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Abstract: Compelling evidence points to the critical role of bioactive extra-virgin olive oil (EVOO)
phenolics and gut microbiota (GM) interplay, but reliable models for studying the consequences
thereof remain to be developed. Herein, we report an optimized ex vivo fecal anaerobic fermentation
model to study the modulation of GM by the most bioactive EVOO phenolic S-(−)-oleocanthal (OC),
and impacts therefrom, focusing on OC biotransformation in the gut. This model will also be applica-
ble for characterization of GM interactions with other EVOO phenolics, and moreover, for a broadly
diverse range of bioactive natural products. The fecal fermentation media and time, and mouse type
and gender, were the major factors varied and optimized to provide better understanding of GM-OC
interplay. A novel resin entrapment technique (solid-phase extraction) served to selectively entrap
OC metabolites, degradation products, and any remaining fraction of OC while excluding interfering
complex fecal medium constituents. The effects of OC on GM compositions were investigated via
shallow shotgun DNA sequencing. Robust metabolome analyses identified GM bacterial species
selectively altered (population numbers/fraction) by OC. Finally, the topmost OC-affected gut bac-
terial species of the studied mice were compared with those known to be extant in humans and
distributions of these bacteria at different human body sites. OC intake caused significant quantitative
and qualitative changes to mice GM, which was also comparable with human GM. Results clearly
highlight the potential positive health outcomes of OC as a prospective nutraceutical.
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1. Introduction

Interest in extra-virgin olive oil (EVOO) phenolics research has sharply gained in
prominence in recent years, with compelling evidence suggesting that its consumption
is singly or synergistically responsible for multiple observed positive health benefits [1].
The EVOO phenolics are among the most thoroughly studied bioactive dietary ingredients
over the past decade [1]. The monophenolic S-(−)-oleocanthal (OC), the dialdehydic
form of (−)-deacetoxy-ligstroside aglycone, has been nominated as the topmost bioactive
phenolic ingredient of EVOO [2,3]. Biological effects of OC against inflammation, oxidative
stress, infections, Alzheimer’s disease, and cancers have been amply documented [2,3].
Importantly, the bioavailability and major intracellular molecular mechanisms of OC
have been extensively studied in an array of in vitro and in vivo models, wherein OC has
been seen to generate distinct and somewhat diverse or disparate pharmacodynamics
profiles [3–5]. Despite the chemical and metabolic peculiarity of OC attributing to its
two vicinal and highly reactive aldehyde groups, notable progress has been achieved in
overcoming the significant challenges faced in devising and developing reliable models to
study OC absorption into the human bloodstream following extravascular administration
(p.o. or i.p.) and its subsequent fate [6–8]. However, even for intravascular administration,
the metabolic fate of OC remains unclear, posing a major obstacle to developing OC as a
prospective FDA-approved drug or nutraceutical.
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Protected by the monounsaturated fatty acid triglycerides matrix of EVOO, simple
EVOO tyrosol and hydroxytyrosol-based phenolics can be rapidly absorbed in the small
intestine, unlike the more complex phenolics, which can reach, at least in-part, the large
intestine, where they can interact with host gut microbiota (GM) [9]. However, relatively
modest scientific efforts have been devoted to investigating OC modulatory effects on
GM [9,10]. Thus, we considered devising and validating reliable models that could aid in
understanding OC interplay with GM to be vital in addressing key unknowns associated
with various unexplained in vivo findings, and towards optimizing OC formulation and
beneficial uses in human health. A validated cause-and-effect pattern has been observed
connecting the consumption of EVOO phenolics to positive health impacts, including
improved endothelial function and prevention of deleterious low-density lipoprotein (LDL)
oxidation [11]. Reasonably, the decisive drivers of these beneficial effects can be attributed
in whole or in-part to either GM production of specific metabolite(s), and/or to relevant
GM-associated metabotypes [11]. Consumption of a recommended dose of olive and other
oils produced health benefits unlike higher concentrations; in fact, an intake dose three-fold
above that regarded to be in a more normal range suppressed the microbial alpha-diversity
profoundly and to a likely deleterious degree [12]. The major olive leaf phenolic oleuropein
was recently reported to alter levels of GM of the Coriobacteriaceae and Lactobacillaceae
families and the genus Collinsella, attributable to the fermentation of olive leaf extract
by feces [13]. This fermentation resulted in a significant decrease in oleuropein and an
increase in hydroxytyrosol levels in fermented olive leaf extract [13]. Olive phenolics are
reported to modulate GM short-chain fatty-acids, which beneficially impacts cholesterol
trafficking and metabolism, immune system function, and weight gain via promoting
satiety [9]. On the other hand, GM diversity significantly increased in the feces of rats fed
a high phenolic EVOO diet [9]. EVOO-induced GM diversity enhancement was linked
to beneficial reduction of systolic blood pressure in spontaneously hypertensive rats [9].
Olive oil consumption in suitable regimens can alter colonic GM constitution and activity,
leading to prospective colon cancer prevention [14]. Studying OC modulatory effects
on GM stands to substantially contribute to increased understanding of the considerable
array of biological effects seen for EVOO that are of compelling prospective benefit to
human health, provided such knowledge is sufficient and sound enough to inform and
guide applications.

Despite the high potencies observed for various effects and actions brought about by
OC exposures/administration, the identities of possible pharmacophores to which these
may be attributed remain to be established, a goal confounded especially by the above-
noted chemical and biochemical lability of OC, as well as by the immediate hydration of its
C-1 and C-3 aldehydes to a gem-diol form in water, and rapid acetalization in the presence
of alcohols [8]. OC also spontaneously reacts with glycine, and with the ε-amino moiety
of lysines in proteins in animal and human body organs and in circulating blood, making
its detection in blood nearly impossible even at high doses [8]. Moreover, and as with
virtually all aldehydes, reaction with glutathione and with free thiols of proteins including
hemoglobin is also expected to be pervasive and extensive, albeit reversible, and aldehyde
oxidases and various reductases are also prevalent in blood and tissues. Consequently,
it is important to understand if OC would modulate GM taxonomical distribution and
metabotypes independent of systemic OC metabolic fate following absorption. Here, we
can also note that absorption of lipid-entrained OC via the chylomicron route is of likely
importance, opening the possibility for enterohepatic cycling, which to our knowledge
remains to be addressed. In the context of the above, we note that in a single-dose safety
study of OC, Swiss albino mice tolerated oral doses of up to 500 mg/kg, whereas the
intraperitoneal LD50 of OC was estimated to be in the range of 164–524 mg/kg [15]. This
disparity clearly shows the great prospective importance of roles played by GM in the
safety of OC and EVOO phenolics with oral administration/consumption.

Approaches employing GM, a heterogeneous assemblage of vitally useful, benefi-
cial, and sometimes harmful microorganisms, have been developed and brought to bear
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extensively for validated biotransformation studies of numerous xenobiotics including
bioactive food ingredients [16–20]. Most of the studies on xenobiotic-GM interactions have
focused on methods of modulating the microbial community and, for drugs, enhancing
efficacy or increasing safety [21]. However, the complex relationship between GM and the
metabolic fate of xenobiotics including drugs and dietary bioactive compounds has recently
been attracting increasing attention, with rapid gains in recognition and appreciation of its
importance and impacts [22]. GM can influence metabolic fate through capability to either
detoxify or to activate xenobiotics [23]. Diversity and richness of GM populations have
also increasingly been established to be valid and surprisingly informative indicators of
healthy body systems [16,17]. Roles of GM cross-play with several dietary polyphenolics,
and physiological and microbiological impacts thereof, have been identified and character-
ized [17]. Hence, we considered ex vivo fermentation to be a viable approach [18] upon
which reliable models might be based for investigating GM interactions with xenobiotics
more generally, and for this work, EVOO constituents more specifically, focusing here on
OC. Various polyphenols are documented substrates for biotransformation by, or act as
biochemical modulators of, GM [19,20]. Fresh animal fecal suspensions or fecal enzymes
under exceptionally controlled fermentation conditions, which mimic anaerobic intestinal
environment, have been used to study such interplay between GM and compounds of
interest, including various bioactive polyphenols [19,20]. Thus, we deemed that models
involving animal feces would prospectively be acceptable for studying the alteration of
the intestinal microflora composition by the bioactive polyphenols in EVOO. Moreover,
detailed characterization of the microbiota using the aggregate metagenome assembly as
proxy, via shotgun metagenomics sequencing, could serve to identify and highlight GM
community changes, and associated functional correlates with xenobiotics digestion [16].
Shotgun analysis is one of the next-generation sequencing (NGS) techniques, offering the
ability to sequence the whole microbiome DNA to obtain an aggregate genomic profile,
based upon which the constitutional makeup of the microbiome can be characterized, as
well as changes thereof in response to situational variables [19,20].

The current study aimed to ascertain and characterize the abilities of OC to modulate
GM diversity, and in turn, the impacts on its own (OC) fate. We developed a fecal fermenta-
tion ex vivo model and optimized all pertinent variables, to enable and facilitate the study
of OC-GM interactions. To achieve this aim, we completed the following:

(1) We designed and validated a detailed standard operating protocol, thereby achieving
a rapid-analysis workflow for studying OC effects on GM via an ex vivo mouse fecal
fermentation model, optimizing all associated factors to maximally reflect and closely
mimic the living gut system.

(2) We developed protocols for the tailored use of shallow whole metagenome sequencing
of optimized ex vivo fecal samples to characterize the GM constitution upon addition
of OC, which was seen to comprehensively cause qualitative and quantitative GM
changes. Further analysis documented OC effects on various GM species. With infor-
mation linking these species to corresponding distribution sites (known or predicted)
within the human microbiome, it becomes possible to envision prospective human
health impacts of such changes.

Examples of current in vitro and ex vivo models that can simulate the in vivo behavior
of the GM ecosystem are batch fermentation models, dynamic fermentation models, the
proprietary TNO in vitro model of the colon, and the simulator of the human intestinal
microbial ecosystem [24]. The basic rationale for these models is that they provide vali-
dated platforms for studying xenobiotic biotransformation by maintaining freshly sampled
fecal GM under controlled environmental conditions, enabling study of the formation of
biotransformation products (“metabolites”) over time, and enabling the identification of
GM-produced metabolites of new or unstudied xenobiotics [24]. However, no current mod-
els have emerged involving the clear and incisive identification of microbiota taxonomical
changes as might be induced by exposure to the xenobiotic, which may in turn translate to
consequential pharmacodynamic or pharmacokinetics-pharmacodynamics impacts.
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Herein, we present results generated with an elaborated and expanded approach
to conventional biological functional modules, along with an inventory of all identified
key impacting factors, for studying the mutual interplay of the EVOO bioactive phenolic
OC with GM. To wit, we have brought to bear our novel ex vivo fermentation culture in
conjunction with the use of metagenomics towards gaining better understanding of the
modulatory impact of OC on GM taxonomy (Figure 1), and in turn, the likely impacts of
these changes on the fate of OC pursuant to its oral administration.
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2. Materials and Methods
2.1. Oleocanthal Extraction and Purification Process

S-(−)-Oleocanthal (OC) was extracted from EVOO (Governor, Corfu, Greece) follow-
ing the methodology described earlier [25]. Briefly, EVOO was vigorously shaken with
twice its volume of water in a separatory funnel to achieve adequate liquid-liquid extraction.
The aqueous layer was collected and passed through Sorbtech resin (Sorbent Technology
Sepabeads Resin Styrenic Adsorbent Sp-70-01, No. 46410-A1, Sorbent Technologies, East
Norcross, GA, USA) to retain OC and other phenolics, which were subsequently eluted by
100% acetone. The acetone layer was evaporated under vacuum and the semisolid residue
was vigorously shaken with dichloromethane and dehydrated over anhydrous Na2SO4
to remove any residual water. The crude extract was then packed into a Sephadex LH-20
column (1:100 ratio) with a bead size of 25–100 µm (No. LH20100, Sigma Aldrich, St. Louis,
MO, USA) to purify OC by isocratic elution with CH2Cl2. A purity of >99% was established
for OC based on q1H NMR and HPLC analyses [25]. All solvents used in extraction were
ACS grade purchased from VWR International (Suwanee, GA, USA).

2.2. Housing, Diets, and Animal Model’s Experimental Setup

The reported studies were carried out with 4–5-week-old male and female ND4 Swiss
albino (SA) outbred mice (n = 10 male, 9 female) and Foxn1nu/Foxn1+ athymic nude mice
(n = 10 male, 10 female) purchased from Envigo (Indianapolis, IN, USA). All animals were
acclimated to the vivarium and maintained under cleanroom conditions in sterile filter-top
cages with Alpha-Dri bedding housed on high-efficiency particulate-filtered air-ventilated
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racks at 25 ◦C, 55–65% relative humidity, and 12 h light/dark cycle for a week before
experiments. The mice had free access to drinking water and pelleted rodent chow (No.
7012, Harlan/Teklad, Madison, WI, USA).

2.3. Ethics Statement

All animal experiments were approved by the Institutional Animal Care and Use
Committee, University of Louisiana at Monroe, protocol number 17OCT-KES-01, and were
handled in strict accordance with good animal practice as defined by the NIH guidelines.

2.4. Ex Vivo Fecal Fermentation

To simulate the gut environment, all in vitro/ex vivo experimental procedures were
carried out under controlled anaerobic fermentation conditions, including optimal growth
media, air-gas levels, pH, and temperature, in a sterilized culture model [26,27]. Fresh
feces samples collected within 30–60 min of defecation of 9–10 mice/group were mixed
and pooled in one sample for each group. Groups were representative of the following:
male nude mice, female nude mice, male SA mice, female SA mice. Feces samples were
collected under aseptic conditions (inside sterile mouse cages and a laminar flow hood).
Each group’s pooled fecal sample was suspended directly in an appropriate sterile growth
medium, Brain Heart Infusion Broth (BHI, B9500, Teknova, Hollister, CA, USA), prepared
according to the manufacturer’s instructions, or in a maintenance medium, normal saline
(0.9% sodium chloride), to preserve the viability of microorganisms. Fecal suspension (2.5%
w/v per tube) was vortexed for 5 min at room temperature to create fecal slurries, breaking
all individual fecal pellets’ shells. Fecal slurry stocks were then divided into fermentation
tubes. Each 1 mL of fecal slurry (containing 250 mg of feces) was constituted to a volume
of 10 mL with the chosen medium, to which 10 mg of OC was added. Sterile deionized
water alone was added to the vehicle control sample. To attain anaerobic conditions, all
fermented samples were cultured in tightly sealed GENbag anaerobic bags (No. 45534,
BioMerieux, Durham, NC, USA, which reached less than 0.1% oxygen level in 1.5 h per
manufacturer specifications), in which two CO2 generators were added. The bags were
then incubated at 37.7 ◦C for different durations: 0.1, 1.5, 3.5, and 4.5 h.

2.5. Fermentation Samples Preparation

Once OC fermentation was continued to each specified time-point, samples were
centrifuged, decanted, and the aqueous layer containing the OC outputs subjected to solid-
phase extraction by passing the decanted solution over a syringe column water-packed with
5 g Sorbtech Sp70 entrapment resin, which was shown to have robust entrapment affinity
for EVOO phenolic outputs [25,28], enabling the elimination of the main non-phenolic fecal
constituents. The Sp70 resin column was washed with 5 mL of deionized water, and the
residuals were then eluted with 15 mL of acetone. The acetone eluate rich in OC-phenolic
conversion products was collected, freeze-dried, and stored under N2 gas at −80 ◦C until
analysis. Each residual fecal sediment pellet was then washed with normal saline (NS) and
stored frozen at −80 ◦C for subsequent bacterial DNA extraction.

2.6. DNA Extraction of Fermented Fecal Samples

DNA extraction from treated and untreated fecal samples was carried out manually using
the Ultrapure Microbial DNA Isolation Kit (12224-250, MO BIO, Jackson, MS, USA), following
the manufacturer’s protocol but with minor modifications [29]. Briefly, 300 mg of each fecal
sample was resuspended in its respective culture media and subjected to centrifugation at
15,000 RPM for 2 min. The supernatant was then decanted. The pellets were parsed into
two portions, and each was resuspended in 300 µL of Micro Bead Solution with the addition
of 50 µL MD1 solution. To increase the extraction yield and decrease DNA shearing, the
Micro Bead vials were tightly secured and heated at 70 ◦C for 10 min with vortexing for a few
seconds every 2 min. The suspension was then centrifuged, and approximately 600 µL of the
supernatant was transferred to a collection tube. Purification of DNA from the fecal samples
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by non-DNA precipitation was conducted by adding 250 µL of MD2 solution to the main
tube, which was then vortexed and incubated at 4 ◦C for 5 min. The solution was centrifuged,
and the supernatant was mixed with a highly concentrated salt solution (MD3 solution). DNA
was selectively trapped in a spin filter (silica membrane) by centrifugation at 15,000 RPM for
1 min, with 3X washing by EtOH for further DNA purification. Finally, 150 µL of elution
buffer (Tris buffer; pH = 8) was added to release the DNA from the membrane, and the
resulting eluates were stored at −80 ◦C until further analysis. A NanoDrop™ Microvolume
UV-Vis Spectrophotometer (Thermo Scientific, Memphis, TN, USA) was used to quantify
the extracted DNA samples for quality assurance before submission to the shallow shotgun
analysis. In addition, DNA was qualitatively evaluated via gel electrophoresis, and quantified
with the use of a Qubit 3.0 fluorometer (Thermo-Fischer, Waltham, MA, USA). Libraries were
prepared using an Illumina Nextera library preparation kit using standard protocol (Illumina,
San Diego, CA, USA).

2.7. Taxonomy Profiling by Shotgun-Based Next-Generation Sequencing

A NextSeq 500 Sequencing System was utilized to sequence both ends of a frag-
ment and to create high-quality paired-end sequencing (150 bp × 2) in medium output
mode. Shotgun metagenomic sequence reads were processed by the extensible Sunbeam
pipeline. The quality of the raw sequence data was assessed by FastQC version 0.11.5
software [30]. The procedure was carried out in four steps: adapter removal, read trimming,
low-complexity-reads removal, and host-sequence removals. Because only the genes of the
microbial community were targeted, high-quality reads were mapped to two NCBI taxo-
nomic annotation databases in accord with the fecal sourcing: the human genome (Genome
Reference Consortium Human Build 37 (GRCh37) and the mouse genome (Genome Refer-
ence Consortium Mouse Build 38 patch release 6 (GRCm38.p6). Reads that mapped to these
were removed from the analysis. After these quality control steps, the median number
of quality-filtered reads per sample was 3,040,870. The reads were taxonomically aligned
using the Kraken2 algorithm with the MiniKraken v1 database.

For shotgun functional profiling, high-quality reads were aligned after filtration
against the SEED database (hierarchical functional tree) via translated homology search, and
annotated to SEED subsystems classification (functional levels) 1 and 3 using Super-Focus
5 as the fastest agile functional analysis tool [31].

2.8. Diversity and Differential Abundance Analysis

Focusing on bacterial species-level analysis, alpha diversity was calculated based
on taxonomic profiles using Shannon’s diversity index. Samples were distributed by
H-statistic of the Kruskal–Wallis test (Chi-squared). Statistical analysis of beta diversity
was performed by using Bray–Curtis dissimilarities, and samples were visualized using
nonmetric multidimensional scaling (NMDS).

Negative binomial models (DESEq2 R package) were used for differential abundance
testing of taxonomic and subsystem level 3 features. We looked for changes caused by OC
treatments versus vehicle control after controlling for all sample variables, including mouse
species and sex. p-values were calculated, with standard tests for comparison of control
groups and likelihood-ratio test (LRT) for treatment evaluation. We then identified for
further scrutiny the ten topmost significant taxa (based on the p-values = 0.1) that increased
and decreased with OC treatment.

2.9. Correlation of the OC-Affected GM with the Human Microbiota

The effects of the OC addition on the distribution of microorganisms following incuba-
tion to various time points (as listed above) were analyzed for a subset of organisms identi-
fied in the human microbiome project (https://www.hmpdacc.org/hmp/HMASM/, ac-
cessed on 15 May 2021). The 690 samples that passed quality control were compared against
the same classification database (MiniKraken, https://ccb.jhu.edu/software/kraken/, ac-
cessed on 15 May 2021). We compared the identities of the OC-affected microorganisms to

https://www.hmpdacc.org/hmp/HMASM/
https://ccb.jhu.edu/software/kraken/
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their proposed distributions in the human body (organs/target human body sites), includ-
ing gingival plaque, buccal mucosa, saliva, tongue dorsum, palatine tonsils, throat, and
stool. Thus, prevalence (presence/absence) as well as mean abundances were calculated
for the taxa with stratification by body location. We calculated the Spearman correla-
tion for the 20 selected taxa in the HMP database using z-score normalized abundances
(https://hmpdacc.org/, accessed on 15 May 2021).

3. Results
3.1. Ex Vivo Fecal Fermentation Model for Identification of GM Metabolites

Various potential confounding factors can be discerned with respect to ideally studying
the transactional interplay of xenobiotics with GM [24]. However, the studies we report
herein demonstrated that fecal fermentation medium, time, and mouse type (species,
subspecies, strain, colony) and gender are the most critical factors to be optimized (cf.
Figure 2). BHI medium was adopted with the aims of maintaining GM integrity and
viability, and proved to be a suitable and possibly ideal fermentation growth medium
under anaerobic conditions (but vide supra).

3.2. Optimization of OC-GM Interactive Model

To devise and develop a model aimed at assuring maximal OC-GM interplay, pooled
fresh mouse GM fecal samples were incubated with various concentrations of OC under
optimized conditions. Fresh fecal samples were collected separately from mice of each
gender of athymic nude and Swiss albino (SA) mice, with varied microbiome backgrounds
(based on post hoc analysis), to optimize all factors that could contribute to OC-GM
interaction. As noted in the Methods section above, fecal samples were used to generate
an ex vivo fermentation model in BHI broth inside the GENbag, mimicking the anaerobic
intestinal fermentation conditions to maintain the GM integrity and viability. Sterilized
fecal samples, produced by autoclaving for 30 min at 121 ◦C and 15 psi, served as negative
culture controls. OC was added to the fecal slurry inside a selected GENbag at either of
two time points, 10 min before and 1.5 h after the oxygen level reached <0.1% per the
manufacturer specifications. Media extract contained OC and/or its conversion products
(from biotransformation or degradation, or a combination thereof), along with other fecal
and fermentation media components. To clean the extract for analysis, wet-packed SP70
resin adsorbent beads were used to selectively entrap OC and conversion products. We
tracked the depletion of OC by monitoring its characteristic aldehyde proton signals (H-1
and H-3) at δ 9.22 and 9.64, respectively, using 1H NMR analysis in CDCl3. This method
indicated that 3.3 mM of OC could be completely depleted and/or metabolized by mouse
fecal GM within 10 min to 3.5 h, depending on the fermentation media and mouse type.

The ex vivo model successfully resulted in complete OC depletion after 10 min in BHI,
yet some limitations became apparent that mandated modifications. In the BHI medium,
OC depletion accelerated over the fermentation time-course due to proliferation of the
fecal microbiota. Thus, isotonic saline (pH 5.5–6.5, sterile prior to addition to fecal samples)
was used instead of BHI to maintain the appropriate viability environment yet control
the undesired rapid GM growth. Thus, NS served as a viable alternative for BHI media.
Unlike in BHI broth, fermentation from 10 min (zero point) to 3 h was not sufficient for GM
to completely deplete OC (Figure 3A). However, by 3.5 h after reconstitution in NS, the
H-1 and H-3 aldehyde signals of OC were both completely absent in the NMR readout,
with a concomitant strong reduction in background signals from fecal debris. Moreover,
1H NMR-guided monitoring of the OC transformation pattern in NS was significantly
less complicated than that observed in the BHI (Figure 3B). All groups of fecal samples
from mice of both nude and SA species, and of both genders for each species, were able
to completely deplete OC by the 3.5 h time-point, with similar major 1H NMR profile
changes. These results suggested that in common GM speciation across all groups drove
OC metabolic depletion (Figure 3C,D).

https://hmpdacc.org/
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In prior studies, it was seen that OC reacted spontaneously with amino acids, no-
tably glycine, resulting in a cyclic Schiff’s base tetrahydropyridinium adduct (dubbed
(±)-oleoglycine), which subsequently transformed to tyrosol acetate (Scheme 1) [8]. In our
studies, OC incubation with fecal matter also resulted in the formation of (±)-oleoglycine
and tyrosol acetate, the latter of which was then hydrolytically biotransformed by GM
to tyrosol (Scheme 1). A plausible mechanism for spontaneous transformation of (±)-
oleoglycine to tyrosol acetate, involving C−C bond cleavage, is through initial loss of a
proton from the (±)-oleoglycine C-8 methyl, followed by subsequent carbinolamine-to-
imine dehydration (loss of C-2 secondary hydroxyl); neighboring-group-assisted proton
abstraction from C-3 to achieve energetically favorable full aromatization of the dihydropy-
ridine ring could then occur with concomitant C-4-C-9 carbon-carbon cleavage to produce
tyrosol acetate (Scheme 1).
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at either of the two-time points, before and after the fermentation bag reached the optimal O2 level 
of <0.1% in 1.5 h, occurred. BHI accelerated OC-GM interaction in <10 min, resulting in a limited 
time frame for OC conversion products identification. (B) Fermentation time optimization for opti-
mal OC conversion in NS. Ten milligrams of OC per 250 mg of fresh feces were incubated in NS 
under progressive anaerobic conditions at 0.17, 1.5, 3.5, 4.5 h. The end point for GM to completely 
deplete OC in NS was 3.5 h, the ideal time point for maximal OC conversion products. The top row 
control represents the fermentation mixture without OC; Red frame: 1H NMR signal changes for the 
characteristic OC functional groups over the fermentation experiments; (C) identification of OC 
main biotransformation changes in male Swiss albino and nude mice (varied species background). 
An 1H NMR spectrum of collected fermentation mixture of 10 mg of OC per 250 mg of fresh feces 
in normal saline under anaerobic conditions was performed for 3.5 h. Feces were collected from 
nude mice (immunosuppressed, n = 10) and Swiss albino (immunocompetent, n = 9). No significant 
differences were observed between these two samples. (D) Comparison of 1H NMR spectra of OC 
conversion experiments for both nude (n = 10) and Swiss albino (n = 9) mice genders. No significant 
qualitative variations were observed between mouse species and gender (10 mg of OC/250 mg of 
fresh feces in normal saline under anaerobic conditions for 3.5 h).  
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Figure 3. 1H NMR (400 MHz, in CDCl3)-guided monitoring of OC depletion based on tracking of
the OC C-1 aldehyde proton at δ 9.22 and C-3 aldehyde proton at δ 9.63. Optimization variables
included anaerobic fermentation media and time, and mouse species and gender. (A) Fermentation
media optimization. Fermentation of 10 mg OC per 250 mg fresh feces by using BHI broth versus
NS to maintain the GM growth under anaerobic condition inside the GENbag with an OC addition
at either of the two-time points, before and after the fermentation bag reached the optimal O2

level of <0.1% in 1.5 h, occurred. BHI accelerated OC-GM interaction in <10 min, resulting in a
limited time frame for OC conversion products identification. (B) Fermentation time optimization for
optimal OC conversion in NS. Ten milligrams of OC per 250 mg of fresh feces were incubated in NS
under progressive anaerobic conditions at 0.17, 1.5, 3.5, 4.5 h. The end point for GM to completely
deplete OC in NS was 3.5 h, the ideal time point for maximal OC conversion products. The top row
control represents the fermentation mixture without OC; Red frame: 1H NMR signal changes for the
characteristic OC functional groups over the fermentation experiments; (C) identification of OC main
biotransformation changes in male Swiss albino and nude mice (varied species background). An 1H
NMR spectrum of collected fermentation mixture of 10 mg of OC per 250 mg of fresh feces in normal
saline under anaerobic conditions was performed for 3.5 h. Feces were collected from nude mice
(immunosuppressed, n = 10) and Swiss albino (immunocompetent, n = 9). No significant differences
were observed between these two samples. (D) Comparison of 1H NMR spectra of OC conversion
experiments for both nude (n = 10) and Swiss albino (n = 9) mice genders. No significant qualitative
variations were observed between mouse species and gender (10 mg of OC/250 mg of fresh feces in
normal saline under anaerobic conditions for 3.5 h).
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Scheme 1. Overview of OC spontaneous interactions and metabolic transformation by GM. Scheme 1. Overview of OC spontaneous interactions and metabolic transformation by GM.

3.3. Microbial Taxonomy Profiling Using Shallow Shotgun Metagenomic Sequencing

To profile the fecal GM taxonomy, we used NS as a maintenance medium after control-
ling for mouse species and sex variants. Shotgun sequences were taxonomically classified
using the Kraken2 algorithm with a pre-built MiniKraken v1 database focused on the fecal
microbiome. Among the bacterial kingdom, Bacteroidetes, Firmicutes, and Proteobacteria
dominated more than 99% of the phyla distribution in all samples (Figure 4A,B). Although
no alteration occurred in microbiome diversity, a slight change in the phylum richness
resulted in the reduction of Firmicutes abundancy, which was likely attributed to enrich-
ment of the Bacteroidetes and Proteobacteria within the OC-treated groups compared to
the control (Figure 4B). Further, changes were also seen in the classes represented within
each phylum (Figure 4C,D); for example, in the Firmicutes phyla, Bacilli and Clostridia
classes traded abundancies within OC-treated samples (Figure 4C), the former increasing
and the latter decreasing.

3.4. Absolute Microbial Abundances by qPCR

Study of the microbiome community modulation by OC between mouse type and gen-
der under the same fermentation variables can offer better understanding of the biological
health outcomes of the OC-microbiota interplay. In this study, mouse types with different
microbiome backgrounds (nude and SA), genders (male and female), and growth media
(BHI broth and NS) were the main factors investigated of ex vivo fecal samples under OC
treatment. A molecular-level detailing and quantification method (qPCR) has been used to
characterize total microbial abundancies in evaluating the use of different growth media in
association with OC treatment (Figure 5A).

Perhaps most strikingly at the bacterial species-level, differences in taxonomical rich-
ness became more evident and pronounced in OC-treated versus control-treated samples
among different mouse types. The five topmost-abundant species included Muribaculum
intestinale, Lactobacillus reuteri, Lactobacillus murinus, Lactobacillus johnsonii, and Bacteroides
caecimuris (Figure 5B).

As expected, BHI broth provided better conditions for faster microbiome growth
compared to NS. Meanwhile, OC-treated samples maintained in NS had dramatically
reduced absolute microbiota abundance in both mouse types and genders (Figure 5).
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Figure 4. Comparison of the metagenomic profiles of taxonomic composition using shotgun sequenc-
ing of the GM. Individual vertical bars represent different samples of OC versus control in BHI and
NS medium. (A) Composition at microbiota kingdom level; (B) composition at the bacterial phyla
level; (C) bacterial classes profile for the highly prominent Firmicutes phylum; (D) bacterial classes
profile for the highly prominent Proteobacteria phylum. N: nude mice; SA: Swiss albino mice.
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Figure 5. Comparison of metagenomic GM distribution data for OC versus both BHI and NS
fermentation media controls in male (M) and female (F) nude (N) and Swiss albino (SA) mice.
(A) Quantification of the changes in metagenomic read counts in assessing absolute abundance
by qPCR determinations of the number of genome DNA equivalents per sample. (B) Gut bacteria
global composition changes in the ten topmost abundant bacterial species. (C) Comparison of the
phylogenetic (alpha)-diversity variations of OC-treated versus vehicle control-treated fecal samples
based on taxonomic profiles using Shannon’s diversity index with Kruskal–Wallis chi-squared test.
(D) Comparison of the GM beta-diversity from taxonomic profiles at the species-level using Bray–
Curtis dissimilarities and samples visualized using non-metric multidimensional scaling (NMDS).

3.5. Microbial Diversities and Variation Analysis

The effect of OC on GM taxonomy at the species level was characterized by using
alpha and beta diversities for binning all of the genome data obtained from the shotgun
metagenomics protocol (Figure 5). The Shannon Diversity Index was used to assess both
observed richness and dominance or evenness of certain bacterial species abundances.
Indicators of alpha diversity per the Shannon Index of the GM in NS were compared to those
in BHI both for mouse species and gender. No significant differences among these groups
were observed upon OC treatment within the same variables, based on Kruskal–Wallis
chi-squared = 14.963, df = 1, p = 0.0001 (Figure 5C). To measure the similarity/variation
of microbial communities across different groups, beta diversity was compared using
Bray–Curtis dissimilarities, visualized with a non-metric multidimensional scaling (NMDS)
schema (Figure 5D). Based on an NMDS1 viewpoint, fecal samples obtained from nude mice
were significantly separated from SA without any discernible effect of gender difference.
Meanwhile, Bray—Curtis clustering of the fecal samples at the NMDS2 level showed slight
clusters separation between OC treatment and vehicle control, when controlled for the other
pertinent factors. Further, findings were corroborated with Permutational Multivariate
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Analysis Variation (PERMANOVA) to estimate the effect of ex vivo fermentation factors on
the GM taxonomic profile. Although no significant effects of OC exposure on the taxonomic
profile at the bacterial phyla and class levels were identified after controlling for mouse
species and sex differences, a narrow range of differences could be discerned at the bacterial
species level that were clearly dominated by diversities, per the PERMANOVA analysis.
We deemed these variations as prospectively key to meaningfully categorizing the bacterial
species affected and unaffected by OC treatment.

3.6. Analysis of Differential Abundance and Functions of OC-Affected GM

We hypothesized that the overlap of the minor variations among all samples within
the established ex vivo fermentation model would aid in the preliminary knowledge and
understanding of OC-affected GM changes in humans. To profile the topmost bacteria af-
fected by OC within different mouse type and treatment groups, negative binomial models
(DESEq2 R package) generalized from linear models were constructed to provide a picture
of differential abundance by taxonomic profile (Figure 6A). Fifty-six bacterial species were
seen to be suppressed, for 50 of which taxa the calculated p-value ≤ 0.1. OC increased the
abundance of 28 bacterial species, 18 of which taxa had p-values ≤ 0.1 upon controlling
for mouse species and gender within the NS media samples. The p-values were calculated
with Wald tests for control groups, and with LRT tests for treatment groups, based on
which the following species identified as the most abundant bacteria in the fecal samples
markedly altered by OC treatment (Figure 6B): p-value ≤ 0.1, Muribaculum intestinale:
base mean = 8607; log two-fold change = −1.83 (downregulated; p-value = 4.98 × 10−7;
Bacteroides caecimuris: base mean = 6880; log two-fold change = −1.58 (downregulated);
p-value = 0.000165; Candidatus Arthromitus sp. SFB-mouse-NL: base mean = 482; log two-
fold change = +1.78 (upregulated); p-value = 1.01 × 10−5; Monoglobus pectinilyticus: base
mean = 71; log two-fold change = +0.64 (upregulated); p-value = 0.085. The most-affected
GM species by OC treatment were: Barnesiella viscericola: base mean = 368; log two-fold
change = −1.75 (downregulated); p-value = 4.07 × 10−13; Proteiniphilum saccharofermen-
tans: base mean = 76; log two-fold change = −1.94 (downregulated); p-value = 1.03 ×
10−12; Pasteurella multocida: base mean = 61; log two-fold change = +1.94 (upregulated);
p-value = 1.75 × 10−11.

To identify specific biological functions that are characteristically affected by OC
treatment, we applied negative binomial models (DESEq2 R package) to calculate the
Differential Abundance Analysis distribution of genomic functions at the SEED subsystem
level 3 (Figure 6C).

We observed the downregulation of more than 23 general functions and the upregu-
lation of four general functions in response to OC treatments after controlling for mouse
species and gender (NS samples only). The biological functions seen to be most affected by
OC treatments were: conjugative transposon, Bacteroidales (base mean = 2204; downregu-
lated; p-value = 4.88 × 10−13), propionyl-CoA to succinyl-CoA module (base mean = 291;
downregulated; p-value = 4.09 × 10−18), hydrogenases (base mean = 347; upregulated;
p-value = 0.011), and large ribosomal subunit (LSU) eukaryotic and archaeal functions
(base mean = 10; upregulated; p-value = 0.003) (Figure 6C). These p-values were calculated
with Wald tests for control groups and LRT testing for treatments comparisons.
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Figure 6. Differential abundance testing of bacterial taxonomy. (A) The ten topmost upregulated 
and downregulated taxa by OC treatments identified by differential abundance analysis using neg-
ative binomial models (DESEq2 R package) within the shotgun data after controlling for mouse 
species and sex differences. The analysis was obtained for NS media samples only; p-value cutoff = 
0.1. (B) The linear models of operational taxonomic units, obtained using the DESEq2 R package, 
profiling the topmost OC-affected taxa at the species level as compared to the pertinent control in 
NS medium. Bacteria downregulated by OC treatments are displayed in red, while upregulated 
bacteria are displayed in green. (C) Differential abundance testing of subsystem level 3 functions. 
The most-regulated plausible physiological functions for GM species affected by OC were identified 
by differential abundance analysis using negative binomial models (DESEq2 R package) within the 
shotgun data, after controlling for mouse species and sex differences. The analysis was obtained for 
NS media only. p-Value cutoff = 0.05. 

We observed the downregulation of more than 23 general functions and the upregu-
lation of four general functions in response to OC treatments after controlling for mouse 
species and gender (NS samples only). The biological functions seen to be most affected 
by OC treatments were: conjugative transposon, Bacteroidales (base mean = 2204; down-
regulated; p-value = 4.88 × 10−13), propionyl-CoA to succinyl-CoA module (base mean = 
291; downregulated; p-value = 4.09 × 10−18), hydrogenases (base mean = 347; upregulated; 
p-value = 0.011), and large ribosomal subunit (LSU) eukaryotic and archaeal functions 
(base mean = 10; upregulated; p-value = 0.003) (Figure 6C). These p-values were calculated 
with Wald tests for control groups and LRT testing for treatments comparisons.  

3.7. Association of the OC-Affected Bacteria with the Human Body 
As already noted, gained knowledge and better understanding of the modulatory 

effects of OC on GM can prospectively help to inform of the positive health effects of OC 
in humans in ways that might guide its optimal nutraceutical use. However, some micro-
bial species or cocktails existing in different animal species do not present in humans. 
Thus, metagenomic data comparisons may serve as a valid tool towards translating ani-
mal data to human applications. A subset of the topmost organisms seen to be altered by 

Figure 6. Differential abundance testing of bacterial taxonomy. (A) The ten topmost upregulated and
downregulated taxa by OC treatments identified by differential abundance analysis using negative
binomial models (DESEq2 R package) within the shotgun data after controlling for mouse species
and sex differences. The analysis was obtained for NS media samples only; p-value cutoff = 0.1.
(B) The linear models of operational taxonomic units, obtained using the DESEq2 R package, pro-
filing the topmost OC-affected taxa at the species level as compared to the pertinent control in
NS medium. Bacteria downregulated by OC treatments are displayed in red, while upregulated
bacteria are displayed in green. (C) Differential abundance testing of subsystem level 3 functions.
The most-regulated plausible physiological functions for GM species affected by OC were identified
by differential abundance analysis using negative binomial models (DESEq2 R package) within the
shotgun data, after controlling for mouse species and sex differences. The analysis was obtained for
NS media only. p-Value cutoff = 0.05.

3.7. Association of the OC-Affected Bacteria with the Human Body

As already noted, gained knowledge and better understanding of the modulatory effects
of OC on GM can prospectively help to inform of the positive health effects of OC in humans
in ways that might guide its optimal nutraceutical use. However, some microbial species or
cocktails existing in different animal species do not present in humans. Thus, metagenomic
data comparisons may serve as a valid tool towards translating animal data to human applica-
tions. A subset of the topmost organisms seen to be altered by OC in our experiments were
thus compared with the human microbiome project knowledge base, drawing on 690 human
samples collected from different human body sites to see if we can find same bacteria in
humans or not (https://www.hmpdacc.org/hmp/HMASM/#data, accessed on 15 May 2021).
To wit, we analyzed the prevalence (presence/absence) as well as mean abundances of the
top ten taxa classifications, identified based on significant p-values ≤ 0.1 (vide supra), seen
to be upregulated or downregulated by OC treatment (Figure 7A and Tables S1 and S2). Bac-
terial species were stratified according to known or predicted locational prevalence within
the human body, including: gingival plaque, buccal mucosa, saliva, tongue dorsum, palatine
tonsils, throat, and stool. Samples with a low replication count in the used pool were discarded.

https://www.hmpdacc.org/hmp/HMASM/#data
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Based on the heatmap ordination, all the downregulated detected species (reduced in their
growth) are known to be distributed broadly in the targeted healthy human sites, with more
than 96.1–99% prevalence, and 69.9–99.2% average abundance, in contrast to the constrained
set of upregulated species, with 68.5–97.4% prevalence but only 0.2–30.1% average abundance.
Each human physiological site is reported (per the database) to be predominantly occupied
by a single species, or a particular cocktail of bacterial taxa, setting it apart from other sites.
For example, Tannerella sp. HOT-286 was predominant in the gingival plaque, buccal mucosa,
and saliva samples (average abundance 48.5, 29.2, and 19.6%, respectively); Prevotella denti-
cola was abundant in tongue dorsum, palatine tonsils, and throat (average abundance 36.6,
45.3, and 45%, respectively); while Parabacteroides sp. CT06 was more common in stool (57%
average abundance).

To understand the correlation network for the bacterial species most impacted by OC
treatment, we used the Spearman’s rank correlation coefficient for the discrepant taxonomy,
carried out with the R software suite (see Methods) using z-score normalized abundances
from the HMP database (Figure 7B). Correlations with an absolute value greater than 0.9 are
labeled with black dots (Figure 7B). The correlation matrix clearly revealed variations in
the abundance of OC-impacted bacteria by comparison to the natural abundance within
five normal taxa in the HMP dataset (Table S2).
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at various anatomical locations, as per the Human Microbiome Project (HMP) database. (A) Distri-
bution of GM bacteria species most-affected by OC treatment (our experiments) in different human 
body locations, using a tool for comparison to HMP data. Prevalence (presence/absence) as well as 
mean abundances were calculated for the taxa with stratification by body location. Our data were 
compared against data from the HMP, which contains 690 samples collected from different human 
body sites and that passed quality control, each sample consisting of many varieties of bacteria. The 
analysis was obtained for the bacterial species most significantly impacted by OC in our experi-
ments (p-value ≤ 0.1, vide supra). (B) Comparison by Spearman's correlation for the OC-affected 
bacteria to the five taxa in the HMP database selected using z-score normalized abundances to val-
idate similarities. Correlation coefficients with an absolute value > 0.9 are labeled with a black dot.  
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GM of mice through use of an ex vivo fermentation model. OC is a unique bioactive mono-
phenolic, dialdehydic secoiridoid occurring naturally in EVOO, with well-documented 
multiple beneficial activities, and as such, is a prospective high-value nutraceutical, but one 
warranting further understanding given the relatively narrow therapeutic index observed 
in animal studies, and presumably intended long-term use. The likely great significance of 
OC-GM interplay largely remains to be explored. Here, our ex vivo fermentation model, in 
conjunction with shallow shotgun metagenomic sequencing, characterized the most af-
fected GM species in response to OC treatment as well as their distribution in the human 
body, with predictions of plausible impact on human biological functions.  

Treating the fecal slurry with a test xenobiotic such as OC required accurate analyti-
cal method monitoring of biotransformation changes over at least two time points past 
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To achieve a successful and valid ex vivo fermentation study, once accurate identifi-
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Figure 7. Correlation of the distribution of OC-affected mouse GM species and known human levels at
various anatomical locations, as per the Human Microbiome Project (HMP) database. (A) Distribution
of GM bacteria species most-affected by OC treatment (our experiments) in different human body
locations, using a tool for comparison to HMP data. Prevalence (presence/absence) as well as
mean abundances were calculated for the taxa with stratification by body location. Our data were
compared against data from the HMP, which contains 690 samples collected from different human
body sites and that passed quality control, each sample consisting of many varieties of bacteria. The
analysis was obtained for the bacterial species most significantly impacted by OC in our experiments
(p-value ≤ 0.1, vide supra). (B) Comparison by Spearman’s correlation for the OC-affected bacteria
to the five taxa in the HMP database selected using z-score normalized abundances to validate
similarities. Correlation coefficients with an absolute value > 0.9 are labeled with a black dot.

4. Discussion

The studies we report herein explored the modulatory interactions of OC on and
with GM of mice through use of an ex vivo fermentation model. OC is a unique bioac-
tive monophenolic, dialdehydic secoiridoid occurring naturally in EVOO, with well-
documented multiple beneficial activities, and as such, is a prospective high-value nutraceu-
tical, but one warranting further understanding given the relatively narrow therapeutic
index observed in animal studies, and presumably intended long-term use. The likely great
significance of OC-GM interplay largely remains to be explored. Here, our ex vivo fermen-
tation model, in conjunction with shallow shotgun metagenomic sequencing, characterized
the most affected GM species in response to OC treatment as well as their distribution in
the human body, with predictions of plausible impact on human biological functions.

Treating the fecal slurry with a test xenobiotic such as OC required accurate analytical
method monitoring of biotransformation changes over at least two time points past the
initial time point.

To achieve a successful and valid ex vivo fermentation study, once accurate identi-
fication of the xenobiotic metabolites with appropriate analytical method is established,
time-course monitoring should record the metabolism plateau and/or complete depletion
of the substrate xenobiotic. After identification of important metabolites or conversion
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products, there should be diversified fecal samples from different mice species with differ-
ent GM communities tested, and optimal fermentation times set. Feces from each gender
of mice from species-of-interest can then be compared for possible contribution of sex
variation. Finally, genomic sequencing of GM species should enable identification of pos-
sible impacts of the xenobiotic under evaluation on GM makeup. Appreciation of the
prospective significances of such changes have been rapidly increasing in recent years.

Fecal fermentation media and time were comprehensively optimized, and applied
for studies of mouse type and gender, iteratively. Under anaerobic conditions, NS proved
to be an optimal medium for conserving enough GM viability and variability to enable
study of OC modulatory effects, whereas BHI medium caused uncontrolled and aggressive
GM proliferation, imposing prohibitive and confounding complexities on the studies. A
low-interference alternative to BHI as fermentation medium was clearly needed, given
that we found detection of altered biotransformation patterns to be severely hindered by
inseparable interferences from the complex array of BHI constituents.

The OC aldehydic peaks at δ 9.22 (H-1) and δ 9.63 (H-3) served for tracking the
complete depletion of OC in the NS medium over a time course between 0.17–4.5 h in nude
and SA mice of both genders. Discernible initial pattern changes commenced after 10 min,
while intact OC aldehydic peaked, despite declining by time, traced for over 1.5 h. As
already noted, rapid OC depletion was expected due to the high reactivity intrinsic to the
OC aldehydes. At 3.5 and 4.5 h of incubation, OC key aldehydic proton signals were absent,
with a subsequent increase in the (±)-oleoglycine proton signals [8], followed by proton
signals consistent with tyrosol acetate, which further hydrolyzed to tyrosol (Scheme 1).
Although both species of mice examined here have different GM background, due in
substantial measure to the immunodeficiency of the nude mice species/strain, we even so
observed essentially the same pattern of OC modification in both mouse species and each
of their genders. These results indicate that fecal solutions may be rich in glycine, which
initiates the spontaneous conversion of OC to oleoglycine and subsequently to tyrosol
acetate. It is likely that shared common GM bacterial species in all groups can comparably
transform tyrosol acetate to tyrosol under these fermentation conditions. Accordingly,
after 3.5 h of fermentation, OC was almost completely depleted, converted mainly by
reaction with available glycine in the media to oleoglycine (cf. Scheme 1) [8]. However, this
fate was not the sole one observed; several other conversion intermediates and products
were concomitantly produced, varying somewhat by different fermentation batch. The
lack of certain definitive confirmatory spectral and experimental evidence precluded the
unambiguous structure elucidation of these products as of this time. Interestingly, though,
incubation of OC in germ-free (sterilized) feces under the same fermentation conditions
failed to demonstrate the same pattern of conversion products, and these results were
a strong indicator of the prominent fecal ingredients-microbial contributions to the OC
transformations in the ex vivo experiments, and by logical extension, presumably also in
the animal and human gut.

Diet and its bioactive natural constituents play critical roles in maintaining and modu-
lating GM homeostasis [32,33]. Our studies reported herein begin to shed some prospec-
tively important light on the influence of OC consumption on the GM community, and
likely, conversely (that is, based on these results, the GM makeup may play significant roles
in the efficacy and safety of OC consumption regimes in a given individual). To better un-
derstand the effects of OC and this interplay, we used qPCR and shallow shotgun analysis
to characterize and detail the aggregate microbial biomass and makeup (speciation). Our
results confirm the validity of NS as a valid medium for maintaining viable core speciation
of the GM community in the ex vivo fecal samples while averting the excessive growth
seen with BHI, a test medium in prevalent use. Moreover, once validated, using the simpler
NS as the incubation medium successfully led to the identification of key microorganisms
altered by OC. Furthermore, we observed higher relative GM diversity in all OC-treated
and non-treated groups in NS comparable to those observed for the BHI (the prevalent
standard GM growth medium), providing powerful evidence for the ability of NS to main-
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tain viable GM after challenging with OC treatments. These results are also promising
because, as noted above, use of NS is also expected to considerably facilitate our further
work on identifying OC gut transformation routes and products, and the physiological and
health significances thereof.

In the OC treatment studies, although the amount of GM population decreased by 2×
after several hours of treatment, no significant changes in the diversity of the major core
bacterial phyla or species were seen. Additionally, only slight disparities in GM diversity
were in seen for fecal samples collected from mice of each gender. The comparison of minor
differences between various mouse species and genders by alpha and beta diversities and
PERMNOVA analyses demonstrated the robustness of the ex vivo fermentation approach
taken in this study to identify the gut bacteria most affected by OC treatment. The shallow
shotgun data identified the OC-affected organisms by overlapping all tiny shifts at the
bacterial species levels between the control and OC-treated samples in NS.

As already noted, differential abundance analysis with a negative binomial distribution
model revealed more than 50 bacterial species notably suppressed by OC in all samples, and
28 bacterial species markedly increased. The abundance of Bacteroidia, specially Bacteroides
caecimuris, has reportedly been observed in the GM of severe type-2 diabetes patients,
causing clear dysfunction in attributable metabolic pathways [34]. B. caecimuris has been
identified as one of the major bacterial species notably abundant in the gut of non-alcoholic
fatty liver disease (NAFLD) patients, in whom direct or indirect associations were also
seen between gut levels of this bacterium and various inflammation and pro-inflammatory
markers [35]. Intriguingly, this species was among the most-suppressed in the OC-treated
groups of mice in our studies, suggesting that one primary benefit of OC consumption
could be the restoration of a healthy GM profile.

Another beneficial gut bacterium with known associations to human health seen to be
modulated by OC in our studies is Monoglobus pectinilyticus, a member of the Ruminococ-
caceae family [36]. This anaerobic bacterium is abundant in the human colon mucosa, and is
known for its unique capability of pectin fermentation using its own pectate/pectin lyases
and pectin esterases that cleave specific pectin glycosidic linkages. M. pectinilyticus offers a
major polysaccharide source for humans, whereas pectins are otherwise indigestible by
human enzymes [36,37].

On the other hand, and even though Prevotella species have been beneficially linked
with the breakdown of the polysaccharides in healthy GM, some studies have correlated
pronounced Prevotella species levels with diabetes, obesity and skin infections [38]. In
our studies, three purportedly harmless strains of Prevotella (denticola, ruminicola, and
dentalis) were seen to be suppressed by OC treatment. Notably and importantly, OC
reduced the level of Prevotella denticola, which could be of prospective therapeutic value
in cases of life-threatening human infections with P. denticola resistant to penicillins and
metronidazole [39].

Collectively, the relative proportion of potentially beneficial bacterial species was
increased, in ways predicted to induce remarkable changes in 27 biological functions
(p-value ≤ 0.5). Bacterial fragment analyses identified Bacteroidales conjugative transposon
as the topmost function anticipated to be suppressed by OC treatments. However, OC
treatment enhanced the opportunistic phylum Bacteroidetes. Bacteroidales conjugative trans-
poson is an integrative and conjugative (self-transmissible) element that encodes the gene
products necessary for conjugative transfer of antibiotic resistance genes [40]. Evidently, the
conjugative transposon plays a major role in spreading antibiotic resistance genes among
pathogenic Bacteroidetes species through the silencing of T6SS loci and preventing dimeriza-
tion in the host cells, wherein drug-resistant bacterial species conjugative transposons rely
on [41,42]. Thus, suppression of the Bacteroidales conjugative transposon element by OC
treatments may be fundamental in reducing antibiotic resistance gene transfer and preva-
lence among Gram-positive and Gram-negative anaerobes. Furthermore, OC presence
in the incubated fecal samples dramatically increased species predicted to participate in
hydrogen (H2) metabolism through upregulation of their innate hydrogenases. Hydroge-
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nases are widely known metalloenzymes that in general catalyze the oxidation of molecular
hydrogen to create protons [43]. In fact, hydrogenases catalyze the reversible oxidation of
dissolved free diatomic hydrogen as energy source for bacterial proliferation [44–46].

We can readily anticipate that OC-induced changes in the taxonomy and functions of
GM would affect the identities and patterns of OC conversion products (vide supra). We
thus plan for future work focused on decisive and more-detailed characterization of OC
gut biotransformation and conversion, and the impacts of GM changes thereupon. One of
the major challenges facing the study of GM is variability, as well as disparities between
the composition of human and animal GM that might also influence use of the results of
OC animal studies, perhaps strongly, and especially when oral or intraperitoneal dosing
is involved [47]. Hence, we carried out the metagenomics data generation and analyses,
seeking to connect changes in the abundancies profile of the OC-affected bacteria in mouse
fecal samples to those known to be prevalent in multiple sites of the gastrointestinal tract
and elsewhere in the human body, and to predict (at this stage) possible OC-microbiota
interplay therein, and prospective impacts thereof. Our comparisons for the topmost GM
species upregulated and downregulated by OC with the shotgun microbiome profile of the
human microbiome project (HMP) database under normal environmental conditions reveal
that the majority of downregulated bacteria are widely distributed in customary human
body sites, whereas the species upregulated by OC in our fecal fermentation studies exhibit
a much more limited distribution across human body sites (Figure 7 and Tables S1 and S2).
Results demonstrated that there are significant prospective impacts based on the observed
correlation network between the GM species impacted by OC treatment and their natural
abundance in the human body, especially correlations pertaining to bacteria known to be
extant with relatively high abundance in humans [48–50].

One of the central major challenges for OC on the road for FDA approval as a drug
entity is the need to define its fate following oral administration in humans, and, as it
has become increasingly understood and appreciated, the interplay of OC with gut GM,
given many of the known beneficial effects may accrue to direct or indirect effects of OC
on the GM or the broader human microbiome (and in elevated doses or circumstances
of aberrant GM physiological states, this may also be true with respect to possible safety
issues). Thus, developing a novel ex vivo fecal fermentation model, notably the validation
of an incubation medium of lesser complexity or confounding complications (NS) for
studying the OC-GM, offers an exemplary approach that can potentially be extended to
investigations of other bioactive natural products and xenobiotics.

5. Conclusions

Our studies provide for a novel and valid ex vivo GM fermentation model, in this case
for studying OC, based on iterative optimization of fermentation medium and incubation
time, studied in the context of mouse type and gender. Further, the generated results
have provided detailed profiling of OC impacts on the GM, also paving the way for
future needed and important studies. The shallow shotgun metagenomic sequences of
mouse fecal samples, once subjected to further sophisticated analyses, could be used to
predict the plausible distribution of affected bacteria within the normal (or pathologically
disturbed) human body microbiome, also providing an initial assessment of limitations
based on degree of similarity of the human microbiome to GM from two substantially
disparate mouse species, with gender as a further consideration. OC modulated the growth
of some GM species under anaerobic fermentation conditions that mimic the human
gut environment. Furthermore, OC modulated the levels of numerous bacterial species
known to critically affect various biological functions pertinent to human host health. GM
modulation by OC promises beneficial impacts on human biosystems. Our studies also
provide additional endorsement for OC as a potential health-promoting nutraceutical with
great promise. However, further knowledge and understanding are needed to maximally
capture these benefits, and to do so safely.
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19. Piwowarski, J.P.; Granica, S.; Stefańska, J.; Kiss, A.K. Differences in metabolism of ellagitannins by human gut microbiota ex vivo
cultures. J. Nat. Prod. 2016, 79, 3022–3030. [CrossRef]

20. Vollmer, M.; Esders, S.; Farquharson, F.M.; Neugart, S.; Duncan, S.H.; Schreiner, M.; Louis, P.; Maul, R.; Rohn, S. Mutual interaction
of phenolic compounds and microbiota: Metabolism of complex phenolic apigenin-C- and kaempferol-O-derivatives by human
fecal samples. J. Agric. Food Chem. 2018, 66, 485–497. [CrossRef]

21. Weersma, R.K.; Zhernakova, A.; Fu, J. Interaction between drugs and the gut microbiome. Gut 2020, 69, 1510–1519. [CrossRef]
22. Zhang, J.; Zhang, J.; Wang, R. Gut microbiota modulates drug pharmacokinetics. Drug Metab. Rev. 2018, 50, 357–368. [CrossRef]
23. Rowland, I.; Gibson, G.; Heinken, A.; Scott, K.; Swann, J.; Thiele, I.; Tuohy, K. Gut microbiota functions: Metabolism of nutrients

and other food components. Eur. J. Nutr. 2018, 57, 1–24. [CrossRef]
24. Nissen, L.; Casciano, F.; Gianotti, A. Intestinal fermentation in vitro models to study food-induced gut microbiota shift: An

updated review. FEMS Microbiol. Lett. 2020, 367, fnaa097. [CrossRef]
25. Siddique, A.B.; Ebrahim, H.; Mohyeldin, M.; Qusa, M.; Batarseh, Y.; Fayyad, A.; Tajmim, A.; Nazzal, S.; Kaddoumi, A.; El Sayed,

K. Novel liquid-liquid extraction and self-emulsion methods for simplified isolation of extra-virgin olive oil phenolics with
emphasis on (−)-oleocanthal and its oral anti-breast cancer activity. PLoS ONE 2019, 14, e0214798. [CrossRef]

26. Pearce, S.C.; Coia, H.G.; Karl, J.P.; Pantoja-Feliciano, I.G.; Zachos, N.C.; Racicot, K. Intestinal in vitro and ex vivo models to study
host-microbiome interactions and acute stressors. Front. Physiol. 2018, 9, 1584. [CrossRef]

27. Tang, L. In vitro intestine model for gut microbiome. Nat. Methods 2019, 16, 578. [CrossRef] [PubMed]
28. Qusa, M.H.; Siddique, A.B.; Nazzal, S.; El Sayed, K.A. Novel olive oil phenolic (−)-oleocanthal (+)-xylitol-based solid dispersion

formulations with potent oral anti-breast cancer activities. Int. J. Pharm. 2019, 569, 118596. [CrossRef] [PubMed]
29. Knüpfer, M.; Braun, P.; Baumann, K.; Rehn, A.; Antwerpen, M.; Grass, G.; Wölfel, A.R. Evaluation of a highly efficient DNA

extraction method for Bacillus anthracis endospores. Microorganisms 2020, 8, 763. [CrossRef] [PubMed]
30. Clarke, E.L.; Taylor, L.J.; Zhao, C.; Connell, A.; Lee, J.J.; Fett, B.; Bushman, F.D.; Bittinger, K. Sunbeam: An extensible pipeline for

analyzing metagenomic sequencing experiments. Microbiome 2019, 7, 46. [CrossRef] [PubMed]
31. Silva, G.G.; Green, K.T.; Dutilh, B.E.; Edwards, R.A. SUPER-FOCUS: A tool for agile functional analysis of shotgun metagenomic

data. Bioinformatics 2016, 32, 354–361. [CrossRef]
32. Kolodziejczyk, A.A.; Zheng, D.; Elinav, E. Diet-microbiota interactions and personalized nutrition. Nat. Rev. Microbiol. 2019, 17,

742–753. [CrossRef]
33. Leeming, E.R.; Louca, P.; Gibson, R.; Menni, C.; Spector, T.D.; Le Roy, C.I. The complexities of the diet-microbiome relationship:

Advances and perspectives. Genome Med. 2021, 13, 10. [CrossRef]
34. Debédat, J.; Le Roy, T.; Voland, L.; Belda, E.; Alili, R.; Adriouch, S.; Bel Lassen, P.; Kasahara, K.; Hutchison, E.; Genser, L.; et al.

The human gut microbiota contributes to type-2 diabetes non-resolution 5-years after Roux-en-Y gastric bypass. Gut Microbes
2022, 14, 2050635. [CrossRef]

35. Pan, Y.; Zhang, X. Diet and gut microbiome in fatty liver and its associated liver cancer. J. Gastroenterol. Hepatol. 2022, 37, 7–14.
[CrossRef] [PubMed]

36. Kim, C.C.; Kelly, W.J.; Patchett, M.L.; Tannock, G.W.; Jordens, Z.; Stoklosinski, H.M.; Taylor, J.W.; Sims, I.M.; Bell, T.J.; Rosendale,
D.I. Monoglobus pectinilyticus gen. nov., sp. nov., a pectinolytic bacterium isolated from human feces. Int. J. Syst. Evol. Microbiol.
2017, 67, 4992–4998. [CrossRef] [PubMed]

37. Kim, C.C.; Healey, G.R.; Kelly, W.J.; Patchett, M.L.; Jordens, Z.; Tannock, G.W.; Sims, I.M.; Bell, T.J.; Hedderley, D.; Henrissat, B.;
et al. Genomic insights from Monoglobus pectinilyticus: A pectin-degrading specialist bacterium in the human colon. ISME J. 2019,
13, 1437–1456. [CrossRef] [PubMed]

38. Precup, G.; Vodnar, D.C. Gut Prevotella as a possible biomarker of diet and its eubiotic versus dysbiotic roles: A comprehensive
literature review. Br. J. Nutr. 2019, 122, 131–140. [CrossRef]

http://doi.org/10.1016/j.jnutbio.2021.108751
http://www.ncbi.nlm.nih.gov/pubmed/33915261
http://doi.org/10.1016/j.foodchem.2022.132187
http://www.ncbi.nlm.nih.gov/pubmed/35086016
http://doi.org/10.3390/nu11010032
http://www.ncbi.nlm.nih.gov/pubmed/30583613
http://doi.org/10.3390/nu12020314
http://doi.org/10.1093/ilar/ilv018
http://doi.org/10.3389/fnut.2019.00188
http://doi.org/10.1124/dmd.118.081026
http://www.ncbi.nlm.nih.gov/pubmed/30158249
http://doi.org/10.1021/acs.jnatprod.6b00602
http://doi.org/10.1021/acs.jafc.7b04842
http://doi.org/10.1136/gutjnl-2019-320204
http://doi.org/10.1080/03602532.2018.1497647
http://doi.org/10.1007/s00394-017-1445-8
http://doi.org/10.1093/femsle/fnaa097
http://doi.org/10.1371/journal.pone.0214798
http://doi.org/10.3389/fphys.2018.01584
http://doi.org/10.1038/s41592-019-0489-5
http://www.ncbi.nlm.nih.gov/pubmed/31249420
http://doi.org/10.1016/j.ijpharm.2019.118596
http://www.ncbi.nlm.nih.gov/pubmed/31394181
http://doi.org/10.3390/microorganisms8050763
http://www.ncbi.nlm.nih.gov/pubmed/32443768
http://doi.org/10.1186/s40168-019-0658-x
http://www.ncbi.nlm.nih.gov/pubmed/30902113
http://doi.org/10.1093/bioinformatics/btv584
http://doi.org/10.1038/s41579-019-0256-8
http://doi.org/10.1186/s13073-020-00813-7
http://doi.org/10.1080/19490976.2022.2050635
http://doi.org/10.1111/jgh.15713
http://www.ncbi.nlm.nih.gov/pubmed/34664301
http://doi.org/10.1099/ijsem.0.002395
http://www.ncbi.nlm.nih.gov/pubmed/29039307
http://doi.org/10.1038/s41396-019-0363-6
http://www.ncbi.nlm.nih.gov/pubmed/30728469
http://doi.org/10.1017/S0007114519000680


Nutrients 2023, 15, 618 23 of 23

39. Vanden Eede, H.; Norris, E.; Torfs, M.; Vanderveken, O. Life threatening abscess in the visceral space with penicillin and
metronidazole resistant Prevotella Denticola following use of a laryngeal mask airway: Case report. BMC Anesthesiol. 2021, 21,
102. [CrossRef]

40. Coyne, M.J.; Zitomersky, N.L.; McGuire, A.M.; Earl, A.M.; Comstock, L.E. Evidence of extensive DNA transfer between
bacteroidales species within the human gut. mBio 2014, 5, e01305-14. [CrossRef] [PubMed]

41. Wesslund, N.A.; Wang, G.R.; Song, B.; Shoemaker, N.B.; Salyers, A.A. Integration and excision of a newly discovered bacteroides
conjugative transposon, CTnBST. J. Bacteriol. 2007, 189, 1072–1082. [CrossRef]

42. García-Bayona, L.; Coyne, M.J.; Comstock, L.E. Mobile Type VI secretion system loci of the gut Bacteroidales display extensive
intra-ecosystem transfer, multi-species spread and geographical clustering. PLoS Genet. 2021, 17, e1009541. [CrossRef]

43. Wolf, P.G.; Biswas, A.; Morales, S.E.; Greening, C.; Gaskins, H.R. H2 metabolism is widespread and diverse among human colonic
microbes. Gut Microbes 2016, 7, 235–245. [CrossRef] [PubMed]

44. Smith, N.W.; Shorten, P.R.; Altermann, E.H.; Roy, N.C.; McNabb, W.C. Hydrogen cross-feeders of the human gastrointestinal tract.
Gut Microbes 2019, 10, 270–288. [CrossRef] [PubMed]

45. Greening, C.; Biswas, A.; Carere, C.R.; Jackson, C.J.; Taylor, M.C.; Stott, M.B.; Cook, G.M.; Morales, S.E. Genomic and metagenomic
surveys of hydrogenase distribution indicate H2 is a widely utilized energy source for microbial growth and survival. ISME J.
2016, 10, 761–777. [CrossRef]

46. Rajakovich, L.J.; Balskus, E.P. Metabolic functions of the human gut microbiota: The role of metalloenzymes. Nat. Prod. Rep. 2019,
36, 593–625. [CrossRef] [PubMed]

47. Nagpal, R.; Wang, S.; Solberg Woods, L.C.; Seshie, O.; Chung, S.T.; Shively, C.A.; Register, T.C.; Craft, S.; McClain, D.A.; Yadav, H.
Comparative microbiome signatures and short-chain fatty acids in mouse, rat, non-human primate, and human feces. Front.
Microbiol. 2018, 9, 2897. [CrossRef] [PubMed]

48. Daniel, N.; Lécuyer, E.; Chassaing, B. Host/microbiota interactions in health and diseases-Time for mucosal microbiology!
Mucosal Immunol. 2021, 14, 1006–1016. [CrossRef]

49. Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492–506.
[CrossRef]

50. Ogunrinola, G.A.; Oyewale, J.O.; Oshamika, O.O.; Olasehinde, G.I. The human microbiome and its impacts on health. Int. J.
Microbiol. 2020, 2020, 8045646. [CrossRef]

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

http://doi.org/10.1186/s12871-021-01322-9
http://doi.org/10.1128/mBio.01305-14
http://www.ncbi.nlm.nih.gov/pubmed/24939888
http://doi.org/10.1128/JB.01064-06
http://doi.org/10.1371/journal.pgen.1009541
http://doi.org/10.1080/19490976.2016.1182288
http://www.ncbi.nlm.nih.gov/pubmed/27123663
http://doi.org/10.1080/19490976.2018.1546522
http://www.ncbi.nlm.nih.gov/pubmed/30563420
http://doi.org/10.1038/ismej.2015.153
http://doi.org/10.1039/C8NP00074C
http://www.ncbi.nlm.nih.gov/pubmed/30452039
http://doi.org/10.3389/fmicb.2018.02897
http://www.ncbi.nlm.nih.gov/pubmed/30555441
http://doi.org/10.1038/s41385-021-00383-w
http://doi.org/10.1038/s41422-020-0332-7
http://doi.org/10.1155/2020/8045646

	Introduction 
	Materials and Methods 
	Oleocanthal Extraction and Purification Process 
	Housing, Diets, and Animal Model’s Experimental Setup 
	Ethics Statement 
	Ex Vivo Fecal Fermentation 
	Fermentation Samples Preparation 
	DNA Extraction of Fermented Fecal Samples 
	Taxonomy Profiling by Shotgun-Based Next-Generation Sequencing 
	Diversity and Differential Abundance Analysis 
	Correlation of the OC-Affected GM with the Human Microbiota 

	Results 
	Ex Vivo Fecal Fermentation Model for Identification of GM Metabolites 
	Optimization of OC-GM Interactive Model 
	Microbial Taxonomy Profiling Using Shallow Shotgun Metagenomic Sequencing 
	Absolute Microbial Abundances by qPCR 
	Microbial Diversities and Variation Analysis 
	Analysis of Differential Abundance and Functions of OC-Affected GM 
	Association of the OC-Affected Bacteria with the Human Body 

	Discussion 
	Conclusions 
	References

