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A B S T R A C T

The main objective of this work was to evaluate the effect that several plant extracts (currently sold as functional
ingredients) have on gut microbiota community structure and functionality. Plant extracts were submitted to an in
vitro digestion and fecal fermentation. Overall, plant extracts showed a marked inhibitory activity when compared
to basal conditions. However, they also favored the growth of some bacteria such as Coprococcus and Butyr-
icimonas, two butyrate producers. Especially interesting was tea extract which inhibited the growth of the genus
Escherichia/Shigella, known to involve species related with gastrointestinal disorders. Additionally, tea extract
increased the growth of Faecalibacterium, a known butyrate producer. Regarding short chain fatty acids pro-
duction, while plant extracts reduced acetate production, butyrate was increased for most samples, especially tea
extract. Propionate production was less affected in comparison with basal conditions. Fermentation by gut
microbiota also modified the antioxidant capacity (assessed via DPPH, FRAP and Folin-Ciocalteu methods).
1. Introduction

Herbal extracts have been used since ancient times, specially repre-
sented by the traditional Chinese medicine, to promote general health
but also to fight specific diseases or conditions (Huang et al., 2019). Later
on, in the present days, herbal extracts have, again, gain the favor of the
general population in their search of ‘natural’ remedies to current con-
ditions (Shen et al., 2013). Since herbs used in traditional medicine have
provided many active compounds for modern medicine (Huang et al.,
2019; Pastoriza et al., 2017a; P�erez-Burillo et al., 2018a), a large number
of research projects have focused on the potential use of these herbs to
fight modern diseases or just to improve the general health state. Some
studies have investigated the antioxidant capacity of plant extracts such
as Securigera Securidaca (Alizadeh-Fanalou et al., 2020), Rosmarinus
officinalis (Cheung and Tai, 2007), Ginkgo biloba (Singh et al., 2019)
among others (Fragopoulou et al., 2018); other studies have focused on
their effects against diabetes (Alizadeh-Fanalou et al., 2020; Huang et al.,
2019), anti-proliferative effects (Cheung and Tai, 2007), platalet func-
tionality (Gavriil et al., 2019), irritable bowel syndrome (Ko et al., 2011),
gain of bone mineral density and height in children (Lee et al., 2005),
hypertension (Micucci et al., 2016), metabolic syndrome (Villiger et al.,
2015) or as neuroprotectors (Singh et al., 2019). However, to the best of
nares).
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our knowledge, very little research has been done to investigate their
effects or influence on gut microbiota composition and/or functionality.
We only found a research in relation to IBD in which an herbal formula
(composed of 13 herbs) used in traditional Asian medicine in combina-
tion with a probiotic product (with 7 different probiotic bacteria) were
tested (Ko et al., 2011).

There is currently an intense focus on gut microbiota due to its role on
human health (Flint et al., 2015). Accordingly, the gut microbiota was
pointed out as a major player in intestinal inflammatory disorders
(Malinen et al., 2010), obesity (Ley et al., 2005), autism spectrum dis-
orders (Strati et al., 2017) and immune system disorders (Salazar et al.,
2009), among others. In addition, gut microbial functionality is just as
important, if not more, than its composition since the resulting metab-
olites will have a great influence on the host health. Short chain fatty
acids harbor special interest having demonstrated positive effects on
different fronts: inhibition of pathogenic bacteria (Ríos-Covi�an et al.,
2016), gut barrier integrity (Ríos-Covi�an et al., 2016) or a protective
role in diet-induced obesity (Lin et al., 2012) and colorectal cancer
by reducing inflammation and stimulating apoptosis (Donohoe et al.,
2014).

Therefore, the main goal of this paper was to evaluate the influence of
several herbal extracts on gut microbial community structure and
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functionality, after subjecting such extracts to an in vitro gastrointestinal
digestion followed by an in vitro fermentation with human feces. As
complementary analysis, antioxidant capacity released by the fermen-
tation of such herbs was also measured.

2. Materials and methods

2.1. Reagents

2.1.1. Antioxidant experiments
2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), iron (III) chloride hexahy-

drate, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), Trolox ((�)-6-Hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid), Folin-Ciocalteu re-
agent, calcium carbonate, gallic acid, and methanol. All reagents were
obtained from Sigma-Aldrich (Germany).

2.1.2. In vitro digestion and fermentation
Potassium di-hydrogen phosphate, potassium chloride, magnesium

chloride hexahydrate, sodium chloride, calcium chloride dihydrate, so-
dium mono-hydrogen carbonate, ammonium carbonate, hydrochloric
acid, salivary alpha-amylase, pepsin from porcine, and bile extract from
porcine (bile acids). For the in vitro fermentation, sodium di-hydrogen
phosphate, sodium sulfide, tryptone, cysteine, and resazurin. All these
reagents were obtained from Sigma-Aldrich (Germany).

2.1.3. SCFA identification
Standards of acetic acid, propionic acid, and butyric acid were also

obtained from Sigma-Aldrich (Germany).
Table 1. Sample composition information.

Plant Part of the plant

Olive Leaves

Olive and apple (pomolive) Leaves and fruit

Olive Leaves

Bearberry Leaves

Fennel Fruit

Cranberry Fruit

Oregano Leaves

Ginger Root

Apple Fruit

Cinnamon Bark

Olive and Vine (antioxidant complex) Leaves and Fruit

Rosemary Leaves

Pomegranate Fruit

Salvia Leaves

Rosemary Leaves

Lemon verbena Leaves

Salvia Leaves

Grape Fruit, peel

Eucalyptus Leaves

Eucalyptus Leaves

Grape Seeds

Olive (Allolive) fruit

Chamomile Flowers

Pomegranate Fruit

Grape Fruit, peel

Artichoke leaves

Coffee Green fruits

Olive leaves

Tea leaves

Olive leaves
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2.2. Samples

Herbal extracts were provided by Natac (Madrid, Spain). Samples
comprise several plant extracts currently used as functional ingredients. Plant
extracts were obtained from the corresponding part of the plant, which were
freeze-dried, ground to powder and extracted with a mix of water:ethanol
(50:50 v/v). Table 1 describes the plant andwhich part of itwas used for each
extract. Several extractswere addedwith specific phytochemicals (as they are
commercially sold) at different concentrations (w/w) specified in Table 1.

2.3. In vitro gastrointestinal digestion and in vitro fermentation

In vitro gastrointestinal digestion was performed as in P�erez-Burillo
et al. (2018b). Briefly, 5mL of oral phase with alpha amylase (150 U/mL)
were mixed with 5 g of plant extract and kept at 37 �C for 2 min. Af-
terwards, 10 mL of gastric phase with pepsin (4000 U/mL) were added to
the mix, the pH adjusted to 3 and kept at 37 �C for 2 h. Finally, 20 mL of
intestinal phase with pancreatin (26.74 mg/mL) and bile acids (20 mM)
were added to the mix (final volume 40 mL), the pH adjusted to 7 and
kept at 37 �C for 2 h. Enzyme activity was stopped by immersion in ice.
The tubes were centrifuged at 4500 rpm for 10 min and the supernatant
(absorbable fraction at the small intestine) separated from the solid
residue (not absorbed in the small intestine, reaching the large intestine).
The latter fraction was used for the gut microbiota in vitro fermentation.

In vitro fermentation was performed as in P�erez-Burillo et al. (2018b).
Fecal material was obtained from volunteers not suffering from any
illness or disorder and without any antibiotic prescription. Additionally,
feces were taken from people with a body mass index (BMI) within the
normal range (18,5–24,9). Fecal material was collected the morning of
the experiment and recover in sterile containers which were kept at 4 �C
Phytochemical added (w/w)

50% Oleanolic acid

20% Oleuropein; 10% Oleanolic acid; 3% Maslinic Acid; 3% Hydroxytyrosol

15% Diterpens

40% Punicalagins

15% Pentaciclic triterpenoids

6% Rosmarinic acid

15% Ursolic acid

10% polyphenols

10% ursolic acid

95% Anthocyanidins

40% Ellagic acid

5% Resveratrol

40% oleuropein

pentaciclic triterpenoids
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until use. The fecal inoculum was composed of fecal material and phos-
phate buffer (0.1M, pH 7) at 32% (w/v). Fermentation medium was
composed of peptone (15 g/L), cysteine (0.312 mg/L) and sodium sulfide
(0.312 mg/L), adjusted to pH 7. Five hundred mg of digestion solid
residue were placed into a screw cap 50 mL tube and mixed with 7.5 mL
of fermentation medium and 2 mL of fecal inoculum. Nitrogen was
bubbled for 2 min to obtain an anaerobic atmosphere. Tubes were then
kept at 37 �C for 20 h under oscillation. Microbial activity was halted by
immersion in ice and tubes were centrifuged at 4500 rpm for 10 min.
Aliquots were taken and stored at -80 �C until analysis.
2.4. Antioxidant assays

2.4.1. TEACFRAP assay
The ability of each sample to reduce Fe3þ ions was interrogated

following the procedure described by Benzie and Strain (1996). 280 μL of
FRAP reagent were mixed in a 96-well microplate (Biogen Científica,
Spain) with 20 μL sample (fermentation supernatant). The FRAP reagent
was composed of 2.5 mL of 10 mM TPTZ solution, 2.5 mL of 20 mM
FeCl3. 6H20 and 25 mL of acetate buffer 0.3 M and pH 3.6. Absorbance
(595 nm) readings were monitored for 30 min with a FLUOStar Omega
microplate reader (BMG Labtech, Germany) at 37 �C. Calibration was
based on different Trolox concentrations (0.01–1.00 mg/mL). Results
were expressed as mmol Trolox equivalents per kg of sample.

2.4.2. TEACDPPH assay
DPPH was performed as in Yen & Chen (1995). 20 μL of sample

(fermentation supernatant) were mixed with 280 μLDPPH reagent (7.4
mg/100mL of methanol) in a transparent 96-well polystyrenemicroplate
(Biogen Científica, Spain) plate. Absorbance (517nm) readings (517 nm)
were monitored for 60 min using a FLUOStar Omega microplate reader
(BMG Labtech, Germany) at 37 �C. Calibration was performed with
Trolox (0.01–1.00 mg/mL). Results were expressed as mmol Trolox
equivalents per kg of sample.
Figure 1. Principal Coordinates Analysis (PCoA) with phylogenetic dissimilarity dista
and chamomile; B circles: bearberry, fennel, oregano, ginger, cinnamon, antioxidant c
coffee; C circles: tea. Also depicted Basal conditions.
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2.4.3. Folin-Ciocalteu assay
Although this method is widely used to estimate the amount of total

phenolics in foods, it also expresses antioxidant capacity since it follows a
similar chemistry than FRAP method. We adapted the procedure
described by Singleton and Rossi (1965) to a microplate reader. 30 μL of
sample were mixed in a microplate with 15 μL of Folin-Ciocalteu reagent
and 255 μL of sodium carbonate 2.35%. All tests were run in triplicate.
Absorbance readings were monitored at 725 nm for 60 min at 37 �C in a
FLUOStar Omega microplate reader (BMG Labtech, Germany). Calibra-
tion was performed with Gallic acid (0.01–1.00 mg/mL) and results were
expressed as mg of gallic acid per kg of sample.

2.5. DNA extraction and sequencing

Fecal microbial ecology was assessed by analyzing the 16S rRNA
gene. MagNA Pure 24 platform from Roche was used to extract DNA from
samples. To prepare the 16S rRNA gene Metagenomic Sequencing Li-
brary Preparation (Cod. 15044223 Rev. A), we used DNA at concentra-
tion of 5 ng/μl in 10 mM Tris (pH 8.5). The Illumina protocol was
followed. The PCR primers used to target the 16S rRNA gene V3 and V4
regions were: Forward 50TCGTCGGCAGCGTCAGATGTGTATAA
GAGACAGCCTACGGGNGGCWGCA-G30 and Reverse 50GTCTCGTGGGC
TCGGAGATGTGTATAAGAGACAGGACTA-CHVGGGTATCTAATCC3’.
Primers were compatible with the Illumina Nextera XT Index kit (FC-131-
1096). Amplicons were multiplexed and a Bioanalyzer DNA 1000 was
used to check amplicon size (~550 bp). Finally, an Illumina MiSeq
sequencer was used to sequence the libraries following the manufactur-
er's instructions in a 2� 300 cycles paired-end run (MiSeq Reagent kit v3
MS-102-3001).

2.6. Bioinformatic analysis

Prinseq-lite program was used to assess the quality of the reads with
the following parameters: a minimal length (min_length) of 50 nt and a
nce Unifrac. A circles: olive, pomolive, allolive, cranberry, apple, pomegranade,
omplex, rosmary, salvia, lemon verbena, grape, eucalyptus, artichoke, and green



Figure 2. A: Bacteria stimulated or inhibited by all plant groups (expressed as
percentage with respect to basal conditions). Red bars represent the percentage
of reduction in abundance with respect to basal conditions and green bars
represent the percentage of increase. B: Alpha diversity, as Shannon index, of
each gut microbial community after in vitro fermentation of each plant extract.
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quality score threshold of 30 from the 30-end (trim_qual_right), using a
mean quality score (trim_qual_type) calculated with a sliding window of
10 nucleotides (trim_qual_window). Read 1 and read 2 from Illumina
sequencing where joined using fastq-join from the ea-tools suite. Taxo-
nomic affiliations were assigned using the RDP_classifier (Cole et al.,
2009) from the Ribosomal Database Project (RDP).

2.7. SCFA analysis

SCFA identification and quantification was performed as in Panzella
et al. (2017). The equipment used was an Accela 600 HPLC (Thermo
Scientific) with a quaternary pump, an autosampler and a UV-VIS PDA
detector set at 210 nm. We used 0.1 M phosphate buffer (pH
2.8)/acetonitrile 99:1 v/v with a flow rate of 1.25 mL/min as mobile
phase. An Aquasil C18 reverse phase (Thermo Scientific) (150� 4.6 mm,
5 μm) was used with a run time of 30 min. The samples did not require
any pretreatment before injecting except for centrifugation at 13000 rpm
and further filtration through 0.22 μm nylon filter. One mL of fermen-
tation supernatant was centrifuged and filtered prior injection of 20 μL.
The SCFA standards (acetate, propionate and butyrate) were prepared in
the mobile phase at concentrations ranging from 5 to 10000 ppm. Results
were expressed as mM.

2.8. Statistical analysis

Principal Coordinates Analysis (PCoA) with unifrac distance was
carried out with R software. Statistical significance of the data and dif-
ferences among samples were tested by one-way ANOVA at p < 0.05
significance level. Evaluation of the relationship between bacteria rela-
tive abundance and SCFA concentration was carried out by computing
the Pearson correlation coefficient at p < 0.05. These statistical analyses
were performed using the Statgraphics Plus software (Statpoint Tech-
nologies, Inc., The plains, USA), version 5.1, 2001.

3. Results and discussion

3.1. Gut microbiota community structure and SCFA/functionality is
affected by the different herbal extracts

The different herbal extracts gave rise to distinct microbial commu-
nities, with no apparent similarities depending on the herbal origin or
source. However, we observed through PCoA with phylogenetic dissim-
ilarity distance Unifrac that gut microbial communities could be signif-
icantly grouped in four different groups: A: olive, pomolive, allolive,
cranberry, apple, pomegranate, and chamomile; B: bearberry, fennel,
oregano, ginger, cinnamon, antioxidant complex, rosemary, salvia,
lemon verbena, grape, eucalyptus, artichoke, and green coffee; C: tea;
and Basal conditions (Figure 1). As can be observed, all three groups
modified greatly basal microbial communities.

After comparing relative abundances of the different genera in each
group against the basal conditions, we observed that all samples had a
marked inhibitory effect in many genera. Specifically, 47 genera were
found in lower abundance in group A, 48 in group B and 44 in group C,
whereas 31 were found in lower abundance in all three groups
(Figure 2A). This inhibitory effect was also supported by a lower alpha
diversity (less diverse microbial community) in comparison with basal
conditions (Figure 2B). Such inhibitory effect could be due to some
phytochemicals, such as some polyphenols, present in those herbs acting
as bactericides. For instance, even though some polyphenols such as
ellagitannins, tannins orchlorogenic acids can be metabolized by gut
microbes (Rowland et al., 2018), some others have been described as
possible inhibitors for some genera (Poirier et al., 2016). Accordingly, it
was reported that ferulate and quercetin could affect negatively the
growth of some gut bacterial groups in charge of degrading in rats,
leading to less SCFA produced and more oligosaccharides excreted
(Zhang et al., 2018). However, there were also some genera whose
4

growth was stimulated by those herbs; in group A, 34 different genera
were found in higher abundances than in basal conditions, 33 in group B,
and 36 in group C. Moreover, 6 different genera were found to be stim-
ulated in all three groups (Figure 2A).

After consulting bibliography, we observed that some of these genera
(with similar growth or inhibition compared to basal conditions in the
three groups) are involved in host health. Among them, we found SCFA
producers or genera involved in inflammatory processes, obesity, etc
(Table 2). For instance, as depicted in Figure 2A, while two butyrate
producers (Coprococcus and Butyricimonas) were stimulated by all plant
extracts, other potentially beneficial genera were negatively affected in
all three groups: Bifidobacterium (which is a known probiotic with
reduced abundance in colorectal cancer and type I diabetes (Murri et al.,



Table 2. Beneficial or detrimental effects of bacteria on human health.

Bacteria Health effect References

Akkermansia spp. þ It helps to control diet induced
obesity and associated metabolic disorders

Everard et al. (2013)

Bacteroides þ Polysaccharide degrader Patnode et al. (2019)

Bilophila þ/- More abundant in dysbiosis, diets
with high intake of sugars and fats;
associated with obesity and inflammation.
Reduced abundance in autism spectrum disorders subjects.

Sen et al. (2017)

Enterobacter - member of the ESKAPE pathogens Pendleton et al. (2013)

Escherichia/Shigella - Responsible for gastrointestinal disorder
s such as constipation, diarrheic symptoms.

Verbeke et al. (2014)

Odoribacter þ Butyrate producer; lower abundance was associated
with higher blood pressure in pregnant women and
regulation of blood sugar. .

Gomez-Arango et al. (2016);
Salom€aki-Myftari et al. (2016)

Faecalibacterium spp. þ Produces butyrate, it helps to regulate the immune system
, possible positive effect on Chron's disease

Flint et al. (2015)

Veillonella spp. þ Produces propionate Flint et al. (2015)

Bifidobacterium spp. þ Lower abundance in colorectal cancer and in type I diabetes Murri et al. (2013)

Collinsella spp. þ Lower abundance in irritable bowel syndrome patients with
more severe symptoms

Malinen et al. (2010)

Barnesiella spp. þ Possible prevention/treatment of infections by antibiotic
resistant bacterias

Bilinski et al. (2017)

Blautia spp. þ Related to decreased inflammation in cirrhosis and hepatic
encephalopathy, reduced in colorectal cancer and type I diabetes

Murri et al. (2013)

Fusicatenibacter spp. þ Reduced in ulcerative colitis patients and possible anti-inflammatory function Takeshita et al. (2016)

Roseburia spp. þ Linked to weight loss and reduced glucose intolerance, lower abundance in
ulcerative colitis patients, differential abundance in diabetes type II and healthy people

Ryan et al. (2014)

Anaerostipes spp. þ Produces acetic, lactic and butyric acid Flint et al. (2015); Ríos-Covi�an et al. (2016)

Coprococcus spp. þ Produces acetic and butyric acid, and lower amounts of propionic or formic acid Flint et al. (2015); Ríos-Covi�an et al. (2016)

Butyricimonas spp. þ Produces butyric acid Flint et al. (2015); Ríos-Covi�an et al. (2016)

Intestinimonas spp. þ Produces butyric acid Flint et al. (2015); Ríos-Covi�an et al. (2016)

Butyricicoccus spp. þ Produces butyric acid, reduced in ulcerative colitis patients and patients with inflammatory disease in general Flint et al. (2015); Ríos-Covi�an et al. (2016)

Ruminococcus spp. þ Key role in degradation of resistant starch Ze et al. (2012)

Oscillibacter spp. þ Increased in depression and in high-fat diet Jung et al. (2016)

Parasutterella spp. - Related with Crohn's disease and with dysbiosis in hypertriglyceridemia associated to necrotizing pancreatitis Chiodini et al. (2015)

Figure 3. Heatmap of most abundant genera across plant extracts. Note the log2 scale.
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Figure 4. Stimulation or inhibition activity exerted by each plant group on the different genera (expressed as percentage with respect to basal conditions). Panel A:
plant group A; panel B: plant group B; panel C: plant group C. Red bars represent inhibition and green bars stimulation.

Figure 5. (a): stimulation or inhibition activity exert by each plant group on SCFA producing genera expressed as percentage with respect to basal conditions. Panel
titles A-C refer to plant groups A-C. (b): relative abundance (%) of SCFA producing genera. Labels: ns: not significant, **: p < 0.01, ****: p < 0.001. (c): increase or
decrease of SCFA production with respect to basal conditions. Panel titles A-C refer to plant groups A-C. (d): concentration of SCFA (mM) produced by each group.
Labels: ns: not significant, **: p < 0.01, ****: p < 0.001.

S. P�erez-Burillo et al. Heliyon 6 (2020) e05474
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2013)) or Barnesiella (which according to Bilinski et al. (2017) could
prevent infections by antibiotic-resistant bacteria), among others. The
relative abundances of the different bacteria are represented in Figure 3.

Secondly, by comparing how each group affected basal gut microbial
communities, we could extract some interesting information (Figure 4).
Groups A and B stimulated the growth of Escherichia/Shigella and
Enterobacter, being the first one responsible for gastrointestinal disorders
such as diarrheic symptoms (Verbeke et al., 2014), and the later a
member of the ESKAPE pathogens (Pendleton et al., 2013). However,
group C inhibited the growth of such genera, which could, therefore, lead
to consider tea extract as a potential agent to fight an eventual over-
growth of such enteric bacteria. Parasutterella, which according to
Chiodini et al. (2015) would have a detrimental health effect due to its
relation with Crohn's disease and dysbiosis, is stimulated in groups A and
B, whereas it is inhibited by group C. Oscillibacter, on the other hand,
which is associated with depression and it is increased in high fat diet
(Jung et al., 2016), is stimulated in group A whereas it is inhibited in
groups B and C. Fusicatenibacter, which has been linked to
anti-inflammatory properties (Takeshita et al., 2016), followed the same
trend asOscillibacter. Finally, Collinsella,which has been found reduced in
irritable bowel syndrome patients (Malinen et al., 2010), was stimulated
only by groups A and B.

As stated above, we also found different behaviors in SCFA producing
genera. This is important since a stimulation of SCFA production could
lead to health benefits for the host. For instance, butyrate and propionate
have been related to protection against obesity (Lin et al., 2012), or to
anti-inflammatory effects (Ríos-Covi�an et al., 2016). Accordingly, we
found that two main acetate producers, Bifidobacterium and Bacteroides
(Ríos-Covi�an et al., 2016; Flint et al., 2015), were inhibited by the three
groups of extracts, whereas Collinsella (another acetate producer) was
only stimulated by groups A and B (Figure 4). These results could lead to
consider these two groups of extracts as better option to favor acetate
production. In the case of propionate producers (Flint et al., 2015;
Ríos-Covi�an et al., 2016) Veillonella and Ruminococcus_2 were found in
lower abundances than in basal conditions in all three groups. On the
other hand, Ruminococcus_1 and Blautia were highly stimulated by group
C and very little by group A. Phascolarctobacterium, was, however, stim-
ulated by groups A and B and inhibited by group C whereas Dialister was
only stimulated by group B. Finally, regarding butyrate, Faecalibacterium
and Roseburia, (which are two of the main butyrate producers for human
beings), were only stimulated by group C. On the other hand,
Figure 6. Short chain fatty acids production of each plant extract. Statistical comparis
not significant; *: p < 0.05; **: p < 0.01.
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Coprococcus_1was stimulated by all three groups, but whereas in group C
its abundance increased greatly in comparison with basal conditions, in
groups A and B such increase was almost insignificant. Anaerostipes was
only stimulated by groups A and B.

Focusing on the relative abundance of the different genera (Figure 4),
the most distinguishing information was the inhibition of Escherichia/
Shigella and the high relative abundance of Faecalibacterium and Rose-
buria achieved by green tea (group C).

However, all this information did not translate into a clear pattern
since producers of the same SCFA often behaved differently across
groups. Therefore, with the aim to simplify information and to try and
find a clearer pattern, we also compare the sum of the different SCFA
producers (Figure 5(a)). Overall, acetate producers were stimulated by
groups A and B, whereas group C inhibited their growth. However, the
general stimulation in comparison with basal conditions was small.
Moreover, there were not significant differences (p > 0.05) in the
average relative abundance of acetate producers between groups
(Figure 5(b)). Secondly, propionate producers were usually inhibited
by all groups whereas butyrate producers were stimulated by all
groups, though more prominently by group C. However, the relative
abundance of propionate producers in group A were significantly lower
than that of the other groups. Finally, the mean relative abundance of
butyrate producerswas significantly higher in group C than in groups A
and B.

These results, regarding SCFA production, could lead to several hy-
pothesis; a) compared to basal conditions, acetate production could in-
crease with the intake of groups A and B plant extracts, whereas it would
decrease with tea extract. Propionate production, on the other hand,
should decrease with all the groups and butyrate production should in-
crease, being tea extract the one with higher potential butyrate produc-
tion (Figure 5(b)); b) acetate production should be similar in all three
groups since there is no significant differences between the average
relative abundance of this SCFA producers, whereas propionate pro-
duction should be lower in group A and butyrate production should be
much higher in group C (Figure 5(b)).

In order to answer these questions, we also quantified SCFA pro-
duction (Figures 5(c)–(d)). According to our results, compared to basal
conditions, all three groups decreased acetate production whereas pro-
pionate and butyrate levels increased with the intake of all three groups,
specially butyrate production. These results did not match what we found
ons were made using Basal conditions as reference group. Significance labels: ns:



Figure 7. A: heatmap representing the relative abundance of SCFA producers divided regarding plant extract and added phytochemical. B: heatmap of SCFA con-
centration produced by plant extracts with added phytochemicals.
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with SCFA producing bacteria, which could be related to some other
genera involved in SCFA metabolism not considered in bibliography.

Regarding actual SCFA concentrations, as stated before, acetate pro-
duction did not behave as expected as it was found in much lower con-
centrations in group C than in the other two groups (Figure 5(d)). This
information led us to hypothesize again that should be other bacteria
involved in acetate production which were not considered (or reported)
in bibliography. In relation to propionate production, there were not
significant differences between all three groups, though the average
production of group A tended to be lower than that of the other groups.
Butyrate production, however, resulted as expected, since group C
achieved a much higher production than the other two groups. Focusing
on individual plant extracts, the highest acetate production was achieved
by fennel, whereas regarding propionate it was bearberry, and green tea
in the case of butyrate (Figure 6). These results confirmed that green tea
could be considered as a potential source for increasing butyrate
8

production in the colon, which could also be accompanied by an inhi-
bition of potentially harmful bacteria such as Escherichia/Shigella and
Enterobacter.

Finally, we also performed spearman correlations between the rela-
tive abundance of SCFA producers and SCFA concentration. This could
help to stablish a direct relation (positive or negative) between certain
genera and a specific SCFA. Accordingly, we found statistically signifi-
cant (p < 0.05) correlations between acetate concentration and Bacter-
oides or Collinsella, propionate- Dialister and butyrate- Faecalibacterium.

3.2. Effect of specific phytochemicals on short chain fatty acids production

We investigated whether the addition of specific bioactive com-
pounds to the plant extracts had any influence on SCFA producing bac-
teria and hence, on SCFA production (Figures 7A-B). We observed that
Bifidobacterium was specially inhibited by ellagic acid in pomegranate



Figure 8. Heatmap of the antioxidant capacity (DPPH, FOLIN, FRAP) for each
plant extract.
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extracts. However, it did not translate into a significantly lower amount
of acetate production. Lowest acetate values were observed in vine and
salvia with added ursolic acid extracts. As stated above, this could be due
to other genera involved in acetate production, which were not consid-
ered in bibliography as acetate producers or no changes in their relative
abundance were found.

Butyrate producers were specially stimulated by eucalyptus extract
containing ursolic acid, whereas they were highly inhibited by olive
extract containing oleuropein, and rosemary containing diterpens
(Figures 7A-B). Regarding butyrate production, there was a fitter
9

relationship between producers and butyrate levels compared to acetate.
Eucalyptus containing ursolic acid produced high amounts of butyrate,
though it was not the highest value. On the other hand, rosemary con-
taining diterpens produced indeed one of the lowest amounts of butyrate,
though olive extract enriched with oleanolic acid showed lower amounts.
Vine, with either of the added compounds, gave also some of the lowest
butyrate levels.

In the case of propionate producers, their abundance was generally
low. Blautiawas specially inhibited in eucalyptus containing ursolic acid,
whereas Dialister and Phascolarctobacterium were not favored by olive
extracts containing either oleanolic acid or the mix, and pomegranade
containing ellagic acid (Figures 7A-B). However, the lowest amounts of
propionate were found in olive extracts containing either the mix of
bioactive compounds and in rosemary enriched in rosmarinic acid.

According to these results, we can conclude that in the case of SCFA
production (though it obviously will depend on the presence and abun-
dance of the producing bacteria) is not specially affected by the addition
of specific phytochemicals, since the overall effect of the extract is higher
than that of a single compound. Therefore, it was difficult to correlate
SCFA production to actual abundances of producing bacteria. Different
genera involved in these metabolites production (and not considered
here) could also increase the difficulty of extracting correlations. In fact,
the best relationship was found with butyrate, where producing genera
has been better identified.
3.3. Antioxidant capacity

Dietary phytochemicals are known to possess chemopreventive
properties (Cheung and Tai, 2007) being their antioxidant effects one of
the most studied (Bonanni et al., 2007) and clearly linked to the phenolic
content (Wojdyło et al., 2007) although they can be modified by thermal
processing (Rufi�an-Henares et al., 2006; Pastoriza et al., 2017b). There-
fore, we performed three antioxidant assays to assess the antioxidant
capacity of the herbal extracts investigated after submitting them to an in
vitro gastrointestinal digestion and fermentation. This procedure helped
simulate physiological antioxidants extraction in a closer manner than
regular procedures based on organic solvents (Granato et al., 2018).

In this case, as PCA demonstrated (data not shown), plants could not
be grouped in those three clusters. In fact, samples did not group together
in any way. This could be due to their different nature and composition in
phytochemicals, mainly phenolic compounds, responsible for their
antioxidant capacity. All three antioxidant methodologies showed results
in the same line (Figure 8). Salvia, olive leaf, ginger, fennel, and cham-
omile were the samples with lower antioxidant capacity. On the other
hand, pomolive and cranberry showed the highest values whereas the
rest of the samples showed very similar antioxidant capacity. In general,
the antioxidant capacity of these extracts was much higher than those
reported by our research group (Jim�enez-Zamora et al., 2016) for regular
plant infusions. On one hand this could be related with a higher con-
centration on plant extracts compared to infusions. On the other hand, is
has been previously demonstrated that in vitro digestion and fermenta-
tion increase the antioxidant capacity of foods (P�erez-Burillo et al.,
2018b).

4. Conclusions

The tested plant extracts greatly modified gut microbial basal con-
ditions after in vitro fermentation. Overall, plant extracts had a marked
inhibitory effect, though there were also some genera whose growth was
stimulated. Coprococcus and Butyricimonas (butyrate producing bacteria)
were in general stimulated by all extracts, therefore potentially
increasing the healthy butyrate production. A specially interesting result
was the inhibition showed by tea extracts on Escherichia/Shigella genera,
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known species causing gastrointestinal disorders. Tea extract also
showed an especially high abundance of Faecalibacterium and Roseburia,
which led to a higher butyrate production. This could in turn favor the
host health.
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