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compounds/kg, from olive oil and thyme, 1:1.
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PC: Phenolic compounds

PCA: Protocatechuic acid

SCFA: Short chain fatty acids

SSC: Side scatter detector

VOO: Virgin olive oil naturally containing 80 mg of phenolic compounds/kg
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Abstract

Purpose To investigate the effect of virgin olive oil phenolic compounds (PC) alone or in combination with
thyme PC on blood lipid profile from hypercholesterolemic humans, and whether the changes generated are
related with changes in gut microbiota populations and activities.

Methods A randomized, controlled, double-blind, crossover human trial (n=12) was carried out. Participants
ingested 25 mL/day for 3 weeks, preceded by 2-week washout periods, of three raw virgin olive oils differing in
the concentration and origin of PC: (1) a virgin olive oil naturally containing 80 mg PC/kg, (VOO), (2) a PC-
enriched virgin olive oil containing 500 mg PC/kg, from OO (FVOO), and (3) a PC-enriched virgin olive oil
containing a mixture of 500 mg PC/kg from OO and thyme, 1:1 (FVOOT). Blood lipid values and fecal
quantitative changes in microbial populations, short chain fatty acids, cholesterol microbial metabolites, bile
acids, and phenolic metabolites were analyzed.

Results FVOOT decreased seric ox-LDL concentrations compared with pre-FVOOT, and increased humbers of
bifidobacteria and the levels of the phenolic metabolite protocatechuic acid compared to VOO (P<0.05). FVOO
did not lead to changes in blood lipid profile nor quantitative changes in the microbial populations analyzed, but
increased the coprostanone compared to FVOOT (P<0.05), and the levels of the fecal hydroxytyrosol and
dihydroxyphenilacetic acids, compared with pre-intervention values and to VOO respectively (P<0.05).
Conclusion The ingestion of a PC-enriched virgin olive oil, containing a mixture of olive oil and thyme PC for
three weeks, decreases blood ox-LDL in hypercholesterolemic humans. This cardio-protective effect could be
mediated by the increases in populations of bifidobacteria together with increases in anti-oxidant PC microbial

metabolites.

Introduction

Adherence to the Mediterranean Diet (MD) has shown to be cardio-protective [1]. Consumption of virgin olive
oil (O0), the main fat of the MD, has demonstrated a relevant influence on its beneficial effects [2]. Besides
oleic acid, the phenolic fraction of virgin OO also contributes to the health effects associated with virgin OO
consumption [3]. Its antioxidant and anti-inflammatory activities, acting as pathway and gene expression
modulators [4], may explain such health properties. However, the mechanisms by which virgin olive oil PC
influence cardiovascular disease (CVD) risk factors are not fully understood. Recent insights indicate that gut

microbiota plays an important role in CVD, and represents a realistic therapeutic target [5]. Some of reported gut
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microbiota-related mechanisms by which gut bacteria could influence CVD risk factors such as the presence of
abnormal levels of blood lipids [6], could be one or a combination of the following: (1) involvement in
cholesterol synthesis through generation of short chain fatty acids (SCFA) which are generated from microbial
fermentation of undigested substrates, either increasing blood total cholesterol (i.e., acetic) or decreasing it (i.e.,
propionic, butyric) [7]; (2) reduction of the amount of cholesterol available for re-absorption from the intestine
by either transforming gut cholesterol to insoluble metabolites and, thereby, its uptake from the gut [8] and/or
by incorporating cholesterol into the microbial cellular membrane [9,10]; (3) deconjugation of bile salts in the
gut, generating insoluble primary bile acids which are excreted in feces [11], which lead to cholesterol
expenditure in the liver in order to synthesize new bile acids; (4) generation of bioactive metabolites in the gut
with cardio-protective properties. Diet appears to critically in influence both the relative abundance of different
gut microorganisms and their metabolic output. In this sense, high intake of PC from different sources appears to
regulate some CVD risk factors [12, 13], through the modulation of microbial populations and activities [14], as
many plants PC are not totally absorbed and become available for microbiota utilization as an energy source
which has an impact on nutrient bioavailability and host metabolism. Regarding virgin olive oil PC, recent
studies have demonstrated that they are able to reach the gut, being transformed by gut microbiota [15]. It has
also been shown that the bioaccesibility of virgin olive oil PC can be increased by combining virgin olive oil PC
with other PC sources (i.e, thyme) [16, 17]. Since the interaction of virgin olive oil phenolic compounds with gut
microbiota and its involvement in CVD risk remains to be elucidated, the aim of our study was to investigate the
effect of a sustained consumption of virgin olive oil PC, alone or in combination with thyme PC on blood lipid
levels in hypercholesterolemic subjects, and whether this effect is mediated by gut microbiota-related

mechanisms.

Material and methods.

Study subjects and design

The present study included a subsample of 12 hypercholesterolemic (total cholesterol>200 mg/dL) adults (5
females and 7 males) aged 46—67 y from the VOHF (Virgin Olive Oil and HDL Functionality) study. The VOHF
study was a randomized, controlled, double-blind, crossover clinical trial with 33 hypercholesterolemic
volunteers, aged 35 to 80 year. Exclusion criteria included the following: BMI>35 Kg/m2, smokers, athletes
with high physical activity (>3000 Kcal/day), diabetes, multiple allergies, intestinal diseases, or other disease or

condition that would worsen adherence to the measurements or treatments. The study was conducted at IMIM-



60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

Hospital del Mar Medical Research Institute (Spain) from April 2012 to September 2012. Participants ingested
25 mL/day for 3 weeks, preceded by 2-week washout periods, of three raw virgin olive oils differing in the
concentration and origin of phenolic compounds (PC): (1) a virgin olive oil naturally containing 80 mg PC/kg
(VOO), (2) a PC-enriched virgin olive oil containing 500 mg PC/kg, from olive oil (FVOO), and (3) a PC-
enriched virgin olive oil containing a mixture of 500 mg PC/kg from olive oil and thyme, 1:1 (FVOOT).
Participants were randomized to one of 3 orders of administration (Order 1: FVOO, FVOOT and VOO, Order 2:
FVOOT, VOO and FVOO, Order 3: VOO, FVOO and FVOOT). Elaboration of PC enriched olive oils (i.e.
FVOO and FVOOQOT) is described by Rubi6 et al [18]. Full phenolic composition of the three oils is presented in
Table 1. The random allocation sequence was generated by a statistician, participant enrolment was carried out
by a researcher, and participants’ assignment to interventions according to the random sequence was done by a
physician. Due to the fact that all participants received each one of the three oils, restrictions such as blocking
were unnecessary. In order to avoid an excessive intake of PC other than those provided by the intervention’s
oils, participants were asked to limit the consumption of rich-polyphenol food and dietary data was recorded by
3-day dietary record at baseline and before and after each intervention period. The corresponding 25 mL bottles
of the corresponding oil for each day of consumption were provided to the participants at the beginning of each
intervention period. The participants were instructed to return the bottles in order to register the amount of the
intervention oil consumed. Subjects with less than 80% of treatment adherence (> 5 full oil containers returned)
were considered non-compliant for the dietary intervention. Blood at fasting state (of at least 10 hours) and fecal
samples were collected before and after each intervention period. All participants provided written informed
consent, and the local institutional ethics committees approved the protocol (CEIC-IMAS 2009/3347/1). The trial
was registered with the International Standard Randomized Controlled Trial register (www.controlled-trials.com;
ISRCTN77500181).

Dietary adherence

Twenty-four-hour urine was collected at the start of the study and before and after each treatment. Urine samples
were stored at —80°C prior to use. We measured urinary hydroxytyrosol sulfate and thymol sulfate as biomarkers
of adherence to the type of OO ingested in urine by ultra-HPLC-ESI-MS/MS [19]. A 3-day dietary record was
administered to the participants at baseline and before and after each intervention period. A nutritionist
personally advised participants to replace all types of habitually consumed raw fats with the OOs, and to limit
their polyphenol-rich food consumption.

Serum lipid profile analysis
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Total and HDL cholesterol, and triglyceride concentrations were measured by using standard enzymatic
automated methods. When triglyceride concentrations were <300 mg/dL, LDL cholesterol was calculated by
using Friedewald's formula. Oxidized LDL was determined with an ELISA procedure that employed the murine

monoclonal antibody mAb-4E65 (Mercodia AB).

Fecal sample collection and pre-analytical treatment

For fecal collection, participants were given a set containing: a sterile pot, a w-zip plastic pouch (AN0010W,
Oxoid, Basingstoke, UK), two anaerobic sachets (AnaeroGen Compact AN0025, Oxoid), and one anaerobic
indicator (BR0055, Oxoid). Freshly voided fecal samples were collected by the volunteers in the sterile pot and
kept under anaerobic conditions by introducing them into the plastic pouch, together with the anaerobic sachets
and the anaerobic indicator. In order to avoid changes in microbial populations, fecal samples were brought to
the laboratory within 2 hours after defecation.

For quantitative analysis of gut microbiota, feces were diluted with sterile 0.1 M, pH 7.0, phosphate buffered
saline (PBS, Sigma-Aldrich Co. LLC., St. Louis, United States) (1:10,w:w), mixed in a Stomacher 400 (Seward,
Thetford, Norfolk, UK) for 2 min and fecal slurries homogenized. After centrifugation (1300 g, 3 min), hexane
(Sigma-Aldrich, UK) was added to the fecal homogenate supernatant (4:1, v:v), mixed by inversion for 2
minutes and removed after centrifugation (15500 g, 5 min) and evaporation. Pellets were washed in 1mL of
filtered sterile PBS and centrifuged (15500 g, 5 min). Afterwards, pellets were then diluted in 375 pL of PBS
and fixed in ice-cold 4% (w:v) paraformaldehyde (PFA) (1:4, v:v) for 4 h at 4°C. PFA was discarded after
centrifugation (15500 g, 5 min) and washing twice in 1mL of sterile PBS. Cells containing pellets were
homogenized in 150 pL of sterile PBS plus 150 pL of ethanol and stored at -20°C until analysis.

For the rest of the fecal analytical determinations (phenolic metabolites, short chain fatty acids (SCFA),
cholesterol microbial metabolites and bile acids) fresh feces were immediately frozen at -80°C, freeze dried,

weighed to determine the percentage of humidity, milled, desiccated, and stored at -20°C.

Quantification of fecal microbiota by FISH-FC

Bacterial hybridizations were based on the method described by Massot-Cladera et al [20] with some
modifications. Briefly, 5 pL of fixed cell suspensions were centrifuged at 15500 g for 5 minutes. 30 pL of a
mixture (1:10, v:v) of synthetic oligonucleotide probes (50 ng/uL) targeting specific diagnostic regions of 16S

rRNA and labeled with the fluorescent Cy3 dye (Ato291 [21], Bac303 [26], Bif164 [27], Chis150 [22], Erec482
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[22], Fprau645 [23], Lab158 [24], Prop853 [25] and Rrec584 [25]), plus preheated hybridization buffer (0.9 M
NaCl, 20 mM Tris—HCI pH 8, 0.01% sodium dodecyl sulfate), were added to the pellets, homogenized and
incubated in a thermocycler for 4 hours at each specific probe hybridization temperature, in the dark. After
hybridization, samples were washed by adding 2 mL of a mixture of preheated wash buffer (0.9 M NaCl, 20 mM
Tris—HCI pH 8) where 0.04% of 6-diamidino-2-phenylindole dihydrochloride (50 ng/ pL; Sigma-Aldrich) was
added, for 15 minutes at each specific probe hybridization temperature in the dark. Washed samples were then
centrifuged at 15500 g for 5 minutes. Pellets were homogenized in 200 pL of PBS solution and kept in the dark
at 4°C overnight. Immediately before the flow cytometry analysis, 30 pL of Commercial Flow CheckTM
Fluorospheres (Beckman Coulter, Inc. FL, USA) were added to the samples in order to calculate total counts of
bacteria.

A LSRFortessa flow cytometer (Becton Dickinson, New Jersey, United States) was used for bacteria
quantifications. The flow cytometer parameters were adjusted for bacterial counts. Bacteria morphology was
selected according to their FSC/SSC signal. For this purpose, selected bacteria (Leibniz-Institut DSMZ
collection, Germany) representative of each bacterial group hybridized by each probe (Collinsella aerofaciens
for Ato291; Bacteroides caccae for Bac303; Bifidobacterium bifidum for Bif164; Clostridium acetobutylicum for
Chis150; Clostridium saccharolyticum for Erec482; Faecalibacterium praustnizii for Fprau645; Lactobacillus
plantarum for Lab158; Megasphaera elsdenii for Prop853; Roseburia intestinalis for Rrec584) were grown,
fixed and hybridized as described above. Bacteria hybridized with Cy3-labeled probes were detected using a
yellow and green laser (561 nm filter), and DAPI bacteria stained DNA was detected using violet one (405 nm
filter). Both lasers worked at 50 mW power. An acquisition gate of 2500 fluorospheres was established. Analysis
was performed using the FACSDiva software version 6.1.2 (Becton Dickinson). Microbiota composition results

were expressed as the log fecal cells/g dry feces for each sample.

Analysis of SCFA

For the analysis of SCFA, freeze-dried samples were diluted 10-fold with milliQ water and centrifuged, first at
1800 g for 5 minutes and afterwards at 8784 g for 4 minutes at 4°C. Supernatants were filtered through a 0.22
pm filter and subjected to GC analysis (Agilent 7890A Series, Santa Clara, EEUU) using a capillary BP-
21column (SGE, Cromlab SL, Barcelona, Spain) (30 m, 0.25 mm, 0.25 um) coupled to a flame ionization
detector (FID) [28]. 4-methyl valeric acid (Sigma-Aldrich) was used as internal standard. Concentrations of

SCFA were calculated from calibration curves using standard solutions with known concentrations of acetic,
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propionic, butyric, isobutyric, isovaleric and valeric acids (Sigma-Aldrich). Results were expressed as pmol/g

dry feces.

Analysis of cholesterol microbial metabolites and bile acids.

Freeze dried milled feces were diluted in milliQ water (0.1:4, m:v) and homogenized. A volume of 400 pL of
fecal homogenate was used for the extractions, following the method described Santas et al. [29] with some
modifications. For cholesterol and its microbial metabolites, sterol mixtures were prepared as calibrators. 5-a-
cholestane (10 pg, Sigma-Aldrich) was used as internal standard. Samples were hydrolyzed with 1 mL of NaOH
(1N, in ethanol) for 1h at 70°C. After cooling the tubes at room temperature, 0.5 mL of water was added and
tubes were sonicated for 5 minutes. After 2 extractions with cyclohexane (3 mL each), mixed organic phases
were evaporated under a 15 psi nitrogen stream at 30°C.

For bile acid analysis, bile acid mixtures were prepared. 5-p-cholanic acid (Sigma-Aldrich) was used as internal
standard. Samples were hydrolyzed with 1 mL NaOH 1N at 70°C for 1h. After cooling the tubes, liquid-liquid
extraction with 3 mL of tert-butylmethyl ether was done twice. Organic phases were further cleaned with 2 mL
of NaCl 1%. The organic phase was evaporated under a 15 psi nitrogen stream at 30°C.

Derivatization of both sterols and bile acids was carried out by addition of 50 uL of N-methyl-
bis(trifluoroacetamide)/NH,1/2-mercaptoethanol (1000/2/6) (Macherey-Nagel, Duren, Germany) and dry heated
at 60°C for 20 minutes. A gas chromatograph (6890 N; Agilent Technologies, Wilmington, DA, USA) equipped
with a mass selective detector (5973 Network, AT) and an autosampler injector (7683 series, AT) was used for
analysis and performed in a 100% methylsiloxane column (Agilent Ultra 1) in all cases. After derivatization,
both neutral sterols and bile acids were quantified with their respective standards, expressed as umol/g and

p1mol/10g dry feces, respectively.

Analysis of phenolic microbial metabolites

For PC metabolite analysis, freeze-dried feces (0.1 g) were mixed with 1 mL of milli-Q water. Samples were
shaken for 30 min and centrifuged (13200 g, 10 min, 4°C). Supernatants were centrifuged (13200 g, 10 min, 4°C)
and filtered through a membrane (0.22 pm pore size) and transferred to chromatographic vials. PC metabolites
analysis was performed as previously described [15,17] and were quantified using the calibration curve of their
respective standard. PC metabolites concentration results were expressed as pmol/100g dry feces.

Sample size
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The sample size for this study was calculated with the free software GRANMO

(http://www.imim.cat/ofertadeserveis/software-public/granmo/) by selecteing 80% power (5% o level) to detect
a 0.4 log10/g dry feces difference among treatments in the primary outcome variable (Bif164 counts/g of dry

feces), with a standard deviation of treatment differences less than 0.48 (log10 scale).

Statistical analysis

Normality of continuous variables was assessed with normal probability plots and the Shapiro-Wilk test. Non-
normally distributed variables were log transformed previous to the analysis. Paired t test was used for intra-
intervention comparisons. Adjusted general linear mixed models with a period-by-treatment interaction term
were used for inter-intervention comparisons, given results as adjusted means. P<0.05 was considered
significant. Statistical analyses were performed with an R software version 2.11.1 (R Development Core Team,

2011; www.R-project.orq).

Results

Compliance

Urine compliance markers (hydroxytyrosol sulfate and thymol sulfate) indicated good adherence to the oil
interventions (Supplementary table 1). The three intervention oils were well tolerated by all participants and no

adverse events were reported.

Blood lipid profile
Serum concentrations of cholesterol, triglycerides, HDL-cholesterol, LDL-cholesterol) did not present any
statistical change with any of the dietary interventions (data not shown). Oxidized LDL concentrations decreased

after FVOOT intervention compared to pre-FVOOT values (P=0.049) (Figure 1)

Analysis of quantitative changes in gut microbiota

Quantitative changes in fecal microbiota before and after interventions are presented in table 2. Consumption of
virgin olive oil PC alone (FVOO) did not have a significant effect on bacterial counts. Only a decrease in
numbers of Clostridium cluster 1X (Prop853) compared to VOO intervention was observed, although this
decrease did not reach statistical significance (P= 0.066). When virgin olive oil PC were combined with thyme

PC (FVOOQT) the numbers of the bacterial groups hybridized by Bif164 probe (most Bifidobacterium spp and
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Parascardovia denticolens) significantly increased compared to VOO (P=0.044). PC combination also
increased the numbers of Roseburia-Eubacterium rectale group (Rrec584 probe) compared to FVOO

intervention but this increment did not reach statistical significance (P= 0.085).

Analysis of changes in microbial activities.

The analysis of the main SCFA generated by gut microbial fermentation (acetic, butyric, propionic and branched
acids) did not show significant changes with any of the interventions (table 3). Their relative amounts remained
constant along the trial irrespective of the intervention (54-58%, 15-18%, 16-18% and 8-10%, respectively).
From the fecal concentrations of cholesterol and microbial cholesterol metabolites (coprostanol, coprostanone,
cholestanone) analysed, only coprostanone changed with the dietary interventions, by increasing with FVOO
compared to FVOOT (P=0.028) (table 3). Changes in concentrations of fecal bile acids after dietary
interventions did not reach statistical significance (table 3). However, the relative proportion of isolithocholic
acid, referred to the total of fecal bile acids analyzed, decreased after FVOO compared with pre-FVOO (from
6.29 % CI (5.81, 6.80) to 3.47 % CI (3.20, 3.75); P=0.020).

The analysis of fecal phenolic metabolites is presented in table 4. Hydroxytyrosol increased and tended to
increase after FVOO (P=0.034) and FVOOT (P=0.064) respectively. FVOO increased dihydroxyphenylacetic
acid compared to VOO (P=0.014). Protocatechuic acid increased with FVOOT compared to VOO (P=0.003).
Two unknown phenolic metabolites increased after FVOO compared with VOO (P=0.027 and P=0.042,

respectively).

Discussion

The aim of this study was to elucidate whether the possible cardio-protective effects of a sustained consumption
of virgin olive oil phenolic compounds (PC) alone or in combination with thyme PC are mediated by changes in
gut microbiota populations and metabolic activities, in hypercholesterolemic humans.

The combination of olive oil and thyme PC exerted a cardio-protective effect, by decreasing blood levels of ox-
LDL. The anti-oxidant activity of some microbial phenolic metabolites such as hydroxytyrosol and
protocatechuic acid, generated after gut microbial fermentation of phenolic compounds contained in FVOOT,
could be involved in the observed effects on LDL. After oxidation, LDL becomes more toxic and plays a
primary role in the development and progression of atherosclerosis [30]. It has been reported that oxidation of

LDL decreases with increasing phenolic content of olive oil [3, 31,32]. In fact, the European Food Safety
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Authority approved a claim concerning the benefits of olive oil polyphenols for the protection of LDL from
oxidation [33]

We observed quantitative significant changes in gut microbiota only when virgin olive oil PC were ingested
together with thyme PC, by increasing Bifidobacterium group numbers. The gut microbial usage of virgin olive
oil and thyme PC has been recently reported in a linear non controlled study, by Mosele et al. [15,17]. They
observed the generation of PC metabolites after microbial transformation of virgin olive oil and thyme parental
PC, concluding that some of the investigated parental PC were able to reach the gut, afterwards being
transformed by gut microbiota. Increases in gut bifidobacteria have been reported with other sources of phenolic
compounds such as wine [34], wild blueberry [35], pomegranate peel [36] and cocoa [7]. However, this is the
first time that a potential bifidogenic effect is reported for a combination of virgin olive oil and thyme PC. Since
prebiotic is defined as “a selectively fermented ingredient that allows specific changes, both in the composition
and/or activity in the gastrointestinal microflora that confers benefits upon host well-being and health” [37] a
potential prebiotic activity of the combination of PC in FVOOT is suggested, and should be further investigated.
Since recent studies in animals and humans have shown improvements in blood lipid profile with the ingestion
of bifidobacteria and lactobacilli mixtures [38, 39], the increase in Bifidobacterium could be responsible at least
in part for the decrease in oxLDL levels observed with the ingestion of FVOOT.

Regarding blood cholesterol levels, hardly any effects were observed on the cholesterol lowering mechanisms
investigated. This is in accordance with the lack of changes reported in blood cholesterol levels. First, we
investigated whether microbial usage of PC was able to generate changes in SCFA production, related to
cholesterol synthesis. In our study, neither fecal amounts of acetic, propionic and butyric acids nor their relative
amounts changed with any of the interventions. Grapefruit PC have been shown to increase amounts of SCFA in
rats [40] whereas black tea and red wine PC decreased them in vitro [41]. The lack of effects observed in our
study could be due to the fact that, contrary to what occurs in an in vitro system, SCFA generated are also
absorbed in vivo, making it difficult to observe differences at fecal level. Different results could also indicate that
the influence on the microbial generation of SCFA depends on the PC source.

The second mechanism analyzed was the insolubilization of gut cholesterol by its transformation into non-
soluble metabolites by gut microbiota. Gut bacteria are able to metabolize cholesterol by two pathways [11]. One
of them transforms cholesterol directly in coprostanol. The other, implies the transformation of cholesterol to
cholestanone, coprostanone and finally coprostanol. Few studies have investigated this gut microbiota-mediated

blood cholesterol lowering mechanism after dietary interventions with PC [42], most of them focusing on
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changes in total fecal cholesterol or total fecal lipids. In our study fecal concentrations of cholesterol remained
constant with the dietary interventions besides the increase in coprostanone observed with FVOO. This could be
due to the fact that we performed fecal analysis in the whole fecal residue, containing bacteria that could be also
either assimilating cholesterol or including it in the bacterial cell wall or both. The absence of any impact on
fecal cholesterol could be also related to the PC source. Whereas PC sources such as horseradish [42], apple skin
[43] and sesame flour [44] have been shown to increase fecal cholesterol in murine models, other sources such as

peanut skin [45] or oolong tea [46] decreased or have no effect on fecal cholesterol levels.

The third mechanism studied was the increase in liver cholesterol expenditure due to microbial generation of
insoluble bile acids in the gut. Bile acids are synthesized in the liver from cholesterol, conjugated and excreted to
the biliary system. From them, 200 to 800 mg/day passes to the colon. Probiotic bacteria, such as bifidobacteria,
encode bile salt hydrolase (BSH) enzymes, which deconjugate bile salts [47]. Deconjugated bile acids are not
absorbed and are excreted in faeces. As synthesis of new bile acids rises in compensation, blood cholesterol
levels fall [14]. In our study, fecal concentrations of primary bile acids did not change with any of the
interventions. This is in concurrence with other authors [48] who were not able to detect any effect of black tea
PC on fecal bile acids in humans. Other PC sources such as peanuts, hazelnut skin and sesame flour [44, 49]
have shown increases in bile acid excretion in murine models. Different sources of PC would have a different
effect on BSH producing bacteria. In our study, the increase in populations of bifidobacteria with FVOOT,
although significant, could have been not enough to significantly increase in the concentrations of deconjugated
bile acids. A novel bile acid-related mechanism has been published recently [50], which suggest that
Lactobacillus, could reduce blood cholesterol by lowering absorption of fat from the intestine via FXR activation
by deconjugated bile acids absorbed from the intestine. Nevertheless, in the present work no decrease in the
systemic cholesterol has been observed and further studies are needed to elucidate the mechanisms and their

degree of involvement.

Besides the absence of changes in the amounts of fecal bile acids, we found a potential detoxificating effect of
FVOO, which reduced the relative proportions of the toxic isolithocholic acid. Deconjugated forms are the
substrate for 7-dehydroxylation, which generates toxic secondary bile acids. Consumption of common dietary
polyphenols has shown to reduce toxic fecal deoxycholic acid and lithocholic acids in rats [51]. Probiotic
bacteria are not capable of dehydroxylate deconjugated bile salts [52], and so the majority of the breakdown

products of BSH activity by a probiotic strain may be precipitated and excreted in feces. Only certain strains of
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Clostridium and Eubacterium spp. have been shown to possess dehydroxylating activity [53]. In our study, the
decrease in the relative proportions of isolithocholic acid could be related to the decrease in populations of
Clostridium cluster IX observed.

The last mechanism investigated in the present study was related to the microbial generation of bioactive PC
metabolites in the gut. It has been demonstrated that bioactivity of some microbial metabolites from undigested
phenolic compounds is physiologically more relevant on CVD risk than the native form present in the diet. Some
representative examples are enterolignans from lignans [54] and protocatechuic acid (PCA) from flavonoids
[55]. PCA promotes reverse cholesterol transport in mice [56] and inhibits LDL oxidation [57] suggesting a
remarkable anti-atherogenic effect. These and other microbial phenolic metabolites with anti-oxidant activity,
such as hydroxytyrosol, generated after gut microbial fermentation of phenolic compounds ingested with the oils
can be further absorbed and enter into the blood stream. In our study, fecal PCA increased in FVOOT compared
to VOO, which could be due to the microbial transformation of PCA precursors, vanillic and p-hydroxybenzoic
acids, present in FVOOT and absent in VOO. We found also increase in hydroxytyrosol after FVOO and
FVOOT, which could be due to microbial transformation of OO seicoiridoids, and demonstrates a high stability
of hydroxytyrosol in the gut, which is considered to have the highest antioxidant power compared to other olive
polyphenols [58]. The increase in the levels of free hydroxytyrosol in feces after FVOO and FVOOT ingestion
confirms early observations suggesting that a fraction goes via feces [59] and recent observations in a parallel in
vivo trial [15]. In this regard, although the increase in hydroxytyrosol with FVOOT did not reach statistical
significance, it could be behind, in combination with the increase in PCA, the decrease in LDL oxidation

observed after the FVOOT intervention.

Although effects on gut microbiota and ox-LDL were observed with the combination of both sources of PC
(olive oil and thyme, FVOOT), it is not clear the relevance of each PC source in the results obtained. The lack of
effects observed in FVOO would not necessary mean that these PC are not able to exert an effect on gut
microbiota growth and metabolism. It would be probably due to the high amount used (500 ppm in FVOO
compared to 250 ppm in FVOOT), which could exert an inhibitory effect on gut microbiota growth and
metabolism. Furthermore, another advantage of the combination of both PC sources is that the pro-oxidant
activity observed in with PC-rich foods containing unique PC sources could be eliminated with the use of

complementary PC sources; a functional oil with complementary antioxidants (FVOOT), according to their
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structure/activity relationship, could be a suitable option to obtain PC’s beneficial effects avoiding these harmful
ones [60].

In conclusion, the ingestion of a PC-enriched virgin olive oil, containing a mixture of olive oil and thyme PC for
three weeks, decreases blood ox-LDL in hypercholesterolemic humans. This cardio-protective effect could be
mediated by the increases in populations of bifidobacteria together with increases in anti-oxidant PC microbial
metabolites such as protocatechuic acid and hydroxytyrosol. The specific growth stimulation of bifidobacteria in
human gut suggests for first time a potential prebiotic activity of an olive oil enriched in virgin olive oil and

thyme PC.

Acknowledgements This work was supported by Instituto de Salud Carlos 11l FEDER (RD12-0042,
CB06/03/0028, CD10/00224, CP06/00100, CB06/02/0029, CA11/00215), Ministry of Economy and
Competitiveness (AGL2012-40144-C03-01, AGL2012-40144-C03-02, AGL2012-40144-C03-03, FPI:BES-
2010-040766), Agency for Management of University and Research Grants (2009 SGR 1195, 2014 SGR 240).
We thank M Angels Calvo for the growth of pure cultures, Malén Massot for helping us in the elaboration of the
FISH-FC protocol, Oscar Fornas and Cristina Llop for their technical assistance and Borges Mediterranean
Group.

Conflict of interest The authors have declared no conflict of interest.

References

1. Estruch R (2014) Cardiovascular mortality: how can it be prevented? Nefrologia 34(5):561-9. doi:

10.3265/Nefrologia.pre2014.Apr.12481.

2. Estruch R, Ros E, Salas-Salvad6 J, Covas MI, Corella D, Aros F, et al. ; PREDIMED Study Investigators.
(2013) Primary prevention of cardiovascular disease with a Mediterranean diet. N Engl J Med 368(14):1279-90.

doi: 10.1056/NEJM0a1200303

3. Covas MI, Nyysstnen K, Poulsen HE, Kaikkonen J, Zunft HJ, Kiesewetter H, et al; EUROLIVE Study
Group. (2006) The effect of polyphenols in olive oil on heart disease risk factors, a randomized trial. Annals of

Internal Medicine 145:333-341.

4. Castafier O, Covas MI, Khymenets O, Nyyssonen K, Konstantinidou V, Zunft HF, et al. (2012). Protection of
LDL from oxidation by olive oil polyphenols is associated with a downregulation of CD40-ligand expression

and its downstream products in vivo in humans. Am J Clin Nutr 95:1238-1244.



347
348

349
350
351

352
353

354
355

356
357

358
359

360
361
362

363
364
365

366
367
368

369
370
371

15

5. Tuohy KM, Fava F, Viola R (2014) 'The way to a man's heart is through his gut microbiota'--dietary pro- and

prebiatics for the management of cardiovascular risk. Proceedings of the Nutrition Society 73:172-185.

6. Global Atlas on Cardiovascular Disease Prevention and Control (2011) World Health Organization (in
collaboration with the World Heart Federation and World Stroke Organization. Mendis S, Puska P, Norrving B

editors. Geneva

7. Wolever TMS, Spadafora P, Eshuis H (1991) Interaction between colonic acetate and propionate in humans.

Am J Clin Nutr 53:681-687.

8. Macdonald 1A, Bokkenheuser VD, Winter J, McLernon AM, Mosbach EH (1983) Degradation of steroids in

the human gut. Journal of Lipid Research 24:675-700.

9. Dambekodi PC, Gilliland SE (1998) Incorporation of cholesterol into the cellular membrane of

Bifidobacterium longum. Journal of Dairy Science 81:1818-1824.

10.Pereira DI, Gibson GR (2002) Cholesterol assimilation by lactic acid bacteria and bifidobacteria isolated from

the human gut. Applied and Environmental Microbiology 68:4689-4693.

11. Sayin SI, Wahlstrom A, Felin J, Jantti S, Marschall HU, Bamberg K, et al (2013) Gut microbiota regulates
bile acid metabolism by reducing the levels of tauro-beta-muricholic acid, a naturally occurring FXR antagonist.

Cell Metabolism 17:225-235.

12. Tzounis X, Rodriguez-Mateos A, Vulevic J, Gibson GR, Kwik-Uribe C, Spencer JP (2011) Prebiotic
evaluation of cocoa-derived flavanols in healthy humans by using a randomized, controlled, double-blind,

crossover intervention study. Am J Clin Nutr 93: 62-72.

13. Queipo-Ortufio MI, Boto-Orddfiez M, Murri M, Gomez-Zumaquero JM, Clemente-Postigo M, Estruch R, et
al (2012) Influence of red wine polyphenols and ethanol on the gut microbiota ecology and biochemical

biomarkers. Am J Clin Nutr 95:1323-1334

14. Cardona F, Andrés-Lacueva C, Tulipani S, Tinahones FJ, Queipo-Ortufio M1 (2013) Benefits of polyphenols
on gut microbiota and implications in human health. J Nutr Biochem 24:1415-22. doi:

10.1016/j.jnutbio.2013.05.001



372
373
374

375
376
377

378
379
380

381
382
383

384

385
386

387
388
389
390

391
392
393

394
395
396

16

15. Mosele JI, Martin-Pelaez S, Macia A, Farras M, Valls RM, Catalan U, et al. (2014) Faecal microbial
metabolism of olive oil phenolic compounds, in-vitro and in-vivo approaches. Molecular Nutrition and Food

Research 58:1809-1819.

16. Rubio L, Serra A, Chen CY, Macia A, Romero MP, Covas,Ml, et al. (2014) Effect of the co-occurring
components from olive oil and thyme extracts on the antioxidant status and its bioavailability in an acute

ingestion in rats. Food & Function 5:740-747.

17. Mosele JI, Martin-Pelaez S, Macia A, Farras M, Valls RM, Catalan U, Motilva MJ (2014) Study of the
catabolism of thyme phenols combining in vitro fermentation and human intervention. J Agric Food Chem

62(45):10954-61. doi: 10.1021/jf503748y.

18. Rubid L, Motilva MJ, Macia A, Ramo T, Romero MP (2012) Development of a phenol-enriched olive oil
with both its own phenolic compounds and complementary phenols from thyme. J Agric Food Chem

60(12):3105-12. doi: 10.1021/jf204902w.

19

20. Massot-Cladera M, Pérez-Berezo T, Franch A, Castell M, Pérez-Cano FJ (2012) Cocoa modulatory effect on

rat faecal microbiota and colonic crosstalk. Archives of Biochemistry and Biophysics 527:105-112.

21. Harmsen HJ, Wildeboer-Veloo AC, Grijpstra J, Knol J, Degener JE, Welling GW (2000) Development of
16S rRNA-based probes for the Coriobacterium group and the Atopobium cluster and their application for
enumeration of Coriobacteriaceae in human feces from volunteers of different age groups. Applied and

Environmental Microbiology 66:4523-4527.

22. Franks AH, Harmsen HJ, Raangs GC, Jansen GJ, Schut F, Welling GW (1998) Variations of bacterial
populations in human feces measured by fluorescent in situ hybridization with group-specific 16S rRNA-

targeted oligonucleotide probes. Applied and Environmental Microbiology 64:3336-3345.

23. Suau A, Bonnet R, Sutren M, Godon JJ, Gibson GR, Collins MD, et al. (1999) Direct analysis of genes
encoding 16S rRNA from complex communities reveals many novel molecular species within the human gut.

Applied and Environmental Microbiology 65:4799-4807.



397
398
399

400
401
402

403
404
405

406
407
408

409
410
411

412
413

414
415

416
417
418
419

420
421
422
423

17

24. Harmsen HIM, Elfferich P, Schut F, Welling GW (1999) A 16S rRNA-targeted probe for detection of
lactobacilli and enterococci in faecal samples by fluorescent in situ hybridization. Microbial Ecology in Health

and Disease 11:3-12.

25. Walker AW, Duncan SH, McWilliam Leitch E C, Child MW, Flint HJ (2005) pH and peptide supply can
radically alter bacterial populations and short chain fatty acid ratios within microbial communities from the

human colon Applied and Environmental Microbiology 71:3692-3700.

26. Manz W, Amann R, Ludwig W, Vancanneyt M, Schleifer KH (1996) Application of a suite of 16S rRNA-
specific oligonucleotide probes designed to investigate bacteria of the phylum cytophaga-flavobacter-bacteroides

in the natural environment. Microbiology 142:1097-1106.

27. Langendijk PS, Schut F, Jansen GJ, Raangs GC, Kamphuis GR, Wilkinson MH, et al. (1995) Quantitative
fluorescence in situ hybridization of Bifidobacterium spp. with genus-specific 16S rRNA-targeted probes and its

application in fecal samples. Applied and Environmental Microbiology 61:3069-3075.

28. Garcia-Villalba R, Giménez-Bastida JA, Garcia-Conesa MT, Tomas-Barberan FA, Carlos Espin J, Larrosa
M (2012) Alternative method for gas chromatography-mass spectrometry analysis of short-chain fatty acids in

faecal samples. Journal of Separation Science 35:1906-1913.

29. Santas J, Espadaler J, Mancebo R, Rafecas M (2012) Selective in vivo effect of chitosan on fatty acid,

neutral sterol and bile acid excretion, a longitudinal study. Food Chemistry 134:940-947.

30. Mitra S, Goyal T, Mehta JL (2011) Oxidized LDL, LOX-1 and Atherosclerosis. Cardiovasc Drugs Ther

25(5):419-429.

31. Fitd M, Cladellas M, de la Torre R, Marti J, Alcantara M, Pujadas-Bastardes M, Marrugat J, Bruguera J,
Lépez-Sabater MC, Vila J, Covas MI; members of the SOLOS Investigators (2005) Antioxidant effect of virgin
olive oil in patients with stable coronary heart disease: a randomized, crossover, controlled, clinical trial.

Atherosclerosis 181(1):149-58.

32. Covas M, de la Torre K, Farré-Albaladejo M, Kaikkonen J, Fité M, Lopez-Sabater C, Pujadas-Bastardes
MA, Joglar J, Weinbrenner T, Lamuela-Ravent6s RM, de la Torre R (2006) Postprandial LDL phenolic content
and LDL oxidation are modulated by olive oil phenolic compounds in humans. Free Radic Biol Med 40(4):608-

16.



424
425
426

427
428
429

430
431
432

433
434
435
436

437
438

439
440
441

442
443
444

445
446

447
448
449

18

33. EFSA Panel on Dietetic Products. Nutrition and Allergies (NDA).Scientific opinion on the substantiation of
health claims related to polyphenoals in olive oil and protection of LDL particles from oxidative damage (2011)

EFSA Journal 9(4):2033. http://www.efsa.europa.eu/en/efsajournal/pub/2033.htm.

34. Boto-Ordéfiez M, Urpi-Sarda M, Queipo-Ortufio MI, Tulipani S, Tinahones FJ, Andres-Lacueva C (2014)
High levels of Bifidobacteria are associated with increased levels of anthocyanin microbial metabolites: a

randomized clinical trial. Food Funct 5(8):1932-8. doi: 10.1039/c4fo00029c.

35. Guglielmetti S, Fracassetti D, Taverniti V, Del Bo' C, Vendrame S, Klimis-Zacas D, Arioli S, Riso P, Porrini
M (2013) Differential modulation of human intestinal bifidobacterium populations after consumption of a wild

blueberry (Vaccinium angustifolium) drink. J Agric Food Chem. 61(34):8134-40. doi: 10.1021/jf402495k.

36. Neyrinck AM, Van Hée VF, Bindels LB, De Backer F, Cani PD, Delzenne NM (2013) Polyphenol-rich
extract of pomegranate peel alleviates tissue inflammation and hypercholesterolaemia in high-fat diet-induced
obese mice: potential implication of the gut microbiota. Br J Nutr 109(5):802-9. doi:

10.1017/S0007114512002206.

37. Gibson GR & Roberfroid MB (1995) Dietary modulation of the human colonic microbiota, introducing the

concept of prebiotics. Journal of Nutrition 125:1401-1412.

38. Andrade S, Borges N (2009) Effect of fermented milk containing Lactobacillus acidophilus and
Bifidobacterium longum on plasma lipids of women with normal or moderately elevated cholesterol. J Dairy Res

76:469-74. doi: 10.1017/S0022029909990173

39. Ejtahed HS, Mohtadi-Nia J, Homayouni-Rad A, Niafar M, Asghari-Jafarabadi M, Mofid V, et al (2011)
Effect of probiotic yogurt containing Lactobacillus acidophilus and Bifidobacterium lactis on lipid profile in

individuals with type 2 diabetes mellitus. Journal of Dairy Science 94:3288-3294.

40. Zdunczyk Z, Juskiewicz J, Estrella I (2006) Cecal parameters of rats fed diets containing grapefruit

polyphenols and inulin as single supplements or in a combination. Nutrition 22(9):898-904.

41. Kemperman RA, Gross G, Mondot S, Possemiers S, Marzorati M, Van De Wiele T, Dore J, Vaughan EE.
Impact of polyphenols from black tea and red wine/grape juice on a gut model microbiome. Food Res Int

2013;53:659-69.



450
451

452
453
454

455
456

457
458
459

460
461

462
463

464
465
466

467
468
469
470

471
472
473

474
475
476

19

42. Balasinska B, Nicolle C, Gueux E, Majewska A, Demigne C, Mazur A (2005) Dietary horseradish reduces

plasma cholesterol in mice. Nutrition Research 25(10): 937-945. doi:10.1016/j.nutres.2005.09.015

43. Ogino Y, Osada K, Nakamura S, Ohta Y, Kanda T, Sugano M (2007) Absorption of dietary cholesterol
oxidation products and their downstream metabolic effects are reduced by dietary apple polyphenols. Lipids

42(2):151-61.

44. Visavadiya NP, Narasimhacharya AVRL (2008) Sesame as a hypocholesteraemic and antioxidant dietary

component. Food and Chemical Toxicology 46(6):1889-1895. doi:10.1016/j.fct.2008.01.012.

45. Shimizu-lbuka A, Udagawa H, Kobayashi-Hattori K, Mura K, Tokue C, Takita T, Arai S (2009)
Hypocholesterolemic effect of peanut skin and its fractions: a case record of rats fed on a high-cholesterol diet.

Biosci Biotechnol Biochem 73(1):205-8.

46. Hsu TF, Kusumoto A, Abe K, Hosoda K, Kiso Y, Wang MF, Yamamoto S (2006) Polyphenol-enriched

oolong tea increases fecal lipid excretion. Eur J Clin Nutr 60(11):1330-6.

47. Jarocki P, Targonski Z (2013) Genetic diversity of bile salt hydrolases among human intestinal

bifidobacteria. Current Microbiology 67:286-292.

48. Mai V, Katki HA, Harmsen H, Gallaher D, Schatzkin A, Baer DJ, Clevidence B (2004) Effects of a
controlled diet and black tea drinking on the fecal microflora composition and the fecal bile acid profile of

human volunteers in a double-blinded randomized feeding study. J Nutr 134(2):473-8.

49. Caimari A, Puiggros F, Suarez M, Crescenti A, Laos S, Ruiz JA, Alonso V, Moragas J, Del Bas JM, Arola L
(2015) The intake of a hazelnut skin extract improves the plasma lipid profile and reduces the
lithocholic/deoxycholic bile acid faecal ratio, a risk factor for colon cancer, in hamsters fed a high-fat diet. Food

Chem 15(167):138-44. doi: 10.1016/j.foodchem.2014.06.072.

50. Martoni CJ, Labbé A, Ganopolsky JG, Prakash S, Jones ML (2015) Changes in bile acids, FGF-19 and
sterol absorption in response to bile salt hydrolase active L. reuteri NCIMB 30242. Gut Microbes 6(1):57-65.

doi: 10.1080/19490976.2015.1005474.

51. Han Y, Haraguchi T, lwanaga S, Tomotake H, Okazaki Y, Mineo S, Moriyama A, Inoue J, Kato N (2009)
Consumption of some polyphenols reduces fecal deoxycholic acid and lithocholic acid, the secondary bile acids

of risk factors of colon cancer. J Agric Food Chem 57(18):8587-90. doi: 10.1021/jf900393k.



477
478

479
480
481

482
483
484

485
486
487

488
489

490
491
492

493
494

495
496

497
498
499
500
501

20

52. Takahashi T, Morotomi M (1994) Absence of cholic acid 7 alpha-dehydroxylase activity in the strains of

Lactobacillus and Bifidobacterium. J Dairy Sci 77(11):3275-86.

53. Dawson JA, Mallonee DH, Bjorkhem I, Hylemon PB (1996) Expression and characterization of a C24 bile
acid 7 alpha-dehydratase from Eubacterium sp. strain VPI 12708 in Escherichia coli. Journal of Lipid Research

37:1258-1267.

54. Frankenfeld CL (2013) Relationship of obesity and high urinary enterolignan concentrations in 6806
children and adults: analysis of National Health and Nutrition Examination Survey data. Eur J Clin Nutr

67(8):887-9. doi: 10.1038/ejcn.2013.107.

55. Masella R, Santangelo C, D'Archivio M, Li Volti G, Giovannini C, Galvano F (2012) Protocatechuic acid
and human disease prevention, biological activities and molecular mechanisms. Current Medicinal Chemistry

19:2901-2917.

56. Wang D, Xia M, Yan X, Li D, Wang L, Xu Y, et al (2012) Gut microbiota metabolism of anthocyanin

promotes reverse cholesterol transport in mice via repressing miRNA-10b. Circulation Research 111:967-681.

57. Lee MJ, Chou FP, Tseng TH, Hsieh MH, Lin MC, Wang CJ (2002) Hibiscus protocatechuic acid or
esculetin can inhibit oxidative LDL induced by either copper ion or nitric oxide donor. Journal of Agriculture

and Food Chemistry 50:2130-2136.

58. Raederstorff D (2009) Antioxidant activity of olive polyphenols in humans: a review. Int J Vitam Nutr Res

79(3):152-65. doi: 10.1024/0300-9831.79.3.152.

59. Vissers MN, Zock PL, Roodenburg AJ, Leenen R, Katan MB (2002) Olive oil phenols are absorbed in

humans. Journal of Nutrition 132:409-417.

60. Farras M, Castafier O, Martin-Peléaez S, Hernéez A, Schréder H, Subirana 1, Mufioz-Aguayo D, Gaixas S,
Torre R, Farré M, Rubi6 L, Diaz O, Fernandez-Castillejo S, Sola R, Motilva MJ, Fit6 M (2015) Complementary
phenol-enriched olive oil improves HDL characteristics in hypercholesterolemic subjects. A randomized,
double-blind, crossover, controlled trial. The VOHF study. Molecular Nutrition and Food Reseach doi:

10.1002/mnfr.201500030.



Table 1 Chemical characterization of the olive oils used in the study

Composition® Olive oils’

VOO FVOO FVOOT
PHENOLIC COMPOUNDS (mg/25 mL)
hydroxytyrosol 0.01 +0.00 0.21 +0.02 0.12 +0.00
3,4-DHPEA-AC? n.d. 0.84 +0.06 0.39 +0.04
3,4-DHPEA-EDA 0.04 +0.00 6.73 +0.37 3.43 +0.29
3,4-DHPEA-EA 0.26 +0.04 0.71 +0.06 0.36 +0.03
Total hydroxytyrosol derivates 0.30 8.49 4.30
p-hydroxybenzoic acid n.d. 0.02 +0.00 0.06 £0.00
vanillic acid n.d. 0.07 +£0.00 0.13 +0.01
caffeic acid n.d. 0.00 +0.00 0.06 £0.00
rosmarinic acid n.d. n.d. 0.41 +0.03
Total phenolic acids - 0.09 0.65
thymol n.d. n.d. 0.64 £0.05
carvacrol n.d. n.d. 0.23 £0.02
Total monoterpenes - - 0.86
luteolin 0.04 +0.00 0.18 +0.02 0.21 +0.02
apigenin 0.02 +0.00 0.06 +0.00 0.10 +0.00
naringenin n.d. n.d. 0.20 +£0.02
eriodictyol n.d. n.d. 0.17 +£0.01
thymusin n.d. n.d. 1.22 +0.09
xanthomicrol n.d. n.d. 0.53 £0.06
7-methylsudachitin n.d. n.d. 0.53 +0.09
Total flavonoids 0.06 0.23 2.95
pinoresinol 0.05 +0.00 0.12 +0.00 0.10 £0.05
acetoxipinoresinol 2.47 +£0.19 3.66 +0.31 324 +£0.28
Total lignans 2.52 3.78 3.34
FAT SOLUBLE MICRONUTRIENTS (mg/25 mL)
a-tocopherol 3.27 +£0.01 3.40 +0.02 344 £0.01
lutein 0.05 +0.00 0.06 +0.00 0.06 +0.00
B-cryptoxanthin 0.02 +0.00 0.03 +0.00 0.02 £0.00
[B-carotene 0.01 +0.00 0.02 +0.00 0.02 £0.00
FATTY ACIDS (relative area %)
Palmitic acid 11.21 11.20 11.21
Stearic acid 1.92 1.92 1.92
Araquidic acid 0.36 0.36 0.36
Behenic acid 0.11 0.11 0.11
Total saturated 13.75 13.74 13.75
Palmitoleic acid 0.70 0.70 0.69
Oleic acid 76.74 76.83 76.75
Gadoleic acid 0.27 0.27 0.27
Total monounsaturated 77.71 77.80 77.72
Linoleic acid 7.43 7.36 7.43
Timnodonic acid 0.36 0.36 0.35
Linolenic acid 0.43 0.43 0.43
Total polyunsaturated 8.22 8.15 8.22
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PC and fat-soluble micronutrients are expressed as means + SD of mg in 25 mL oil/day. The acidic composition is expressed
as relative area percentage

4V00, 80 mg/kg of phenolic compounds (PC) from olive oil; FVOO, 500mg/kg of PC from olive oil; FVOOT, 250 mg/kg of
PC from olive oil and 250 mg/kg from thyme.

® 3 4-DHPEA-AC, 4-(acetoxyethyl)-1,2-dihydroxybenzene; 3,4-DHPEA-EDA, dialdehydic form of elenolic acid linked to
hydroxytyrosol; 3,4-DHPEA-EA, oleuropein aglycone

n.d., non detected



Table 2 Bacterial enumerations determined by FISH-flow cytometry in fecal samples collected before (B) and after (A) each olive oil intervention®

pY
VOO FVOO FVOOT VOO- VOO- FVOO-
Probe FVOO FVOOT FVOOT
Ato291 B 8.8020.09 8.8620.11 8.7240.10
A 8.780.09 8.6420.09 8.72+0.09 0.319 0.947 0.293
Bac303 B 8.68+0.38 8.87+0.42 8.64+0.40
A 8.75+0.39 8.73+0.39 8.73+0.40 0.423 0.917 0.373
Bif164 B 8.33+0.25 8.29+0.27 8.14+0.26
A 8.100.25 8.11+0.26 8.3240.26 0.818 0.044 0.073
Fprau645 B 8.90+0.06 9.03+0.07 8.9620.06
A 8.90+0.06 8.92+0.06 8.93+0.06 0.420 0.831 0.558
Lab158 B 8.300.20 8.43+0.22 8.24+0.21
A 8.4420.20 8.3240.21 8.27+0.21 0.145 0.512 0.427
Prop8s3 B 8.81+0.08 8.99+0.10 8.81+0.09
A 8.980.08 8.79:0.08 8.80+0.08 0.066 0.338 0.364
Rrec584 B 8.7420.08 8.81+0.10 8.6320.09
A 8.7620.09 8.61+0.09 8.79+0.09 0.303 0.461 0.085

Values are given as adjusted means of 10g10 bacteria/g dry feces + SE; n=12 subjects.
2 VOO, 80 mg/kg of phenolic compounds (PC) from olive oil; FVOO, 500mg/kg of PC from olive oil; FVOOT, 250 mg/kg of PC from olive oil and 250 mg/kg from thyme.

® P values for inter dietary intervention comparisons.
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Table 3 Short chain fatty acids , neutral sterols and bile acids determined in fecal samples collected before (B)

and after (A) each olive oil intervention®

Olive oil interventions pa
VOO FvVOO FVOOT VOO- VOO- FVOO-
FVOO FVOOT FVOOT
SCFA
(umol/g df®)
Acetic B 195.11 (102.26,372.27) 144.12 (73.80,281.43) 147.96 (80.50,271.96)
A 177.99 (94.02,336.97)  168.07 (94.50,298.93) 159.71 (74.71,341.41) 0.364 0.547  0.772
Butyric B 64.25(26.24,157.34) 42.40 (19.70,91.28)  44.38 (21.08,93.46)
A 57.97 (22.23,151.15) 52.64 (25.45,108.87) 42.27 (16.79,106.42) 0.264 0.854  0.347
Propionic B 62.88(32.56,121.45) 48.50 (24.03,97.87) 47.99 (23.89,96.39)
A 50.84(26.72,96.71) 51.68 (26.89,99.32) 48.63 (21.00,112.64) 0.333 0.444 0.858
Branched® B 28.18(14.70,54.02) 25.78 (16.76,39.66) 25.26 (14.85,42.97)
A 24.63(14.22,42.66) 29.95 (17.71,50.63) 23.42 (15.05,36.43) 0.117 0.751  0.207
Neutral sterols
(umol/g df)
Cholesterol B 4.18(2.06,8.50) 2.17(0.29 16.05) 4,57 (1.72,12.17)
A 3.61(1.28,10.21) 3.33(0.72, 15.44) 3.53(1.28,9.73) 0.176 0.798  0.103
Coprostanol B 89.04 (38.77,204.48) 79.63 (17.92, 353.95) 109.58 (42.07, 285.43)
A 73.99 (26.96, 203.11) 111.49 (29.37, 116.42 (38.99, 347.59) 0.266 0.622  0.559
423.25)
Cholestanone B 0.21(0.01, 6.99) 0.07 (0.01, 0.33) 0.17 (0.02, 1.74)
A 0.28 (0.01, 6.74) 0.11 (0.03, 0.35) 0.21 (0.03, 1.37) 0.723 0904 0.631
Coprostanone B 0.73(0.25, 2.16) 0.39 (0.04, 4.03) 1.02 (0.25, 4.12)
A 0.78(0.17, 3.62) 0.82 (0.22, 2.97) 0.75(0.23, 2.43) 0.155 0.440 0.028
Bile acids
(mmol/10 g df)
Cheno- B 2.42(0.14, 40.84) 2.39(0.37, 15.29) 1.68 (0.18, 15.52)
deoxycholic
A 278(0.23,33.32) 4.54 (0.99, 20.93) 1.55(0.34, 7.15) 0.493 0.776  0.319
Cholic B 1.10(0.16, 7.68) 0.65 (0.14, 3.05) 0.64 (0.09, 4.35)
A 1.22(0.24,6.18) 1.46 (0.27, 7.76) 0.99 (0.17, 6.00) 0.356 0.666 0.621
Lithocholic B 9.07 (1.73, 47.69) 11.00 (2.15, 56.20) 8.67 (1.47,51.06)
A 9.81(3.21, 30.02) 19.01 (7.09, 51.00) 11.58 (4.05, 33.14) 0.407 0.721 0.644
Isolithocholic B 2.34(0.52,10.50) 3.98 (0.72, 21.90) 2.10(0.25, 17.79)
A 2.17(0.48,9.81) 3.42 (1.18,9.89) 2.80 (0.90, 8.79) 0.895 0.556  0.450
Deoxycholic B 32.82(11.37,94.72) 34.37 (11.96, 98.75)  27.87 (3.37, 230.44)
A 39.97 (11.44,139.66) 54.67 (20.03, 149.23) 48.17 (8.15, 284.76) 0.604 0.519 0.870

Values are given as adjusted means and CI; n=12.
25 mL/day extra virgin olive oil containing: VOO, 80 mg/kg of phenolic compounds (PC) from olive oil; FVOO, 500mg/kg
of PC from olive oil; FVOOT, 250 mg/kg of PC from olive oil and 250 mg/kg from thyme.

®f, dry feces.

¢ Sum of isobutyric, isovaleric and valeric acids.
9 p values for inter dietary intervention comparisons.



Table 4 Phenolic metabolites determined by LC in fecal samples collected before (B) and after (A) each olive oil

intervention?
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Phenolic VOO FVOO FVOOT PP
metabolite VOO- VOO- FVOO
FVOO FVOOT FVOOT

Hydroxytyrosol B 0.19 (0.02, 2.28) 0.15 (0.02, 1.13) 0.08 (0.01, 1.16)

A 0.16 (0.02, 1.50) 0.74(0.10, 5.76)** 0.33 (0.01, 10.30)* 0.108  0.140 0.928
Dihydroxyphenyl- B 46.60 (39.05, 55.62) 30.07 (25.32, 35.72) 30.54 (25.29, 36.88)
acetic acid A 23.25(19.10,28.30)**  40.93 (34.43, 48.66) 30.64 (25.53, 36.77) 0.014  0.092 0.435
Hydroxyphenylacetic B 31.82(24.61, 41.14) 18.67 (14.58, 23.92) 23.75 (17.93, 31.47)
acid A 14.32(10.54, 19.45)* 17.95 (14.00, 23.03) 28.75 (21.98, 37.60) 0.226  0.129 0.708
Phenylacetic acid B 248.64 (235.64, 262.35) 234.06 (222.17, 246.58)  232.18 (219.18, 245.96)

A 206.00(193.89, 218.86) 262.72 (249.31, 276.86)  203.29 (192.30, 214.91) 0.194 0.818 0.281
Dihydroxyphenyl- B 0.01(0.00, 0.02) 0.00 (0.00, 0.01) 0.00 (0.00, 0.02)
propionic acid A 0.01(0.00, 0.05) 0.00 (0.00, 0.01) 0.01 (0.00, 0.02) 0.690 0.617 0.913
Hydroxyphenyl- B 10251 (56.87,184.78)  42.20 (23.18, 76.82) 36.80 (19.52, 69.37)
propionic acid A 65.56 (33.44, 128.56) 33.07 (18.61, 58.75) 39.08 (21.19, 72.07) 0.796 0534 0.703
Phenylpropionic acid B 165.40 (148.88, 183.75)  122.41 (110.50, 135.60)  127.89 (114.30, 143.11)

A 143.23 (127.36,161.09) 138.01 (124.51,152.97) 117.83(105.70,131.35) 0.394  0.847 0.510
Rosmarinic acid B 2.60 (1.40, 4.83) 1.80 (1.01, 3.23) 2.76 (1.57, 4.87)

A 2.83(1.41,5.68) 1.85(1.13,3.04) 2.22(1.29,3.82) 0.938 0.684 0.733
Protocatechuic acid B 0.55(0.03, 9.15) 0.11 (0.00, 3.01) 0.07 (0.00, 1.45)

A 0.04 (0.00, 0.683)** 0,11 (0.00, 3.41) 0.10 (0.01, 1.80) 0.008  0.003 0.652
Coumaric sulfate acid B 2.92 (1.74, 4.89) 3.96 (2.40, 6.53) 2.93(1.64,5.24)

A 1.50(0.83,2.70) 4.46 (2.70, 7.37) 3.81(2.22,6.54) 0.288 0.231 0.842
Caffeic acid B 1.94(1.68, 2.24) 2.18 (1.89, 2.51) 2.41 (2.07, 2.81)

A 274 (2.35,3.19) 2.68 (2.32, 3.09) 2.16 (1.87, 2.49) 0.247  0.597 0.110
Ferulic acid B 1.01(0.61, 1.67) 0.58 (0.40, 0.85) 0.89 (0.52, 1.52)

A 1.81(1.10,2.97) 0.93 (0.65, 1.31) 1.30 (0.81, 2.09) 0.881  0.817 0.924
Hydroxyphenyl- B 2.52(1.77, 3.60) 4.94 (3.48, 7.00) 3.93 (2.55, 6.06)
valerolactone A 3.61(2.32,5.63) 3.42 (2.41, 4.84) 7.80 (5.39,11.28) 0.401 0.718 0.231
M1 B 14153 (104.14,192.33) 105.88 (78.05, 143.62) 126.55 (92.70, 172.76)

A 106.46 (77.81, 145.67) 134.85 (99.37, 183.01) 126.66 (93.00, 172.51) 0.027  0.236 0.295
M2 B 1.61(1.18, 2.20) 1.00 (0.73, 1.37) 1.40 (1.01, 1.95)

A 0.88(0.63, 1.25)* 1.50 (1.11, 2.04) 1.58 (1.15, 2.18) 0.042 0.152 0.559

Values are given as adjusted means of umol/100g dry feces and CI; n=12 subjects.
#V0O0, 80 mg/kg of phenolic compounds (PC) from olive oil; FVOO, 500mg/kg of PC from olive oil; FVOOT, 250
mg/kg of PC from olive oil and 250 mg/kg from thyme.

®P values for inter dietary intervention comparisons.

¢ M1: unknown metabolite. (M-H) = 187 m/z. MS? fragments = 125, 117, 89 m/z; M2: unknown metabolite. (M-H) = 243
m/z. MS? fragments = 227, 207, 119 m/z
*0.05<P<0.1;**P<0.05 for intra dietary intervention differences.
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