg/L was 

detected only at T21. For all samples inoculated with the different microbial combinations, 

on the other hand, an acid increase during fermentation was observed, except for isobu-

tyric acid that decreased in sample inoculated with W. anomalus and in all the inoculated 

combinations. In detail, the sample inoculated with L. plantarum showed the highest in-

crease for all the detected acids. 

Table 2. Organic acids (mg/L) detected by HPLC. 

Sample 
Time 

(days) 
Citric Acid Lactic Acid Acetic Acid Propionic Acid Isobutyric Acid Butyric Acid 

Control 0 4172.9 ± 96.54 1606.6 ± 99.00 416.8 ± 97.31 3865.9 ± 268.47 3136.9 ± 188.31 0.00 ± 0.00 

Control 21 4529.3 ± 100.00 de 1219.2 ± 18.03 f 326.3 ± 78.89 e 3743.1 ± 34.21 g 1654.9 ± 15.21 d 566.4 ±48.79 d 

L. plantarum 21 7033.4 ± 15.76 a 4512.6 ± 18.07 a 7212.8 ± 82.59 a 9802.4 ± 12.82 a 3235.3 ± 5.51 a 4666.4 ± 103.03 a 

C. boidinii 21 6624.4 ± 87.69 b 4123.3 ± 20.03 b 4568.4 ± 58.78 c 9153.8 ± 19.41 b 3202.7 ± 27.72 a 4393.3 ± 44.23 a 

W. anomalus 21 5214.4 ± 121.00 c 3774.5 ± 99.00 c 6214.7 ± 168.83 b 8219.2 ± 41.95 c 2072.0 ± 77.52 b 4239.4 ± 176.96 a 

L.p + W.a 21 4126.9 ± 106.79 f 2846.0 ± 35.53 e 6188.4 ± 85.52 b 6831.2 ± 10.08 f 1626.7 ± 1.41 e 3682.8 ± 26.00 b 

L.p + C.b 21 4744.1 ± 16.31 d 3167.5 ± 33.49 d 4366.7 ± 132.82 c 7913.0 ± 24.25 d 2096.8 ± 16.35 b 2995.9 ± 54.51 c 
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L.p + W.a + C.b 21 4381.7 ± 20.88 ef 3075.3 ± 31.95 d 3334.0 ± 8.10 d 7342.0 ± 116.15 e 1810.2 ± 5.28 c 3550.1 ± 25.58 b 

Data are expressed as mg/L of means ± standard deviations. Different letters indicate statistical dif-

ferences within the same column (Significance at p ≤ 0.01). 

2.4. Biological Assay 

2.4.1. Transepithelial Transport through Caco-2 Cell Monolayers 

The intestinal permeability values, estimated with the Caco-2 cell experimental 

model, correlate well with human in vivo absorption data for many drugs and chemicals. 

Caco-2 cells are a human colon epithelial cancer cell line that, when cultured as a mono-

layer, differentiate to form tight junctions between cells to serve as a model of paracellular 

movement of compounds across the monolayer. The monolayer represents the human 

intestinal epithelial cell barrier and by this assay, the measured endpoint is intestinal per-

meability (expressed as apparent permeability—Papp value) (Table 3). 

The flux from the apical part of the monolayer to the basolateral side (BA) is referred 

to the passive transport, while the measurement of active transport is obtained by meas-

uring the reversed flow (AB), since Caco-2 cells express efflux pumps in the apical side. 

The smaller the BA/AB ratio value, the greater the contribution of the active transport to 

the membrane crossing. In all tested samples, the contribution of active transport to the 

membrane crossing was always lower than that due to passive diffusion, as demonstrated 

by high values of Papp AB. This occurs mainly for samples inoculated with L. plantarum 

and C. boidinii, which showed the highest value (as 1125 nm/s). This value could be related 

to a synergic effect between the LAB and the C. boidinii strains, that also in single cultures 

showed Papp values of 1014 and 575 nm/s, respectively. This result is confirmed by the 

lowest BA/AB value (2.58), detected in samples fermented with L. plantarum and C. 

boidinii.  

OMWW samples and HT pure (used as a control) at the opportune dilution (1:25) 

have been evaluated on different cell lines, normal (HepG2) and tumoral (Caco-2), in or-

der to evaluate their toxicological profile [20]. Since no cytotoxic effect was detected (data 

not shown), they resulted to be safe at a dilution of 1:25, while with higher concentrations 

(as such and 1:10) a cytotoxic effect was registered. These results are in agreement with 

data reported by Di Mauro et al. [21], confirming that the use of higher concentrations (as 

such and 1:10) induced a reduction in cell viability in a dose–dependent manner, while 

lower concentrations did not affect cell viability. 

Table 3. Apparent permeability of different samples of OMWW. 

Samples  

Concentration 

of HT  

(mg/L) 

Papp BA (nm/s) 

Passive 

Transport 

Papp AB (nm/s) 

Active 

Transport 

BA/AB λ (nm) ε 

Control 1.70 2581 457 4.22 275 0.80 

L. planturum 9.50 4015 1014 3.95 285 0.20 

C. boidinii 9.00 2540 575 4.41 275 0.09 

W. anomalus 7.90 1958 367 5.34 285 0.22 

L.p + W.a 8.00 1905 335 5.67 284 0.19 

L.p + C.b 9.00 2912 1125 2.58 275 0.19 

L.p + W.a + C.b 7.70 2587 522 4.95 283 0.20 

All samples were tested at a dilution of 1:100. BA indicates basolateral to apical transport; AB indi-

cates apical to basolateral transport; BA/AB values are from Papp AP–BL/Papp BL–AP. 

2.4.2. Evaluation Activity on COX-1 and COX-2 Isoenzymes 

COX, also called Prostaglandin H synthase (PGHS), is a key enzyme in the inflam-

matory cascade. It catalyzes the conversion of arachidonic acid (AA) in prostanoids, bio-

active lipids mediating numerous physiological and pathological processes in the body. 

Prostanoids include thromboxane A2 (TXA2), prostaglandins (PGD2, PGE2, PGF2α) and 
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prostacyclin (PGI2). Two COX isoforms are known, COX-1 and COX-2, encoded by dif-

ferent genes. The two isoforms show 60% homology in their amino acid sequence. COX-1 

is the isoform constitutively expressed in most tissues and responsible for maintaining 

normal physiological functions such as gastric protection, modulation of platelet function, 

and renal homeostasis. COX-2, differently from COX-1, is the inducible isoform upon pro–

inflammatory stimuli. The possibility of finding anti–inflammatory properties in 

nutraceutical compounds would make the products under study extremely interesting, 

thus, the OMWW fermented sample inhibition of ovineCOX-1 (oCOX-1) and humanCOX-

2 (hCOX-2) enzyme activity was investigated and HT was used as positive control. Pure 

HT showed, at a concentration of 40 mg/L, inhibition activity on oCOX-1 and hCOX- 2 

with a percentage of 6.41 and 26.11, respectively (Figure S1). The control OMWW sample 

did not show any anti–inflammatory activity, while low anti–inflammatory activity was 

found for the different OMWW samples. In detail, samples fermented with L. plantarum, 

C. boidinii and W. anomalus in single culture showed a moderate inhibitory activity to-

wards both isoforms (Table S3). In particular, the sample inoculated with L. plantarum in 

single culture showed a selective inhibition of oCOX-1, whereas samples treated with C. 

boidinii showed an inhibition towards both oCOX-1 and hCOX-2 with the percentage of 

inhibition reaching 15.96% and 12.95%, respectively. In addition, the sample inoculated 

with a combo of L. plantarum and C. boidinii preserves a selective inhibition towards oCOX-

1, with an inhibition of 8.20%. It could be hypothesized that C. boidinii produces some 

metabolites with a greater affinity and selectivity towards oCOX-1 isoform.  

2.4.3. Antioxidant Activity 

Diabetes, cardiovascular diseases, arthritis and joint diseases, allergies and chronic 

obstructive pulmonary diseases are classified, according to the World Health Organiza-

tion, as specific inflammation–mediated chronic diseases. The processes underlying these 

diseases are many, but oxidative stress is undoubtedly involved in their pathogenesis and 

in the development and establishment of a sustained inflammatory state. All selected sam-

ples were evaluated for their antioxidant activity by measuring their reactivity with 1,1-

diphenyl-2-picrylidrazyl (DPPH), a purple–colored stable radical that strongly absorbs at 

λ = 517 nm, in order to determine their efficacy as scavengers of stable free radicals. Test-

ing was carried out to compare the effect of fermented OMWW samples with the known 

antioxidant activity of HT (Figure 3). The data showed that the OMWW control exhibited 

lower antioxidant capacity, at all dilutions tested, compared with both that exerted by HT 

and fermented samples. In particular, at the lower tested volume (12.5 µL), the best anti-

oxidant activity was obtained in the sample inoculated with C. boidinii, reaching a % RSA 

value higher than pure HT. The same behavior was observed for samples inoculated with 

L. plantarum and W. anomalus, in single culture. 
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Figure 3. Evaluation of antioxidant activity expressed as % RSA. Each graph corresponds to a vol-

ume (µL) used for each sample: (A) 50 µL of samples; (B) 37.50 µL of samples; (C) 25 µL of samples; 

(D) 12.5 µL of samples. 

3. Discussion 

Fermentation is widely considered a low–cost strategy to recovery and valorize agro-

industrial by–products [22]. In this study, in order to obtain a suitable matrix to be fer-

mented with selected microbial pools, different Trials were set up. For this purpose, fresh 

OMWWs were collected at two successive seasonal years. Samples obtained from Trial I, 

untreated fresh OMWW, appeared very turbid and rich in unwanted solids at both the 

beginning and end of fermentation. Therefore, in Trial II, the OMWWs were subjected to 

on farm filtration using carton filters with different porosity. To date, such a technique is 

used to remove unwanted solid components from the matrix, maintaining the nutritional 

compounds as phenolic fraction (Figure S2) [23]. 

Results of Trial II showed that although the OMWWs (filtered through cardboard 

filters) visually appeared as clear from a physical point of view, at both the beginning and 

end of fermentation, they were not microbiologically suitable, in relation to the high total 

aerobic mesophilic bacteria densities. According to the European Regulation (EC) No. 

1441/2007, the absence of pathogens, such as Salmonella spp. and L. monocytogenes, is con-

sidered an essential criterion for the microbiological safety of vegetable products, while 

no mandatory microbiological criterion is fixed for total aerobic mesophilic bacterial 

count. However, some guidelines include Escherichia coli and total aerobic mesophilic 

count as quality parameters, fixing the following thresholds (as CFU/g): E. coli < 10 for 

satisfactory; between 10 and ≤102 for acceptable; and >102 as not acceptable [24]. The same 

authors, for total aerobic mesophilic count, proposed the following thresholds: ≤104 for 

satisfactory, between 104 and lower or the same of 106 for acceptable, and >106 not accepta-

ble, respectively [24]. Therefore, OMWW obtained through the last cardboard filter, with 

a porosity between 0.20 and 0.40 μm, were afterwards subjected to microfiltration (0.22 

µm) in the laboratory. This procedure resulted in a microbiologically sterile, clear matrix 

mainly composed of phenols (Figure S3). 

To date, the microfiltration technique is successfully applied in food industries, such 

as the dairy industry, as it induces an improvement in the microbial quality of the final 

product [25]. In the present study, the application of such a strategy allowed the evalua-

tion of the biotechnological aptitude of the strains, used as single or mixed cultures, and 

enabled an understanding of how they interact with the matrix. The results showed that 

the use of microbial starters drove fermentation by lowering the pH to values as low as 

4.49 and inducing an increase in the phenolic compounds. In detail, the combinations of 
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L. plantarum and C. boidinii, both in single and in mixed cultures, resulted, at the end of 

fermentation, in the highest HT content, with values of 925.6, 902.5 and 903.5 mg/L, re-

spectively. No oleuropein was detected at any sampling time as found by other authors 

[5,26]. Although L. plantarum is mainly known for its β-glucosidase activity or its probiotic 

potential [27], in all the tests carried out, there was a slight decrease of LAB count in sam-

ple with L. plantarum that showed an increase only after t14 of fermentation (Figure 1). 

This suggests that these strains are able to utilize certain metabolic pathways to survive 

in difficult matrices, which is why there is an increased activity in the last sampling time. 

An interesting study that may explain the adaptation of L. plantarum is proposed by 

Reveròn et al. [28], who propose a study of transcriptomics and the mechanism of action 

of L. plantarum in response to treatment with pure HT. C. boidinii strain used as a poten-

tially resistant strain to several hurdles present in the matrix. Recently, De Melo Pereira et 

al. [29] reported that the genus Candida is commonly found in many fermented foods and 

beverages obtained by the main types of fermentation (alkaline, alcoholic, acetic, lactic, 

and mixed processes). In addition to its ubiquitous trait, the Candida genus also possesses 

a complex metabolic mechanism that allows it to survive, compete, and sometimes dom-

inate fermentation processes [30]. Furthermore, it is known that a selected culture, besides 

the ability to control the fermentation process, should show the ability to survive in the 

fermentation environment and to exert acidifying activity through the production of or-

ganic acids. In the present study, results highlighted that L. plantarum inoculated samples 

exhibited the highest values of all detected acids. In a functional beverage, organic acids 

can play an additional role in protecting phenols, such as HT and TYR, from oxidation. In 

addition, different studies revealed that a lactic acid concentration of 0.5% (v/v) produced 

by LAB prevents pathogens’ growth, such as Salmonella species, Escherichia coli, and Listeria 

monocytogenes [31,32]. This result confirmed results previously reported, namely, that the 

fermentation driven by LAB leads to the production of mono–, di–, and tri–carboxylic 

acids, i.e., acetic, lactic, and propionic acids as intermediaries of biosynthetic metabolic 

pathways and amino acid metabolism. In detail, Okoye et al. [33] demonstrated through 

genome study that LAB contain unique and shared secondary metabolite biosynthetic 

gene clusters with bio preservative potential and a transcription factor, namely CRP (cy-

clic AMP receptor protein) endowed with novel binding sites involved in organic acid 

metabolism.  

Zooming in on biological activity, results obtained from tested microfiltered fer-

mented OMWW and from pure HT, when tested at a 1:25 dilution, were found to be safe 

on chosen cell lines. In the present study, the choice of cell lines was based on taking into 

consideration that the HepG2 is one of the most reliable experimental models for predic-

tion human liver toxicity. Indeed, the liver is responsible for most of the orally adminis-

tered xenobiotic metabolism, for its anatomical proximity to the gastrointestinal tract and 

for its histological structure [34], whereas the Caco-2 cell line has been chosen as the most 

suitable in vitro model to rapidly assess the intestinal permeability and for xenobiotic 

transport studies [35,36]. Caco-2 cells exhibit a well–differentiated brush border on the 

apical surface and tight junctions, and express typical small–intestinal microvillus hydro-

lases and nutrient transporters. The crossing of biological membranes must be taken into 

account because it correlates with the ability of a pharmacologically active compound to 

reach the target site where performing the biological function. The intestinal transport of 

polyphenols seems to be strongly influenced by several factors such as food matrix, bio-

transformation and conjugation that occur during absorption [37,38]. Many studies have 

focused on the uptake of individual phenols, such as HT and TYR, which have shown 

good absorption across the cell membrane, while the uptake of a phytocomplex and how 

its different composition may affect the transport mechanism has been less explored [39]. 

In a recent study, Bartolomei et al. [40], demonstrated that a phenolic pool, extracted from 

extra virgin olive oil (EVOO), induced a protective effect against H2 O2-induced oxidative 

stress on Caco-2 and HepG2 cell lines. This observation demonstrated a selective transep-

ithelial transport of certain oleuropein derivatives by Caco-2 cells, confirming that the 



Molecules 2023, 28, 646 11 of 18 
 

 

phytocomplex could be transported with different mechanisms than those involved for 

single phenolic compounds, separately tested. According to results previously reported 

both phytocomplex composition and used starter cultures can significantly influence cell 

membrane crossing. In the present study, microbial cultures differently modulated the 

response of anti–inflammatory and antioxidant activity. It has been widely reported that 

phenols contained in EVOO reduce the reactive oxygen species (ROS) and malondialde-

hyde production, the nitric oxide release and the expression of inducible nitric oxide syn-

thase (iNOS) and cyclooxygenase 2 (COX-2) [41]. Results obtained in the present study 

confirmed that OMWW samples affected the inhibitory activity towards COX-1 and COX-

2, by a modulation of COX-2, according to previous in vitro reports on human monocytes 

[42]. The same authors demonstrated that HT attenuated ROS–mediated COX-2 transcrip-

tion induced by bacterial lipopolysaccharide (LPS). COX catalyzes the first step in the bi-

osynthesis of prostaglandins (PG), prostacyclin and thromboxane starting from free ara-

chidonic acid (AA) [43]. Among prostaglandins, PGE2 is involved in inflammation, angi-

ogenesis and in promoting the growth of several solid tumors, such as breast, ovarian, 

head and neck cancer, renal cell carcinoma and hematological cancers [44–46]. COX-1 and 

COX-2 are of great interest because they are targets of non–steroidal anti–inflammatory 

drugs (NSAIDs), which, when binding to the active site of COX, prevent the AA from 

reaching the catalytic pocket and, thus, the biosynthesis of prostaglandins. COX inhibition 

is therefore important in reducing the inflammatory response, tumorigenesis and cancer 

progression. 

Many of the recognized anti–cancer properties of HT are related to other activities, 

such as ability to modulate the antioxidant system and ROS scavenge [47,48]. Ramirez–

Tortosa et al. [49] demonstrated that a supplementation with HT (15 mg/day) is effective 

into downregulate several transcriptional factors, as described for other antioxidant 

agents, able to induce, at plasma level, a decrease of metalloproteinase in women with 

breast cancer. HT, as reported by the European Food Safety Authority but in general the 

phytocomplex present both in olive oil and in by–products, has a beneficial effect on hu-

man health. The interaction between phenols and microorganisms used as starters plays 

a key role in understanding the mechanism of action and how they can modulate the anti–

inflammatory and antioxidant response in the development of degenerative diseases [50]. 

4. Materials and Methods 

4.1. OMWW Sampling 

The OMWW samples used in the present study were obtained by a three–phase olive 

oil extraction system at the Consoli oil company (Adrano, Italy) and collected during a 

two–year period.  

In detail, for Trial I OMWW was collected in the 2019–2020 season and for Trials II 

and III OMWW samples were collected in the 2020–2021 season. All the Trials are de-

scribed in Figure 3. For Trial I the fresh produced OMWW was immediately stored at −20 

°C at the Di3 A, University of Catania. 

For Trial II, the OMWWs were stored at room temperature in the company facilities, 

until further treatments. To obtain a clear matrix, OMWW samples were subjected to fil-

tration using Oenopad®  XF1, XF7 and XFSS filters (OENO S.R.L., Erbusco, Italy), suitable 

for food matrices and consisting of cellulose, diatomaceous earth and perlite. Different 

fractions were obtained: the as–is sample (prefiltered or PF sample); and the three frac-

tions (F1, F2, F3) obtained by sequential filtration with filters at different porosity, as: the 

“XF1” filter (8.0–20 µm) to eliminate solid particulates; the”XF7” filter (2.0–4.0 µm) for 

clarifying step; the “XFSS” filter (0.20–0.40 µm) for final sterilization. All fractions were 

collected and stored at −20 °C. 

In addition, the Trial III was obtained from the F3 sample, in turn obtained from Trial 

II, by microfiltration using the Sartoclear Dynamics®  kit (Sartorius, Varedo, Italy), con-

nected to a vacuum pump. The latest process allows both the clarification/filtration and 
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cold sterilization in a single step, as the used bottle presented a 0.22-µm polyethersulfone 

(PES) filter membrane. After processing samples needed for subsequent tests were frozen 

at −20 °C. 

4.2. Set–Up of Fermentation Process 

In order to set up the fermentation process some components, such as yeast extract 

at 1% (w/v), peptone and glucose at 2% (w/v), were added into the fresh OMWW samples 

and to the F3 samples right before fermentation. All components were purchased from 

Liofilchem (Roseto degli Abruzzi, Italy). The fermentation process was started through 

the inoculum of microbial pools, consisting of yeast and lactic acid bacteria strains, be-

longing to the microbial culture collection of the Department of Agricultural, Food and 

Environmental Sciences (Di3 A) and to ProBioEtna srl, Spin off of University of Catania. 

In details, the Candida boidinii F3 30.1, Wickerhamomyces anomalus F5 60.5 and Lactiplanti-

bacillus plantarum F 3.5 (DSM 34190) strains were used. All the strains were previously 

isolated from naturally fermented table olives [51]. One hundred microliters of each yeast 

inoculum and L. plantarum were spotted in Yeast Peptone Dextrose broth (YPD, Sigma-

Aldrich, Milano, Italy) and de Man, Rogosa, and Sharpe broth (MRS, Oxoid, UK) and al-

lowed to incubate overnight at a selective temperature of 25 °C and 32 °C, respectively. 

Then, the strains were inoculated at 0.5%, which corresponded to an initial cell density of 

107 CFU/mL for yeasts and 108 CFU/mL for L. plantarum (Figure 4). Seven experimental 

samples were set up for each Trial: the un–inoculated samples (controls); three single cul-

ture inoculated samples; two samples inoculated with each yeast strain in mixed culture 

with the L. plantarum strain; one three–strain mixed culture sample. All tests were con-

ducted in triplicate in an OMWW total volume of 400 mL. For Trial I and II, the fermenta-

tion process was monitored at regular intervals: at T0 (after about 7 h of microbial inocu-

lation); T8 (after 8 days of fermentation); T30 (after 30 days of fermentation). For Trial III, 

fermentation parameters were monitored at T0, T8, T14 (after 14 days of fermentation) 

and T21 (end of fermentation). All fermentations were carried out at room temperature 

(20 ± 4 °C).  

 

Figure 4. Fermentation process and OMWW obtained Trials. 

4.3. Chemical Analyses 
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The pH, the TSS and the total phenol content were monitored for all samples during 

fermentation. The pH was measured with a Mettler DL25 pH meter (Mettler–Toledo In-

ternational Inc., Columbus, OH, USA) and the total soluble solids (TSS), expressed as 

°Brix, were measured using a refractometer (Atago, RX-5000, Milano, Italy). In addition, 

the total phenolic content was determined according to the Folin–Ciocalteu’s colorimetric 

method (FC). The tested samples were mixed with 5 mL of commercial FC reagent (Labo-

chimica, Campodarsego, Italy) diluted with water (1:10 v/v) and added with 4 mL of a 

7.5% sodium carbonate solution. Subsequently, samples were left in the dark at room tem-

perature. After 2 h, the absorbance was measured spectrophotometrically at 765 nm (Cary 

100 Scan UV-Visible, Agilent, CA, USA). The total phenolic content was expressed as mg 

gallic acid equivalent (GAE)/L of sample). 

4.4. Microbiological Analyses 

Samples of Trial I, II and III were serially diluted and poured into agar plates con-

taining specific media and incubated under specific conditions: de Man, Rogosa, and 

Sharpe Agar (MRSA, Oxoid, Milano, Italy) for lactic acid bacteria counts, incubated at 32 

°C for 48 h under anaerobic conditions; Plate Count Agar (PCA, Oxoid, Milano, Italy) for 

mesophilic aerobic bacteria counts, incubated at 25 °C for 48 h; Violet Red Bile Glucose 

Agar (VRBGA, Liofilchem, Roseto degli Abruzzi, Italy IT) for the determination of Enter-

obacteriaceae, incubated aerobically at 30–35 °C for 18–24 h; Sabouraud Dextrose Agar 

(SAB, Bio-Rad, Hercules, CA, USA) for yeast counts, incubated at 25 °C for 48 h. At the 

end of fermentation, the presence/absence of Clostridium perfringens was also determined 

in Sulphite-Polymyxin-Sulphadiazine Agar (SPS, Oxoid, UK), incubated at 35–37 °C for 

18–48 h, under anaerobic conditions.  

Moreover, for starter cultures monitoring, samples of Trial III were subjected to ad-

ditional counting, in MRS agar and in SAB agar media, for L. plantarum and yeast deter-

mination, respectively. 

All microbiological analyses were performed in triplicate and the results were ex-

pressed as Log CFU/mL. 

4.5. HPLC Analysis 

4.5.1. Detection of Phenols 

The HPLC analyses of fermented OMWW samples were performed by directly in-

jecting the filtered samples (0.45 µm PTFE filters, Merck, Darmstadt, Germany) into the 

HPLC chromatographic system, i.e., Waters Alliance 2695 HPLC liquid chromatography 

equipped with a Waters 996 photodiode array (PDA) detector set at 280 nm and managed 

through the Waters Empower software (Waters Corporation, Milford, MA, USA). The col-

umn used was a Luna C18 (250 mm × 4.6 mm i.d., 5 m, 100 Å ; Phenomenex, Torrance, CA, 

USA) maintained in an oven at 40 °C. A flow rate of 1 mL/min was used. Chromatographic 

separation was performed according to Romeo et al. [11]. The internal standard (I.S.), 50 

mM pure gallic acid (Fluka, Buchs Switzerland), was used to quantify the phenolic com-

pounds. The identification of phenolic compounds was obtained by comparing the peak 

retention time with those of pure standards of tyrosol (TYR), oleuropein (OLE), hydroxy-

tyrosol (HT) chlorogenic acid, vanillic acid, caffeic acid, syringic acid, p-coumaric acid, 

ferulic acid, verbascoside, luteolin-7-o-glucoside, o-coumaric acid, rutin, oleuropein, apig-

enin-7-o-glucoside, luteolin-4-glucoside, quercetin, luteolin, apigenin (Extrasynthese, Ge-

nay, France). All analyses were performed in triplicate for each sample. 

4.5.2. Detection of Organic Acids  

The determination of organic acids was carried out at the end of fermentation in Trial 

III. Each sample was filtered through a 0.45 μm PTFE syringe filter (Merck, Germany) 

before being injected into HPLC (HPLC instruments were described in the previous sec-

tion) with a DAD detector set at 210 nm (and with spectrum acquisition from 200 to 400 
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nm). Isocratic elution with 5 mM sulfur acid was performed on a Rezex ROA Organic 

Acid H+ column (Phenomenex, CA, USA). The run time was set to 50 min at 0.6 mL/min. 

For calibration, pure standards of lactic, citric, acetic, propionic, isobutyric and butyric 

acids (all purchased from Sigma–Aldrich, Italy) were injected at different concentrations. 

All analyses were performed in triplicate for each sample. 

4.6. Biological Assays 

4.6.1. Cell Culture and Cytotoxicity 

Caco-2 cells were grown in Dulbecco’s Modified Eagle Medium high glucose (DMEM 

high glucose, Euroclone S.p.A., Pero, Italy) supplemented with 10% Fetal Bovine Serum 

(FBS, Euroclone S.p.A., Pero, Italy), 2 mM glutamine (Euroclone S.p.A., Pero, Italy), 100 

U/mL of penicillin and 0.1 mg/mL of streptomycin (Euroclone). Caco-2 cells were kindly 

supplied from Dr. Aldo Cavallini and Dr. Caterina Messa from the Laboratory of Bio-

chemistry National Institute for Digestive Diseases. “S. de Bellis”, Bari (Italy).  

Human hepatocellular liver carcinoma (HepG2) cell line was purchased from Amer-

ican Type Culture Collection (ATCC). HepG2 cells were cultured in Eagle’s Minimum 

Essential Medium (MEM, Euroclone), supplemented with 10% FBS, 2 mM glutamine (Eu-

roclone), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Euroclone S), 1% Non–Essen-

tial Amino Acids (NEAA, Euroclone). Cultured cells were maintained at 37 °C in atmos-

phere containing 95% of air and 5% of CO2. Cells were sub-cultivated every 48 h by tryp-

sine–EDTA solution.  

Determination of cell growth was performed using the 3-(4.5-dimethylthiazol-2-yl)-

2.5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, Milan, Italy), 10.000 

cells/well were seeded into 96-well plates at a volume of 100 µL. After 24 h, 100 µL of 

microfiltered fermented OMWW samples were added at the appropriate dilution: as such, 

1:10, 1:25, 1:50 and 1:100 in triplicate. After 72 h incubation time with extracts, the plates 

containing the cells were incubated with MTT for 3–4 h at 37 °C and 5% of CO2. At the 

end of incubation time, MTT was aspirated, and the formazan crystals were solubilized 

by using 100 µL of dimethyl sulfoxide/ethanol (1:1) (Sigma–Aldrich). The absorbance val-

ues at λ = 570 nm were determined on the Victor Microplate Reader (PerkinElmer, Roma, 

Italy). Pure HT (Phytolab, Vastenbergsgreuth, Germany) was used as a positive control. 

4.6.2. Transport Caco-2 Monolayer 

Caco-2 cells were seeded onto a Millicell-96 assay system (Millipore, Burlington, MA, 

USA) in which a cell monolayer was set in between a filter cell and a receiver plate at a 

density of 20.000 cells/well. The culture medium was replaced every 48 h and the cells 

were kept for 21 days in culture. The trans epithelial electrical resistance (TEER) of the 

monolayers was measured daily before and after the experiment by using an epithelial 

voltohmmeter (Millicell–ERS). Generally, TEER values greater than 1000 Ω for a 21-day 

culture are considered optimal. After 21 days of Caco-2 cell growth, the medium was re-

moved from the filter wells and the receiver plate, and they were filled with fresh Hank’s 

balanced salt solution (HBSS) buffer (Invitrogen, Waltham, MA, USA). This procedure 

was repeated twice, and the plates were incubated at 37 °C for 30 min. After the incubation 

time, the HBSS buffer was removed and OMWW samples (dilution 1:100) were added to 

the filter well whereas fresh HBSS was added to the receiver plate. The plates were incu-

bated at 37 °C for 120 min. Afterward, samples were removed from the apical (filter well) 

and basolateral (receiver plate) side of the monolayer to measure the permeability. The 

apparent permeability (Papp) referred to HT in units of nm/second was calculated using 

the following Equation (1):  

𝑷𝒂𝒑𝒑 =  (
𝑽𝑨

𝑨𝒓𝒆𝒂 ×  𝒕𝒊𝒎𝒆
) × (

[𝒔𝒂𝒎𝒑𝒍𝒆]𝒂𝒄𝒄𝒆𝒑𝒕𝒐𝒓

[𝒔𝒂𝒎𝒑𝒍𝒆]𝒊𝒏𝒊𝒕𝒊𝒂𝒍𝒔
) (1) 
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VA = the volume (in mL) in the acceptor well; Area = the surface area of the mem-

brane (0.11 cm2 of the well); time = the total transport time in seconds (7200 s); [sample]ac-

ceptor = the concentration of the sample measured by U.V. spectroscopy; [sample]initial 

= the initial sample concentration (1 × 10−4 M) in the apical or basolateral wells.  

4.6.3. Cyclooxygenase Activity Inhibition 

Preliminarily, the fermented OMWW samples obtained from Trial III were evaluated 

for their ability to inhibit ovineCOX-1 or humanCOX-2 enzymes, measuring the extent (%) 

of enzyme activity inhibition at 50 µM, at dilution 1:25. The inhibition of the enzyme was 

evaluated by using a colorimetric COX inhibitor screening assay kit (Catalog No. 7601050, 

Cayman Chemicals, Ann Arbor, MI, USA) following the manufacturer’s instructions. 

COX is a bifunctional enzyme exhibiting both cyclooxygenase and peroxidase activities. 

The cyclooxygenase component catalyzes the conversion of arachidonic acid into the hy-

droperoxide PGG2 and then peroxidase component catalyzes PGG2 reduction into the cor-

responding alcohol PGH2, the precursor of PGs, thromboxane, and prostacyclin. The c 

COX inhibitor screening assay colorimetrically measures the peroxidase activity of the 

cyclooxygenases monitoring the appearance of oxidized N,N,N’,N’-tetramethyl-p-phe-

nylenediamine (TMPD) at λ = 590 nm on the Victor Microplate Reader (PerkinElmer, It-

aly). Stock solutions of tested samples were dissolved in deionized distillated water. 

4.6.4. Antioxidant Activity  

Radical scavenging activity was determined as percentage of RSA (radical scaveng-

ing activity), according to Palmeri et al. [52]. The values were expressed using the follow-

ing Equation (2): 

𝑅𝑆𝐴 % =  (
Blank Absorbance −  Sample Absorbance

Blank Absorbance
) × 100 (2) 

Different dilutions of samples were added to the mixture of methanolic solution and 

2,2-diphenyl-1-picrylhydrazyl radical 10−4 M. The DPPH absorbance values were evalu-

ated at λ = 517 nm by monitoring the kinetics for 5 min with spectrophotometer (Shimadzu 

UV-1800, Denmark). Pure HT (Phytolab, Germany) was used as a positive control. 

4.7. Statistical Analysis 

Statistical analysis of the obtained results was performed by means of one–way anal-

ysis of variance (ANOVA) and Tukey’s HSD post hoc test for separation of means at a 

significance level of p ≤ 0.05. For data processing, SPSS software (version 21.0, IBM Statis-

tics, New York, USA) was used for data processing. 

5. Conclusions 

The microfiltration process resulted in a suitable strategy to obtain a OMWW matrix 

able to be fermented. The use of selected microbial pools in single and co–cultures showed 

an increase in HT and TYR contents at the end of fermentation, compared with the control 

sample. Biological analyses showed that fermentation increases the antioxidant and in-

flammatory activity of OMWW that resulted to be safe in HepG2 and Caco-2 cell lines. In 

detail, the phenolic pattern associated to starter microorganisms exhibited an increase of 

active permeability on Caco-2 monolayer, and a moderate inhibition towards oCOX-1 and 

hCOX-2 was observed. The results confirm that fermented OMWW can be proposed as a 

new beverage and/or functional ingredient that could include the addition of compounds 

as flavorings and probiotic microorganisms. Despite the interesting results obtained at lab 

scale, perspective studies should aim to replay the process at the industrial scale to stand-

ardize phenol concentration at each obtained new formulation.  
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tected in samples of Trial I and Trial II. Table S2. Main microbial groups counted in Trial I and Trial 

II samples during fermentation. Table S3. Evaluation of tested samples inhibition (as %) on COXs 

enzymes. Figure S1. Evaluation of inhibition (as %) of different HT concentrations on oCOX-1 and 

hCOX-2. Figure S2. (a) Trial I at the end of fermentation; (b) Cartons filters after the spinning process 

and samples from Trial II; (c) Sample of Trial II after the fermentation process. Figure S3. OMWW 

samples microfiltered at 0.22 µm. 

Author Contributions: P.F., P.S.O., N.R., M.M.: Investigation, Methodology, Writing—original 

draft; P.F., F.V.R.: Software, Methodology; C.C., F.V.R., M.G.P., A.S.: Conceptualization, review & 

editing; C.C., C.L.R.: Conceptualization, Writing—review & editing; C.C., F.V.R., M.G.P.: Concep-

tualization, Supervision, Funding acquisition, Review & editing. All authors have read and agreed 

to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: This study did not require ethical approval. 

Informed Consent Statement: Not applicable. 

Acknowledgments: This study was conducted within a Ph.D. research program in Biotecnologie 

(XXXV cycle) by Paola Foti who received a grant ‘Dottorato innovativo con caratterizzazione indus-

triale, PON RI 2014–2020′, titled ‘Olive oil by-products as a new functional food and source of nu-

tritional food ingredients’ from the Department of Agriculture, Food and Environment (Scientific 

Tutors: C.C. Cinzia Caggia; Flora V. Romeo and Cinzia L. Randazzo). Authors thank the Azienda 

Olearia Consoli Pasquale & F.lli s.n.c (Adrano, CT), partner of the doctoral program, to kindly sup-

ply the OMWW samples. Authors thank Aldo Cavallini and Caterina Messa, from the Laboratory 

of Biochemistry National Institute for Digestive Diseases, “S. de Bellis”, Bari (Italy), to kindly supply 

the Caco-2 cells. 

Conflicts of Interest: The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in this paper. 

References 

1. Gullon, P.; Gullon, B.; Astray, G.; Carpena, M.; Fraga-Corral, M.; Prieto, M.A.; Simal-Gandara, J. Valorization of by-products 

from olive oil industry and added-value applications for innovative functional foods. Food Res. Int. 2020, 137, 109683. 

2. Flamminii, F.; Di Mattia, C.D.; Difonzo, G.; Neri, L.; Faieta, M.; Caponio, F.; Pittia, P. From by-product to food ingredient: 

Evaluation of compositional and technological properties of olive-leaf phenolic extracts. J. Sci. Food Agric. 2019, 99, 6620–6627. 

3. Lama-Muñoz, A.; del Mar Contreras, M.; Espínola, F.; Moya, M.; Romero, I.; Castro, E. Extraction of oleuropein and luteolin-7-

O-glucoside from olive leaves: Optimization of technique and operating conditions. Food Chem. 2019, 293, 161–168. 

4. Robles-Almazan, M.; Pulido-Moran, M.; Moreno-Fernandez, J.; Ramirez-Tortosa, C.; Rodriguez-Garcia, C.; Quiles, J.L.; Ramirez 

Tortosa, M. Hydroxytyrosol: Bioavailability, toxicity, and clinical applications. Food Res. Int. 2018, 105, 654–667. 

5. Dermeche, S.; Nadour, M.; Larroche, C.; Moulti-Mati, F.; Michaud, P. Olive mill wastes: Biochemical characterizations and val-

orization strategies. Process. Biochem. 2013, 48, 1532–1552. 

6. Servili, M.; Esposto, S.; Sordini, B.; Veneziani, G.; Urbani. S. L’acqua di Vegetazione dei Frantoi Oleari: Una Risorsa da Valorizzare; 

Accademia dei Georgofili: Florence, Italy, 2021; pp. 317–337. 

7. Foti, P.; Occhipinti, P.S.; Romeo, F.V.; Timpanaro, N.; Musumeci, T.; Randazzo, C.L.; Caggia, C. Phenols recovered from olive 

mill wastewater as natural booster to fortify blood orange juice. Food Chem. 2022, 393, 133428. 

8. Cedola, A.; Cardinali, A.; D’Antuono, I.; Conte, A.; Del Nobile, M.A. Cereal foods fortified with by-products from the olive oil 

industry. Food Biosci. 2019, 33, 100490. 

9. Hadj Saadoun, J.; Bertani, G.; Levante, A.; Vezzosi, F.; Ricci, A.; Bernini, V.; Lazzi, C. Fermentation of Agri-Food Waste: A 

Promising Route for the Production of Aroma Compounds. Foods 2021, 10, 707. 

10. Aponte, M.; Ungaro, F.; d’Angelo, I.; De Caro, C.; Russo, R.; Blaiotta, G.; Dal Piaz, F.; Calignano, A.; Miro, A. Improving in vivo 

conversion of oleuropein into hydroxytyrosol by oral granules containing probiotic Lactobacillus plantarum 299v and an Olea 

europaea standardized extract. Int. J. Pharmaceut. 2018, 543, 73–82. 

11. Romeo, F.V.; Granuzzo, G.; Foti, P.; Ballistreri, G.; Caggia, C.; Rapisarda, P. Microbial application to improve olive mill 

wastewater phenolic extracts. Molecules 2021, 26, 1944. 

12. Ruiz Rodríguez, L.G.; Zamora Gasga, V.M.; Pescuma, M.; Van Nieuwenhove, C.; Mozzi, F.; Sánchez Burgos, J.A. Fruits and 

fruit by-products as sources of bioactive compounds. Benefits and trends of lactic acid fermentation in the development of novel 

fruit-based functional beverages. Food Res. Int. 2021, 140, 109854. 



Molecules 2023, 28, 646 17 of 18 
 

 

13. Miao, Z.; Hao, H.; Yan, R.; Wang, X.; Wang, B.; Sun, J.; Li, Z.; Zhang, Y.; Sun, B. Individualization of Chinese alcoholic beverages: 

Feasibility towards a regulation of organic acids. LWT 2022, 172, 114168. 

14. Starzyńska-Janiszewska, A.; Fernández-Fernández, C.; Martín-García, B.; Verardo, V.; Gómez-Caravaca, A.M. Solid state fer-

mentation of olive leaves as a promising technology to obtain hydroxytyrosol and elenolic acid derivatives enriched extracts. 

Antioxidants 2022, 11, 1693. 

15. Benítez-Cabello, A.; Calero-Delgado, B.; Rodríguez-Gómez, F.; Garrido-Fernández, A.; Jiménez-Díaz, R.; Arroyo-López, F.N. 

Biodiversity and multifunctional features of lactic acid bacteria isolated from table olive biofilms. Front. Microbiol. 2019, 10, 836. 

16. Lanza, B.; Di Marco, S.; Bacceli, M.; Di Serio, M.G.; Di Loreto, G.; Cellini, M.; Simone, N. Lactiplantibacillus plantarum used as 

single, multiple, and mixed starter combined with Candida boidinii for table olive fermentations: Chemical, textural, and senso-

rial characterization of final products. Fermentation 2021, 7, 239. 

17. Zullo, B.A.; Ciafardini, G. Evaluation of physiological properties of yeast strains isolated from olive oil and their in vitro probi-

otic trait. Food Microbiol. 2019, 78, 179–187. 

18. Nazhand, A.; Durazzo, A.; Lucarini, M.; Guerra, F.; Souto, S.B.; Souto, E.B.; Santini, A.I. Nutraceuticals and functional bever-

ages: Focus on Prebiotics and Probiotics active beverages. In Future Foods; Academic Press: Cambridge, MA, USA, 2022; pp. 

251–258. 

19. Parra-Perez, A.M.; Pérez-Jiménez, A.; Gris-Cárdenas, I.; Bonel-Pérez, G.C.; Carrasco-Díaz, L.M.; Mokhtari, K.; García-Salguero, 

L.; Lupiáñez, J.A.; Rufino-Palomares, E.E. Involvement of the PI3K/AKT intracellular signaling pathway in the anticancer ac-

tivity of hydroxytyrosol, a polyphenol from Olea europaea, in hematological cells and implication of HSP60 levels in its anti-

inflammatory activity. Int. J. Mol. Sci. 2022, 23, 7053. 

20. Perrone, M.G.; Vitale, P.; Ferorelli, S.; Boccarelli, A.; Coluccia, M.; Pannunzio, A.; Campanella, F.; Di Mauro, G.; Bonaccorso, C.; 

Fortuna, C.G.; et al. Effect of mofezolac-galactose distance in conjugates targeting cyclooxygenase (COX)-1 and CNS GLUT-1 

carrier. Eur. J. Med. Chem. 2017, 141, 404-416. 

21. Di Mauro, M.D.; Fava, G.; Spampinato, M.; Aleo, D.; Melilli, B.; Saita, M.G.; Centonze, G.; Maggiore, R.; D’Antona, N. Polyphe-

nolic fraction from olive mill wastewater: Scale-up and in vitro studies for ophthalmic nutraceutical applications. Antioxidants 

2019, 8, 462. 

22. Ricci, A.; Bernini, V.; Maoloni, A.; Cirlini, M.; Galaverna, G.; Neviani, E.; Lazzi, C. Vegetable by-product lacto-fermentation as 

a new source of antimicrobial compounds. Microorganisms 2019, 7, 607. 

23. Alfano, A.; Corsuto, L.; Finamore, R.; Savarese, M.; Ferrara, F.; Falco, S.; Santabarbara, G.; De Rosa, M.; Schiraldi, C. Valorization 

of olive mill wastewater by membrane processes to recover natural antioxidant compounds for cosmeceutical and nutraceutical 

applications or functional foods. Antioxidants 2018, 7, 72. 

24. Arienzo, A.; Murgia, L.; Fraudentali, I.; Gallo, V.; Angelini, R.; Antonini, G. Microbiological quality of ready-to-eat leafy green 

salads during shelf-life and home-refrigeration. Foods 2020, 9, 1421. 

25. France, T.C.; Kelly, A.L.; Crowley, S.V.; O’Mahony, J.A. Cold microfiltration as an enabler of sustainable dairy protein ingredi-

ent innovation. Foods 2021, 10, 2091. 

26. Allouche, N.; Fki, I.; Sayadi, S. Toward a high yield recovery of antioxidants and purified hydroxytyrosol from olive mill 

wastewaters. J. Agric. Food Chem. 2004, 52, 267–273. 

27. Vaccalluzzo, A.; Pino, A.; De Angelis, M.; Bautista-Gallego, J.; Romeo, F.V.; Foti, P.; Caggia, C.; Randazzo, C.L. Effects of differ-

ent stress parameters on growth and on oleuropein-degrading abilities of Lactiplantibacillus plantarum strains selected as tailored 

starter cultures for naturally table olives. Microorganisms 2020, 8, 1607. 

28. Reverón, I.; Plaza-Vinuesa, L.; Santamaría, L.; Oliveros, J.C.; de Las Rivas, B.; Muñoz, R.; López de Felipe, F. Transcriptomic 

evidence of molecular mechanisms underlying the response of Lactobacillus plantarum WCFS1 to hydroxytyrosol. Antioxidants 

2020, 9, 442. 

29. De Melo Pereira, G.V.; Maske, B.L.; de Carvalho Neto, D.P.; Karp, S.G.; De Dea Lindner, J.; Martin, J.G.P.; de Oliveira Hosken, 

B.; Soccol, C.R. What is Candida doing in my food? A review and safety alert on its use as starter cultures in fermented foods. 

Microorganisms 2022, 10, 1855. 

30. Palareti, G.; Legnani, C.; Cosmi, B.; Antonucci, E.; Erba, N.; Poli, D.; Testa, S.; Tosetto, A. Comparison between different D-dime 

cutoff values to assess the individual risk of recurrent venous thromboembolism: Analysis of results obtained in the DULCIS 

study. Int. J. Lab. Hematol. 2016, 38, 42–49. 

31. Wang, C.; Chang, T.; Yang, H.; Cui, M. Antibacterial mechanism of lactic acid on physiological and morphological properties 

of Salmonella Enteritidis, Escherichia coli and Listeria monocytogenes. Food Control. 2015, 47, 231–236. 

32. Bangar, S.P.; Suri, S.; Trif, M.; Ozogul, F. Organic acids production from lactic acid bacteria: A preservation approach. Food 

Biosci. 2022, 46, 101615. 

33. Okoye, C.O.; Dong, K.; Wang, Y.; Gao, L.; Li, X.; Wu, Y.; Jiang, J. Comparative genomics reveals the organic acid biosynthesis 

metabolic pathways among five lactic acid bacterial species isolated from fermented vegetables. N. Biotechnol. 2022, 70, 73–83. 

34. Ramirez, T.; Strigun, A.; Verlohner, A.; Huener, H.A.; Peter, E.; Herold, M.; Bordag, N.; Mellert, W.; Walk, T.; Spitzer, M.; et al. 

Prediction of liver toxicity and mode of action using metabolomics in vitro in HepG2 cells. Arch. Toxicol. 2018, 92, 893–906. 

35. Colabufo, N.A.; Contino, M.; Cantore, M.; Capparelli, E.; Grazia, M.; Cassano, G.; Gasparre, G.; Leopoldo, M.; Berardi, F.; 

Perrone, R. Naphthalenyl derivatives for hitting P-gp/MRP1/BCRP transporters. Bioorg. Med. Chem. 2013, 21, 1324–1332. 

https://doi.org/10.1016/j.bmc.2012.12.021. 



Molecules 2023, 28, 646 18 of 18 
 

 

36. Riganti, C.; Contino, M.; Guglielmo, S.; Perrone, M.G.; Salaroglio, I.C.; Milosevic, V.; Giampietro, R.; Leonetti, F.; Rolando, B.; 

Lazzarato, L.; et al. Design, biological evaluation, and molecular modeling of tetrahydroisoquinoline derivatives: Discovery of 

a potent P-glycoprotein ligand overcoming multidrug resistance in cancer stem cells. J. Med. Chem. 2019, 62, 974–986. 

37. D’Archivio, M.; Filesi, C.; Varì, R.; Scazzocchio, B.; Masella, R. Bioavailability of the polyphenols: Status and controversies. Int. 

J. Mol. Sci. 2010, 11, 1321–1342. 

38. Soler, A.; Romero, M.P.; Macia, A.; Saha, S.; Furniss, C.S.M.; Kroon, P.A.; Motilva, M.J. Digestion stability and evaluation of the 

metabolism and transport of olive oil phenols in the human small-intestinal epithelial Caco 2/TC7 cell line. Food Chem. 2010, 

119, 703–714. 

39. Serreli, G.; Deiana, M. Extra virgin olive oil polyphenols: Modulation of cellular pathways related to oxidant species and in-

flammation in aging. Cells 2020, 9, 478. 

40. Bartolomei, M.; Bollati, C.; Bellumori, M.; Cecchi, L.; Cruz-Chamorro, I.; Santos-Sánchez, G.; Ranaldi, G.; Ferruzza, S.; Sambuy, 

Y.; Arnoldi, A.; et al. Extra virgin olive oil phenolic extract on human hepatic HepG2 and intestinal Caco-2 Cells: Assessment 

of the antioxidant activity and intestinal trans-epithelial transport. Antioxidants 2021, 10, 118. 

41. Abdallah, M.; Marzocco, S.; Adesso, S.; Zarrouk, M.; Guerfel, M. Olive oil polyphenols extracts inhibit inflammatory markers 

in J774A.1 murine macrophages and scavenge free radicals. Acta Histochem. 2018, 120, 1–10. 

42. Scoditti, E.; Nestola, A.; Massaro, M.; Calabriso, N.; Storelli, C.; De Caterina, R.; Carluccio, M.A. Hydroxytyrosol suppresses 

MMP-9 and COX-2 activity and expression in activated human monocytes via PKCα and PKCβ1 inhibition. Atherosclerosis. 

2014, 232, 17–24. 

43. Perrone, M.G.; Scilimati, A.; Simone, L.; Vitale, P. Selective COX-1 inhibition: A therapeutic target to be reconsidered. Curr. Med. 

Chem. 2010, 17, 3769–3805. 

44. Calvello, R.; Lofrumento, D.D.; Perrone, M.G.; Cianciulli, A.; Salvatore, R.; Vitale, P.; De Nuccio, F.; Giannotti, L.; Nicolardi, G.; 

Panaro, M.A.; et al. Highly selective cyclooxygenase-1 inhibitors P6 and mofezolac counteract inflammatory state both in vitro 

and in vivo models of neuroinflammation. Front Neurol. 2017, 9, 251. 

45. Pati, M.L.; Vitale, P.; Ferorelli, S.; Iaselli, M.; Miciaccia, M.; Boccarelli, A.; Di Mauro, G.D.; Fortuna, C.G.; Souza Domingos, T.F.; 

Rodrigues Pereira da Silva, L.C.; et al. Translational impact of novel widely pharmacological characterized mofezolac-derived 

COX-1 inhibitors combined with bortezomib on human multiple myeloma cell lines viability. Eur. J. Med. Chem. 2019, 164, 59–

76. 

46. Perrone, M.G.; Vitale, P.; Miciaccia, M.; Ferorelli, S.; Centonze, A.; Solidoro, R.; Munzone, C.; Bonaccorso, C.; Fortuna, C.G.; 

Kleinmanns, K.; et al. Fluorochrome selection for imaging intraoperative ovarian cancer probes. Pharmaceuticals 2022, 15, 668. 

47. Rosignoli, P.; Fuccelli, R.; Sepporta, M.V.; Fabiani, R. In vitro chemo-preventive activities of hydroxytyrosol: The main phenolic 

compound present in extra-virgin olive oil. Food Funct. 2016, 7, 301–307. 

48. El-Azem, N.; Pulido-Moran, M.; Ramirez-Tortosa, C.L.; Quiles, J.L.; Cara, F.E.; Sanchez-Rovira, P.;Granados-Principal, S.; 

Ramirez-Tortosa, M.C. Modulation by hydroxytyrosol of oxidative stress and antitumor activities of paclitaxel in breast cancer. 

Eur. J. Nutr. 2019, 58, 1203–1211. 

49. Ramirez-Tortosa, C.; Sanchez, A.; Perez-Ramirez, C.; Quiles, J.L.; Robles-Almazan, M.; Pulido-Moran, M.; Sanchez-Rovira, P.; 

Ramirez-Tortosa, M. Hydroxytyrosol supplementation modifies plasma levels of tissue inhibitor of metallopeptidase 1 in 

women with breast cancer. Antioxidants 2019, 8, 393. 

50. Sanlier, N.; Gokcen, B.B.; Sezgin, A.C. Health benefits of fermented foods. Crit. Rev. Food Sci. Nutr. 2019, 59, 506–527. 

51. Pino, A.; Vaccalluzzo, A.; Solieri, L.; Romeo, F.V.; Todaro, A.; Caggia, C.; Arroyo-López, F.N.; Bautista-Gallego, J.; Randazzo, 

C.L. Effect of sequential inoculum of beta-glucosidase positive and probiotic strains on brine fermentation to obtain low salt 

Sicilian table olives. Front. Microbiol. 2019, 10, 174. 

52. Palmeri, R.; Siracusa, L.; Carrubba, M.; Parafati, L.; Proetto, I.; Pesce, F.; Fallico, B. Olive leaves, a promising byproduct of olive 

oil industry: Assessment of metabolic profiles and antioxidant capacity as a function of cultivar and seasonal change. Agronomy 

2022, 12, 2007. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


