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Many compounds in mushrooms are biologically active; however, the in vivo actions of their metabolites are poorly understood. An in vitro system,
GIS1, was used to simulate the fermentation action of microbiota in each colon region. We used MycoPo, a natural product obtained from the lyophi-
lized mycelia of different Pleurotus ostreatus species to determine the biological effects in human-colon regions. Controls (Lentinula edodes mycelia;
dried basidia of Agaricus brunnescens) were chosen to confirm the biological activity of P ostreatus mycelia in vitro. We measured total antioxidant
capacity and ferric ion-reducing antioxidant power (FRAP) in simulated colon regions to identify antioxidant compounds, and undertook in vitro
gastrointestinal simulation and microbiological analyses. The highest FRAP was found for the ascending colon, and the antioxidant effect was higher
when MycoPo was administered. A. brunnescens consumption resulted in low total antioxidant capacity. Polyphenol content was correlated with the an-
tioxidant status and microbial composition of microbiota. Total polyphenolic content was higher after A. brunnescens consumption, and four types
of polyphenols were identified by high-performance liquid chromatography. Major phenolic acids were gentisic acid, homogentisic acid, and small
amounts of caffeic acid. The Enterobacteriaceae species populations varied greatly across the three parts of the colon. We noted a significant (p<0.01)
correlation between antioxidant status in the transverse and descending colon after MycoPo administration, and A. brunnescens consumption with
the number of Lactobacillus and Bifidobacteria species (R*>0.85). These data suggest a direct relationship between favorable bacterial strains and avail-

ability of bioactive compounds, with specificity for each colon region.

INTRODUCTION

The pharmacological and biological activities of mush-
room mycelia are well known [Lindequist et al., 2005]. Im-
munomodulatory properties of such mycelia can be elicited
because of the polyphenolic carboxylic acids, tocopherols,
and polysaccharides contained within them [Jeong er al.,
2013]. Mushroom species release various active compounds
that can be controlled by physical and chemical factors dur-
ing fermentation [Elisashvili, 2012]. Interest in mushrooms
is also derived from the limited use of this natural resource,
especially in “phytomedicine” [Ekor, 2014].

Products obtained from dried sporocarps (multicellular
structures on which spore-producing structures are borne) or
by fermentation are usually employed as supplements due to
their cholesterol reduction, antioxidant, anti-tumor [Lindeq-
uist et al., 2005], immunomodulatory [Wasser, 2014], and an-
timicrobial properties [Elisashvili, 2012]. Pleurotus species
and Lentinula edodes have specific health effects on microbio-
ta because they contain glucans, mannans, and xylans. These
bioactive compounds improve nutrient presence in the colon,
which has a positive effect on the fermentation capacity of mi-
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crobiota [Din et al., 2012]. New compounds (e.g., rosmarinic
acid) have been identified in the extracts of sporocarps of Bo-
letus edulis collected from Romanian forests. However, ros-
marinic acid was not identified after consumption of B. edulis
because digestion alters the structures of certain bioactive
compounds. This phenomenon has been demonstrated us-
ing a unicameral system of gastrointestinal simulation called
“GIS1” (www.gissystems.ro) [Vamanu et al., 2012, 2013].
This in vitro system allows simulation of the fermentation
action of microbiota in each region of the colon based on
retention time and pH. Results have been comparable with
those of complex systems, including dynamic ones such as
the Simulator of Human Intestinal Microbial Ecosystem
(www.prodigest.eu).

Microbial composition varies along the digestive tract.
Also, fermentation processes are different in each part
of the intestine [Conlon & Bird, 2015]. In the upper region
of the colon, synthesis of organic acids occurs, which can
be useful for inhibition of pathogenic strains [Kailasapathy &
Chin, 2000]. In the lower part of the colon, once the sources
of readily fermentable carbon have been exhausted, synthe-
sis of metabolites considered to be toxic (e.g., ammonia, sul-
fur compounds) occurs. This phenomenon is a major cause
of different diseases, of which the most serious is colon cancer
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[Hughes et al., 2000]. Hamer and colleagues stated that re-
duction of synthesis of short-chain fatty acids (especially bu-
tyrate) hampers the capacity to fight oxidative stress [Hamer
et al.,2008]. Thus, the availability of compounds with antioxi-
dant effects gradually freed as a result of the fermentation ac-
tion of microbiota has an important role in lowering the prev-
alence of acute and tumor-related inflammatory processes.
The presence of certain phenolic compounds (especially,
gentisic and homogentisic acids and catechin) was correlated
with the number of lactic acid bacteria strains, in in vitro tests
[Vamanu et al., 2013].

Most studies have focused on the improvement of pro-
duction of metabolites and/or mycelium amount through
fermentation [Lee ef al., 2004] and the value of the final
products [Chen et al., 2012], but in vivo actions are poorly
understood. The absorption capacity of the main biologi-
cally-active compounds is dependent upon the: (i) method
used for preparation of the product; (i) microbial compo-
sition from the gastrointestinal tract [Manach et al., 2004].
In this situation, activation of some molecules is carried out
by microbiota in the gastrointestinal tract. Some of these ac-
tive molecules are inactivated during fermentation processes
by microbial strains or by stress factors from the digestive
tract [van de Heijning et al., 2014]. “MycoPo” is a natural
product obtained from the lyophilized mycelia of different
species of P ostreatus and formulated to test the biological
effects on parts of the human colon. MycoPo is obtained ex-
clusively from the mycelia of Pleurotus species, so does not
include dried sporocarps. Microbiota presence is correlated
directly with gastrointestinal motility, so MycoPo is expect-
ed to improve the action of microbial strains because only
the mycelia of Pleurotus species are used [Choi & Chang,
2015]. The present study is an improvement over previous
works because potential inhibitory compounds from dried
sporocarps were eliminated. The aim of our study was to de-
termine the total antioxidant activity and identify antioxidant
molecules in relation to the number of favorable bacterial
strains in human microbiota by in vitro simulation of the hu-
man gastrointestinal tract using the GIS1 system.

MATERIALS AND METHODS

Materials

Mycelia of three strains of P ostreatus (PQMZ91109,
PBS281009, PSI101109) were isolated from mushrooms from
Baneasa forest (Bucharest, Romania). Mycelia from P, ostrea-
fus M 2191 were obtained from Mycelia BVBA (a mushroom-
-spawn laboratory and spawn-production training center
situated in Nevele, Belgium). Two controls were used: mycelia
from Lentinula edodes FP0213 (obtained from the collection
of the Faculty of Biotechnology, Bucharest) and dried ba-
sidia of Agaricus brunnescens (purchased from a supermarket
in Graz, Austria). Controls were chosen to confirm the bio-
logical activity of P, ostreatus mycelia in vitro.

Mycelia were preserved at —-80°C and revitalized on potato
dextrose agar medium at 4°C. The first inoculum was pre-
pared by growing mushrooms on a rotary shaker (LabTech,
Tampa, FL, USA) at 150 rpm for 5 days at 25°C in 500-mL
Erlenmeyer flasks containing 250 mL of the synthetic medium

(in g/L: glucose, 6.0; malt extract, 100.0; yeast extract, 20.0;
KH,PO,, 1.0; MgSO,x7H,0, 0.5). The medium was adjusted
to a pH of 5.5 with 0.2 mol/L NaOH [Vamanu, 2012].

The second inoculum was prepared in a 500-mL flask
containing 300 mL of the medium after inoculation with 10%
(v/v) of the first-inoculum culture under the conditions de-
scribed above. The fermentation medium (KH,PO,, 0.2%;
CaSO,, 0.5%; MgSO,, 0.05%; Na,HPO,, 0.01%) was inocu-
lated with the second-inoculum culture (10% v/v) and then
cultivated in a 5-L New Brunswick™ BioFlo™ 310 Bioreactor
(Eppendorf, Hamburg, Germany). Fermentations were con-
ducted at 25°C at an aeration rate of 1 vvm, agitation speed
of 150 rpm, pH of 5.5-6, and working volume of 4 L. The in-
oculum culture was transferred to the fermentation medium
and cultivated for further 10 days [Vamanu, 2012].

Mycelia were recovered from the liquid medium by cen-
trifugation at 4000 x g for 15 min at room temperature. Next,
mycelia were washed thrice with distilled water and freeze-
-dried in a freeze-dryer (Alpha 1-2 LD; Martin Christ, Os-
terode am Harz, Germany) in the absence of a cryoprotective
agent. The “MycoPo product” (name chosen by authors to
be relevant to the composition) comprised a freeze-dried bio-
mass of all P, ostreatus species at a ratio of 1:1:1:1 in gastro-
-resistant capsules. Mycelia from L. edodes and dried basidia
of A. brunnescens were crushed with a laboratory knife mill
(Grindomix GM 200; Retsch, Haan, Germany) and processed
under identical conditions. Mycelia of the tested mushrooms
were embedded in enterosoluble capsules, which were filled
with a manual capsule filling machine 00 size.

Determination of total antioxidant capacity in simulated
colon regions

Ferric ion-reducing antioxidant power (FRAP) assay

To 3 mL of FRAP reagent there was added 0.3 mL of ul-
trapure water. Samples (100 L) were taken and 96% ethanol
was added to make a final volume of 3.4 mL. Absorbance at
595 nm was read against a reagent blank at the end of 6 min,
and correlated with the Trolox-equivalent antioxidant capac-
ity of the mycelium [Alpinar et al., 2009; Ozyurek et al., 2012].
The sample consisted of a liquid resulting from in vitro simu-
lation, without microbial cells or other mushroom wastes.
The control was represented by the activity determined before
administration of the food supplement/product (after micro-
biota restoration process).

Total antioxidant activity

The total antioxidant activity of samples was measured us-
ing the 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid,
ABTS) radical cation and expressed as equivalents of ascor-
bic acid (mmol/mL) [Diwan et al., 2012; Vamanu et al., 2013].
The control was represented by the activity determined before
administration of the food supplement/product.

Determination of antioxidant compounds

Total soluble phenolic content was estimated using
the Folin—Ciocalteu method. Total soluble flavonoid content
was estimated by the aluminum chloride colorimetric method
[Premanath er al., 2011; Vamanu et al., 2013].
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Determination of polyphenol carboxylic acids, flavones,
and tocopherols was done by high-performance liquid chro-
matography (HPLC) as described previously [Vamanu et al.,
2013].

In vitro gastrointestinal simulation

Protocol for in vitro digestion

Dried mushrooms (20 g) were mixed with 10 mL of NaCl
(0.9%) and simulated gastric solution (3 mL pepsin (40 mg/mL),
pH 2 adjusted with HCI (0.1 N)). In vitro digestion occurred
within the GIS1 system during phase-1, at physiological tem-
perature (37°C). The mixture was maintained at the specified
pH for =2 h with slow, continuous shaking. For the small-in-
testine phase, the pH was adjusted to 5.4 with Na,CO, (1 mol),
and then 9 mL pancreatin (2 mg/mL) and bile salts (3 mg/mL)
were added to maintain the mixture under the conditions men-
tioned above for 2 h. Finally, parts of digested fungi were stored
for introduction to phase-2 of the colon simulation system
GIS1 [Green et al., 2007; Vamanu et al., 2013].

Simulation of the human colon in vitro

Conditions within the colon were replicated in a single-
-chamber system (GIS1) inoculated with 10% (wt/v) homoge-
nized feces (from a 4-year-old healthy child) in peptone water
with introduction of 1% (wt/v) mushrooms into the digestion
process. After inoculation, GIS1 was left for ~24 h of con-
tinuous fermentation for microbiota stabilization. The sys-
tem was operated for minimum 20 h [Tzortzis et al., 2005].
The GIS1 system has been described previously [Vamanu
etal., 2012, 2013]. In in vitro tests control means the samples
taken after simulation from the restored microbiota without
any treatment.

Microbiological analyses

Analyses were undertaken by serial dilution. Colony num-
ber was determined by an automated colony counter (col-
onyQuant; schuett-biotec, Gottingen Germany) with the cor-
responding software [Mitsuyama & Sata, 2008; Rossi et al.,
2005; Vamanu et al., 2013].

Total number of anaerobes and facultative anaerobes was
determined using anaerobe agar and nutrient agar: MacCon-
key agar for coliforms; azide blood agar base for enterococci;
sulfite polymyxin sulfadiazine agar for clostridia; Rogosa agar
for lactobacilli; bifidus selective medium agar for bifidobac-
teria. Media were purchased from Oxoid (Hampshire, UK)
and Sigma-Aldrich (St. Louis, MO, USA) [Vamanu et al.,
2013].

Relative quantification of bacteria number

Microbial dynamic analyses of beneficial microorgan-
isms (Lactobacillus species and Bifidobacterium species) from
the human colon were carried out by reverse transcription-
-polymerase chain reaction (RT-PCR). Two-milliliters of each
sample taken from the GIS1 system were centrifuged at
1,000x g for 5 min at room temperature and the sediments
were washed thrice with a sterile phosphate buffer. The sedi-
ments were used for DNA extraction with an innuPREP Stool
DNA kit (AJ Innuscreen, Berlin, Germany). DNA concen-

tration was determined using NanoVue™ Plus (GE Health-
care, Chicago, IL, USA), and indicated that the extracts were
pure and sufficiently concentrated for PCR. Before RT-PCR,
primer efficiency was obtained using standard curves at DNA
concentrations of 10 ng to 1 pg in a PCR with primer con-
centrations of 0.1-0.5 umol. Primer efficiency was calculated
using the formula:

Primer efficiency (%) = -1 + 10 (-1/slope)

For gene quantification, a SYBR® Green RT-PCR Master
Mix kit (Applied Biosystems, Foster City, CA, USA) was used
according to manufacturer instructions. For each reaction,
50 ng of DNA and 0.2-0.5 pmol of each primer were intro-
duced. Samples were run using a 7900 real-time PCR system
(Applied Biosystems) and each reaction was done in tripli-
cate. After amplification, results were generated by RQMan-
ager (Applied Biosystems) and interpreted using the 2-44CT
method [Mai et al., 2013; Qin et al., 2003; Wang et al., 2013].

Statistical analyses

The methods chosen were focused on the rigor and on
quality of data interpretation. All parameters for antimi-
crobial and antioxidant activities were assessed in triplicate
and results were expressed as mean + SD. Statistical analyses
were carried out using GraphPad Prism v6.0 (GraphPad, San
Diego, CA, USA). Differences were considered significant at
p<0.05. Correlation between antioxidant levels and bacteria
number were calculated using the EXCEL program from Mi-
crosoft Office 2010 package.

RESULTS

Antioxidant effects of mushroom mycelia

Variations in the antioxidant status in parts of the hu-
man colon are due exclusively to the fermentation processes
of microorganisms in microbiota in the digestive tract [Kol-
evaet al., 2015]. The total antioxidant activity of the formula-
tion based on lyophilized mycelia of P, ostreatus and L. edodes
is shown in Figure 1 (FRAP method) and Figure 2 (ABTS
method). Both assays were conducted and presented simulta-
neously to compare results after mycelia ingestion. For the as-
cending colon, administration of fresh mycelia of L. edodes
generated the maximum FRAP of 17.1+0.12 mmol/mL dry
extract, which was 6.43% higher than that for administra-
tion of lyophilized mycelia of P ostreatus species. In general,
the highest FRAP was for the ascending colon rather than
the transverse colon. Values for the antioxidant effect were
higher upon administration of the lyophilized product My-
coPo, which were 14.11% higher than those for L. edodes
mycelia, and 38.82% higher than those of A. brunnescens.
The maximum FRAP was 17=0.5 mmol, and MycoPo was
the only sample that caused an increase in the FRAP in this
region compared with the baseline control. In the descending
colon, a decrease in the antioxidant effect was observed for
all samples. A significant (p<0.01) decrease of 42.46% was
noted after administration of the fresh mycelia of L. edodes.
Consumption of A. brunnescens had a similar effect, but
the reducing antioxidant power decreased by 23.07%.
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FIGURE 1. Reducing power in the simulated colonic segments. Results
were significantly different at p <0.05.

Determination of the total antioxidant capac-
ity using the ABTS method showed the highest value
of 17.1+0.07 mmol upon administration of L. edodes my-
celia. This value was approximately 8% higher compared
with the value on administration of the lyophilized product
of P ostreatus. The transverse colon was an exception be-
cause MycoPo administration caused an increase in the to-
tal antioxidant capacity by 14.11% compared with the effect
of L. edodes mycelia. In segments of the descending colon,
L. edodes mycelia had a maximum effect of 18.3=0.15%.
Consumption of A. brunnescens resulted in the lowest val-
ues of the total antioxidant capacity, which decreased by an
average of 20% when passing from one region of the colon
to another.

Polyphenol status of colon regions

Polyphenol content was correlated with the antioxidant
status and microbial composition of microbiota. The total
polyphenolic content was higher after the consumption of
A. brunnescens, particularly in the transverse and descending
regions of the colon. In the ascending colon, the three sam-
ples contained a similar amount of polyphenolic compounds,
with differences of #3%. Administration of the MycoPo prod-
uct resulted in similar total polyphenolic content in all colonic
regions (though an increase in total polyphenolic content
in the final region was observed for all samples). The largest
increase was recorded after administration of L. edodes myce-
lia (33.2+1.4 mg gallic acid/g of product) (Table 1).
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16 - B Descending colon

Ascorbic Acid equivalents (mmol/mL of extract)

MycoPo Agaricus brunnescens Lentinula edodes Control

FIGURE 2. ABTS radical scavenging activity in the simulated colonic
segments. Results were significantly different at p <0.05.

The total flavonoid content showed maximum values af-
ter the consumption of A. brunnescens. They increased by an
average of 19% when passing from one colonic region to
another, reaching 3.5 mg quercetin/g mushroom consumed
in the terminal segment. Direct administration of mycelia (ly-
ophilized or fresh) showed a reduction in the median segment
of the colon of 5-10%.

After simulation in the GIS1 system, four types of poly-
phenols were identified by HPLC. The major phenolic acids
were gentisic acid and homogentisic acid. Caffeic acid was
identified in small amounts in all simulated regions and for
all three samples. The minimum quantity was identified
in the ascending colon after administration of mycelia of
L. edodes (0.026 mg/100 mL). Gallic acid was identified only
in the ascending segment (0.018 mg/100 mL) after the con-
sumption of A. brunnescens (Table 1).

Microbiological analyses in simulated colon

The GIS1 system provides the opportunity to understand
the impact of consumption/administration of a mushroom
product has on favorable microbial strains and on potentially
pathogenic microbial strains [Guerra et al., 2012]. Adminis-
tration of mycelia of L. edodes caused a significant (p<0.02)
increase in the number of anaerobic microorganisms in trans-
verse and descending regions of the colon. The number
of lactobacilli decreased in the final region of the colon to
5.81+2.65 CFU/mL (Table 2). Use of the lyophilized product
MycoPo resulted in a relatively constant number of favorable

TABLE 1. Quantity of polyphenol carboxylic acids (mg/100 mL) in the simulated colonic segments.

Ascending colon

Transverse colon Descending colon

Samples Gallic | HOMO | Gentisic | Caffeic | Gatlic | 1O | Gentisic | Caffeic | Gallic | HOMO" | Gentisic | Caffeic
. gentisic . . . gentisic . . . gentisic . .
acid . acid acid acid . acid acid acid . acid acid
acid acid acid
MycoPo B 0114 1041  0.042 - 0.866  0.035 B 0.157 1433 004
¥ £0.001  =0.02%  +0.02 £0.001*  +0.02 £0.02  +0.01* =0.001
dearicus b 0018 0058 1452  0.031 1116 0.033 0179 1132 0.033
GATICUS DIUNESCENS 10001 +0.01  +0.005" +0.003 - +£0.10*  +0.01 - £0.04  +0.02* +0.005
Freeze-dried mycelium B 0.099 _ 0.026 B B B 0.029 B 0.089 0.367 0.03
Lentinula edodes +0.003 +0.001 +0.01 +0.02 +0.03 +0.02

Results were significantly different at *p<0.05 and **p<0.01.
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TABLE 2. Average number of microorganisms (log CFU/mL) for the different microbial groups.

Bacterial group Product Ascending colon Transverse colon Descending colon
Total anaerobes 7.19+1.00 6.92+0.50 6.38+1.55
Facultative anaerobes 6.56+0.01 6.11+0.25 4.49+1.41
Lactobacilli 6.68+0.80 7.00+0.62* 6.75+0.27
Bifidobacteria MycoPo 6.91+0.01 7.00+0.05* 6.92+0.18
Enterococci 6.55+2.56 6.79+1.85 6.68+3.67
Clostridia 6.47+1.60 6.15+1.02 6.08+2.42
Coliforms 5.02+1.36 7.33+0.26 7.39+0.71
Total anaerobes 7.09+1.00 7.41+1.41 7.28+0.88
Facultative anaerobes 6.75+0.50 7.23+1.08 7.09+1.45
Lactobacilli 6.99+1.02 7.40+0.71** 7.26+0.05**
Bifidobacteria Agaricus brunnescens 6.79+0.63 6.83+1.25 7.06+1.06
Enterococci 7.32+1.15 7.42+0.44 6.92+1.65
Clostridia 6.55+1.65 6.49+0.42 6.51+1.38
Coliforms 7.42+1.21* 6.73+1.08 7.12+1.35
Total anaerobes 7.69+1.43 7.88+1.01 7.85+1.29
Facultative anaerobes 7.40+0.46 7.26+0.85 7.49+1.34
Lactobacilli Freeze-dried myeelium 6.69+1.43 6.94+1.80 5.81+2.65
Bifidobacteria e d{) s 7.04%0.90 7.19+0.67* 6.68+0.68
Enterococci . 7.71+1.56 7.26+1.11 7.00+0.66
Clostridia 6.68+0.32 6.61+0.74 6.63x0.76
Coliforms 7.19+0.81 7.24+1.65 7.27+1.00

Results were significantly different at *p<0.05 and **p<0.01.

microbiota in intermediate and final regions of the colon. My-
coPo administration induced a decrease in the number of co-
liform microorganisms in the ascending colon (=2 CFU/mL)
compared with the control samples.

Using RT-PCR (Table 3), we determined the ratio
of the three groups of microorganism species, Lactobacil-
lus, Bifidobacterium and Enterobacteriaceae, after consump-
tion/administration of mushrooms. We noted an increase
in the number of lactobacilli in the transverse colon in sam-
ples treated with MycoPo and A. brunnescens. With regard
to the population of Bifidobacteria species after consump-
tion of A. brunnescens, there was a slight increase in the de-
scending colon whereas, in the rest of the colon regions,
the number of Bifidobacteria species was lower. In the samples
in which the mycelia of L. edodes were administered, a de-
crease in the number of Lactobacillus and Bifidobacteria spe-
cies was noted in all three parts of the colon. The population
of Enterobacteriaceae species varied greatly between the three
parts of the colon. There was a significant (p<0.01) increase
in the number of cells after consumption of A. brunnescens,
especially in the descending colon. The only sample in which
the number of enterobacteriaceae was lower compared with
the control was the sample in which MycoPo was adminis-
tered: the transverse colon.

DISCUSSION

Our in vitro study showed active molecules released
through digestion in the stomach and duodenum but espe-
cially due to the fermentation action of colonic microbiota.
Mushrooms are subject to the action of microbiota, so they
release biologically-active molecules gradually. This phe-
nomenon is reflected through the different antioxidant sta-
tus between the three main parts of the human colon. We
did not include the gastroduodenal-digestion phase because

mycelia were embedded in enterosoluble capsules, which
provides resistance to the actions of lysozyme, pepsin, bile
salts, pancreatin and acid pH. The capsule disintegrates
within 10 min of introduction into the environment, which
simulates the first part of the colon. Thus, it has been found
to have a considerable impact on patients who had devel-
oped (or are at high risk of developing) diseases associated

TABLE 3. Microbial dynamics analysis using RT-PCR technique.

2-42Ctyalues™

Samples

Lactobacillus | Bifidobacterium | Enterobacteriaceae
AC Control 1.00 1.00 1.00
TC Control 1.00 1.00 1.00
DC Control 1.00 1.00 1.00
AC MycoPo 1.04 0.16 1.93
TC MycoPo 3.28 0.07 0.23
DC MycoPo 0.58 0.06 3.23
A s 056 0.06 1100.33*
J—— 154 0.54 1307.81%
E%mnnescens 0.28 1.44 87526.27*
AC L. edodes 0.00 0.06 128.76
TC L. edodes 0.00 0.07 23.57
DC L. edodes 0.00 0.13 371.99

Results were significantly different at * p<0.05 and **p<0.01.
*value above 1 represents an increase of bacteria number; AC - ascending
colon; TC - transverse colon; DC — descendent colon.
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TABLE 4. Correlation between antioxidant levels and favorable microbial
strains.

ABTS
Lactobacilli | Bifidobacteria | Reducing | radical
power scavenging
activity
ABTS
scavenging 0.872 0.868 0.760 -
activity
Reducing 0.726 0.864 -
power
Bifidobacteria 0.750 -

Lactobacilli -

with oxidative stress (e.g., diabetes mellitus, cardiovascular
diseases) [Hutcheson & Rocic, 2012]. Several studies have
demonstrated the positive effects of antioxidant administra-
tion, but correlation of antioxidant status with the capacity
to modulate human colonic microbiota has not been studied.

In the present study, the antioxidant status and microbiota
population were highly correlated. Consumption of A. brun-
nescens and ingestion of MycoPo was highly correlated with
favorable microbial strains (R>>(0.7 — Table 4). For L. edodes
mycelia, antioxidant status was similar to that for MycoPo
ingestion, but was not directly correlated with Lactobacillus
and Bifidobacterium strains. In this situation, polyphenol car-
boxylic acids from colon segments were no more abundant
(Table 2) and were expected to be bound with polysaccharide
molecules. Bioavailability of MycoPo and A. brunnescens was
higher and degree of correlation was relatively constant from
the one colon region to another. These results showed the di-
rect effect of phenolic fractions on the viability of favorable
microbial strains during in vitro tests.

It has been shown that glucans in P ostreatus can in-
duce stimulation of microbial strains beneficial to health
in the human digestive tract. These glucans have a prebiotic
function but, until now, those data have not been supported
by in vitro tests simulating the complex relationship between
different microbial strains [Synytsya et al., 2009]. In vitro
studies using simulation systems cannot show the accumu-
lation of active molecules in colonic cells or the fermenta-
tion function of microbiota causing partial degradation,
which has a direct effect on the absorption capacity of bio-
logically-active compounds. Also, reductions in antioxidant
status are due to changes suffered by phenolic components
from the fermentation activity of microbiota or an alkaline
pH, which is more pronounced in the ascending colon [Ro-
driguez-Roque et al., 2013]. The significant (p<0.01) loss
of the total antioxidant activity observed after A. brunnescens
consumption in the descending colon was due to the reduced
capacity to release biologically-active compounds from this
mushroom. Compared with the use of products based on
the mycelia of P, ostreatus and L. edodes, the decrease was
about 58% and 67%.

These data are in accordance with studies based on ther-
mal processing of mushrooms. Direct use of P ostreatus, in-
cluding mycelia, is preferable because nutritional properties
remain intact. Hydration restores much of the nutritional

value and enables bioactive compounds to be released if suf-
ficient water is provided [Lam & Okello, 2015].

There are differences between the biological values
of sporocarps and mycelia. The latter do not accumulate
a large amount of metal ions that could elicit biological ef-
fects. The presence of iron decreases the antioxidant potential
expressed in terms of iron chelation and radical scavenging
[Yokota et al., 2016]. Use of mushroom mycelia can elicit rap-
id antioxidant effects due to a greater accessibility of bioactive
compounds [Vamanu ez al., 2013].

We noted variations in phenolic acid content that could
be explained by the fermentation action of microbiota. We
hypothesize that a major portion of the polyphenols released
by digestion in the stomach (low pH) and in the small intes-
tine (enzymatic attack and bile acids) was absorbed (in vivo)
or degraded by microbiota in the ascending colon. Quantities
of phenolic acids can differ considerably depending on sample
processing [Lam & Okello, 2015, Prasad et al., 2015]. Direct
consumption of A. brunnescens mushrooms and administra-
tion of the lyophilized product MycoPo maintained a consid-
erable level of gentisic acid and a relatively constant amount
of caffeic acid (Table 1). The fermentation action of micro-
biota aided the ability to release antioxidant molecules, which
accumulated in the descending colon. The present study dem-
onstrated that gentisic acid and caffeic acid were not neces-
sarily the only acids to be released, but they were the most
stable. Other acids could have undergone hydrolysis and con-
formational changes, but they were not identified. The same
phenomenon could also be attributed to flavonoids, which
have been associated with mushrooms (e.g., catechin, rutin,
quercetin, myricetin) [Vamanu & Nita, 2014].

Studies have shown that consumption of the dried spo-
rocarps of P, ostreatus leads to an increase in the antioxidant
status in the colon (i.e., release of compounds with anti-
oxidant effects). These effects have concurred with the use
of the mycelia of the same species (MycoPo) but not with
consumption of wild species. The latter cannot sustain con-
stant antioxidant status in all regions of the colon due to rapid
release of these compounds [Vamanu ef al., 2013]. Even if
there were differences in the type of MycoPo, antioxidant sta-
tus would have been reduced from a region to another region
of the colon (Figure 1, 2). We showed that the consumption
of mushrooms with medicinal properties (e.g., L. edodes)
had a more pronounced effect in the final part of the colon.
However, we noted a reduction in the quantity of bioactive
compounds in the final part of the colon compared with other
parts of the colon. Severe diseases of the colon (e.g., can-
cer) usually occur in this part, so a reduction in the quantity
of bioactive compounds in this region will increase the risk
of such diseases.

Differences calculated between favorable microbial strains
were interpreted as a response to the quantity and composi-
tion of antioxidant molecules. These observations were also
confirmed by the significant (p<0.01) correlation of antioxi-
dant status in the transverse and descending parts of the co-
lon after administration of the lyophilized product MycoPo
and consumption of A. brunnescens with the number of Lacto-
bacillus and Bifidobacteria species (R*>0.85). The low degree
of correlation upon direct administration of fresh mycelia
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was due to the reduced capacity of fermentation processes
in the colon to release molecules with biological activity.

The present study highlighted the capacity of lyophilized
mushroom mycelia to control the microbiological structure
of microbiota. The proportion of microbial strains could
be controlled by administration of these products, and could
elicit important responses to metabolic/cardiovascular dis-
eases. This approach is a natural and non-toxic way to con-
trol the number of pathogenic strains and metabolic activity
of favorable strains, and could be part of “tailored therapy”.
These aspects are important for the bioavailability of bioac-
tive compounds because differences between different regions
of the colon were noted in the present study. The time of resi-
dence is different for different bioactive compounds, which
influences fermentation and metabolic capacities, which have
direct effects on microbiota modulation and well-being [Ger-
ritsen et al., 2011].

The present study had limitations. We did not ascertain cor-
relation between in vitro and in vivo administration but contam-
inants would affect (at least in part) the results. Also, the physi-
ological status of each individual has an important role [Hur
etal., 2011]. In addition, we would not have been able to elimi-
nate the interaction between exogenous factors and physiologi-
cal mechanisms of the body [Guerra et al., 2012].

CONCLUSIONS

Effects of administration of a functional product con-
taining the lyophilized mycelia of P, ostreatus compared with
that of the lyophilized mycelia of L. edodes and consumption
of A. brunnescens represent a new approach in the mushroom
mycelia valorization. A direct relationship between the pres-
ence of favorable bacterial strains and availability of bioactive
compounds, with specificity for each region of the colon, was
shown. The study has a significant biopharmaceutical impli-
cation on the improvement of colonic microbiota fingerprint.
Ex vivo and/or in vitro studies in a dynamic simulator will
be required to demonstrate the absorption capacity of bioac-
tive compounds.
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