European Journal of Nutrition (2021) 60:3249-3265
https://doi.org/10.1007/500394-021-02504-4

ORIGINAL CONTRIBUTION q

Check for
updates

Modulation of human intestinal microbiota in a clinical trial
by consumption of a 3-p-glucan-enriched extract obtained
from Lentinula edodes

Diego Morales'© . Sudarshan A. Shetty? - Bricia Lopez-Plaza® - Carmen Gémez-Candela® - Hauke Smidt? -
Francisco Ramén Marin’ - Cristina Soler-Rivas’

Received: 20 July 2020 / Accepted: 28 January 2021 / Published online: 12 February 2021
© Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

Purpose The aim of this study was to evaluate the hypocholesterolemic, immune- and microbiota-modulatory effect of a
mushroom extract in hypercholesterolemic subjects.

Methods A randomized, controlled, double-blind, and parallel clinical trial was carried out with subjects from 18 to 65 years
old (n=52) with untreated mild hypercholesterolemia. Volunteers consumed a -p-glucan-enriched (BGE) mixture (10.4 g/
day) obtained from shiitake mushrooms (Lentinula edodes) ensuring a 3.5 g/day of fungal B-p-glucans or a placebo incor-
porated in three different commercial creams.

Results This mixture showed hypocholesterolemic activities in vitro and in animal studies. After eight weeks intervention, no
significant differences in lipid- or cholesterol-related parameters were found compared to placebo subjects as well as before
and after the BGE mixture administration. No inflammatory or immunomodulatory responses were noticed and no changes in
IL-1B, IL-6, TNF-a or oxLDL were recorded. However, consumption of the BGE mixture was safe and managed to achieve
the dietary fibre intake recommended as cardiovascular protective diet. Moreover, the BGE mixture modulated the colonic
microbiota differently compared to placebo. Microbial community composition varied from before to after the intervention
with several genera being positively or negatively correlated with some biomarkers related to cholesterol metabolism.
Conclusion These results suggested a relation between cholesterol metabolism, microbiota and BGE administration. Never-
theless, the precise significance of this differential modulation was not fully elucidated and requires further studies.

Keywords Shiitake mushrooms - f-glucan - Cholesterol - Immune system - Microbiota - Clinical trial

Abbreviations TG  Treatment group
CVD Cardiovascular disease BMI Body mass index
TC Total cholesterol WC  Waist circumference

BGE f-p-glucan-enriched mixture
CG  Control group
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subject regularly consumes these products and particularly
B-p-glucans. On the one hand, they might not be as effec-
tive as expected since if cholesterol is not acquired with the
diet, the liver activates 3-hydroxy-methylglutaryl-coenzyme
A reductase (HMGCR), stimulating endogenous cholesterol
biosynthesis and consequently, some consumers do not man-
age to reduce their cholesterol levels by consuming hypo-
cholesterolemic food products [2, 3]. Moreover, they might
influence the intestinal microbiome and immune system
besides their hypocholesterolemic effect [4].

Although their mechanism of action is not completely
understood, it is suggested that plant sterols impair absorp-
tion of dietary cholesterol [5]. The cholesterol-lowering
effect of B-p-glucans might be related to the increase of vis-
cosity in the intestine that stimulates the synthesis of bile
acids from cholesterol to compensate for their fecal excretion
after being scavenged within their complex structures and
therefore, reduces circulating LDL cholesterol concentra-
tions [6, 7]. Moreover, a few studies correlated the effect
of cholesterol-lowering p-p-glucans with their potential as
prebiotic modulators of colonic microbiota [8, 9]. In fact,
recent publications indicate that the intestinal microbiome
plays a key role in cholesterol regulation via several mecha-
nisms but particularly by its conversion into coprostanol and
further on to bile acids. The main taxa known so far carrying
out the first transformation are Eubacterium and Bacteroides
[10]. A wide number of genera were shown to be involved in
the further modulation of bile acids (deconjugation, epimeri-
zation, oxidation, etc.), affecting bile acid solubility in physi-
ological fluids to facilitate their reabsorption or to promote
their secretion through feces. Strains of Bifidobacterium and
Lactobacillus were able to stimulate bile acid deconjugation
and fecal excretion, thereby promoting their hepatic biosyn-
thesis from their main precursor (cholesterol), resulting in
a decrease of cholesterol levels in serum from hypercholes-
terolemic subjects [10].

Besides their effect on the intestinal microbiome, B-D-
glucans were also pointed as immunomodulatory com-
pounds directly interacting with specific receptors from
the gut-associated lymphoid tissue (GALT) and the intes-
tinal enterocytes, triggering immune responses by releas-
ing specific cytokines to activate both native and adaptive
responses. B-pD-Glucans were also shown to enhance GALT
proper recognition of commensal microbiota and to stimu-
late defensive responses against pathogens (i.e. IgA secre-
tion into intestinal lumen) [11-13].

Edible mushrooms, and particularly shiitake mushrooms
(Lentinula edodes), contain compounds with hypocho-
lesterolemic properties [3]. Fungal sterols were acting as
plant sterols by displacing cholesterol from dietary mixed
micelles [5] and by modulating the expression of choles-
terol-regulation genes [14]. Shiitake B-p-glucans also scav-
enged bile acids in digestion models [15]. Eritadenine, an
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S-adenosyl-L-homocysteine hydrolase (SAHH) inhibitor,
could lower cholesterol levels by altering the hepatic phos-
pholipid metabolism [16] and some water-soluble polysac-
charides showed HMGCR inhibitory activities in vitro [17].
If the latter activity could also be effective in vivo, it might
indicate that mushrooms could also inhibit the cholesterol
biosynthetic pathway similar to drugs, such as statins. Poly-
saccharides are large molecules that mostly undergo partial
degradation during digestion and reach the colon. However,
certain water-soluble polysaccharides might cross the intes-
tinal barrier and enter the blood stream, although the under-
lying mechanism is not well understood, albeit it has been
suggested that they might enter via M-cells or through other
means [11].

When B-p-glucan-enriched extracts obtained from oys-
ter mushrooms (Pleurotus ostreatus) were administrated to
hypercholesterolemic mice together with lard (simulating
an unhealthy diet), lowering of total cholesterol (TC) and
LDL cholesterol was noticed after 4-week administration
[18]. Similar results were observed when mice following a
high cholesterol diet were administrated shiitake polysac-
charides [19] or water-soluble polysaccharide fractions [18].
Besides, an eritadenine-containing fraction from shiitake
mushroom was able to lower the atherogenic index (TC/
HDL-C) in rat serum [20] and only ergosterol-enriched
extracts seemed to be less effective in animal studies [21]
although they modulated the expression of genes related to
cholesterol metabolism in mice following a similar profile
as hypocholesterolemic drugs [14]. Moreover, a mixture of
extracts obtained from L. edodes, formulated to contain all
the previously mentioned compounds, successfully lowered
cholesterol levels in hypercholesterolemic mice after five
weeks [21]. Based on these results, that fungal mixture was
also tested in a clinical trial to investigate whether it could
exert the noticed hypocholesterolemic effect in humans.
Since the mixture contained a high p-p-glucan concentra-
tion, its effect on the cytokine profile and colonic microbiota
of the volunteers was also evaluated.

Materials and methods
Biological material and reagents

Powdered Lentinula edodes S. (Berkeley) fruiting bod-
ies (particle size < 0.5 mm, moisture < 5%) were obtained
from Glucanfeed S.L. (La Rioja, Spain). Commercial
asparagus and zucchini creams and Gazpacho (a tradi-
tional Spanish tomato puree) were kindly supplied by Con-
serves Ferrer S.A. (Barcelona, Spain). Maltodextrin (Sosa
Ingredients, Moia, Spain) (5.2 g) was mixed with 1.6%
food-grade brown dye (Sosa Ingredients, Moia, Spain) to
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prepare a placebo formula that resembled the mushroom
extract in its visual appearance.

Preparation and analysis of the BGE
and functionalization of the food matrices

A specific p-p-glucan-enriched (BGE) mixture of two
extracts obtained from Lentinula edodes fruiting bodies
was prepared using a pilot scale solid/liquid extraction
unit as described in Morales et al. [22]. Briefly, the BGE
was prepared by mixing different polysaccharide fractions,
including a fraction (2.5%) containing water-soluble o-
and B-p-glucans and fucomannogalactans (named ExA in
Morales et al. [23]), a fraction (26%) extracted with hot
water (98 °C), filtered through a multichannel ceramic
membrane (Ceramem Corporation, Waltham, USA) and
concentrated with a spiral wound Nanomax50 membrane
(Millipore, Bedford, USA) (called RF2 in Morales et al.
[22]), and the remaining fraction (71.5%) containing
mainly insoluble f-p-glucans and chitins (indicated as R
in Morales et al. [22] (69%) and ReA in Morales et al. [23]
(2.5%)). The specific composition of the indicated frac-
tions is detailed in the cited works [22, 23]. The obtained
mixture included the soluble and insoluble p-p-glucans
identified in Morales et al. [24] and other previously
described [3]. The fractions were lyophilized, pooled in
the indicated ratios and stored at —20 °C until further use.
Since the BGE included a few polysaccharide-enriched
extracts mixed in different ratios, its proximate composi-
tion was determined following AOAC methods. Other con-
stituents related with their potential hypocholesterolemic
activity, such as total carbohydrate, B-p-glucans, chitins,
ergosterol, eritadenine and lenthionine contents, were
determined following the methods described in Morales
et al. [22].

The optimal procedure to add the BGE mixture into the
selected food matrices was studied prior to its administra-
tion to volunteers and reported in He [25]. Briefly, the
addition before or after creams and gazpacho production
was first compared. Afterwards, the prepared creams and
gazpacho were supplemented with the extract and submit-
ted to a non-thermal treatment, to 100 °C during 1 h or
120 °C during 20 min. The effect of processing on -b-
glucan levels was followed using the method indicated in
Morales et al. [23].

A dose of 3.5 g/day of beta-glucans was established tak-
ing into account the Scientific Opinion of health claims
related to beta-glucans and maintenance of normal blood
cholesterol concentrations [26, 27] where foods should pro-
vide at least 3 g/day of beta-glucans from oats, oat bran,
barley, barley bran, or from mixtures of non-processed or
minimally processed beta-glucans in one or more servings.

The target population is adults with normal or mildly ele-
vated blood cholesterol concentrations.

Study subjects

Fifty-two men (14) and women (38) from 18 to 65 years
of age completed the study. The inclusion criteria included
a BMI>18.5-<30 kg/mz, a cardiovascular risk < 10%
at 10 years measured by REGICOR, a total choles-
terol > 200 mg/dL and having at least one of the follow-
ing cardiovascular risk factors: > 45 years old for men
or > 55 years old for women; family history of premature
CVD (CVD in first degree relative in men <55 years old
and/or in women < 65 years); HDL cholesterol <40 mg/
dL in men or <50 mg/dL in women; triglycer-
ides > 150— <200 mg/dL; LDL > 130— < 160 mg/dL; smoker.
The inclusion criteria also included willing to follow healthy
eating guidelines and hyperlipidemia control but without
stanols, sterols and yeast dietary supplements as well as no
family or social environment that avoid the compliance with
dietary treatment. All participants had to sign the informed
consent. The exclusion criteria were as follows: individu-
als diagnosed with any of the following: Diabetes Mellitus
type 1 and 2 on pharmacological treatment, dyslipidemia,
hypertension, hypothyroidism; individuals > 60 years smok-
ers with total cholesterol >200 mg/dL or LDL > 130 mg/dL;
individuals allergic to shiitake mushrooms; individuals with
chronic diseases (hepatic, kidney, etc.); individuals receiving
pharmacological treatment that modifies the lipid profile (for
example, statins, fibrates, diuretics, corticosteroids, ADOs);
individuals who have participated in the last six months in a
program or clinical trial to lose weight; smokers wanting to
stop smoking during the duration of the clinical trial; indi-
viduals with mental illness; individuals consuming drugs to
lose weight (except if they were suspended at least 30 days
before starting the study), and pregnant or breastfeeding
women.

All subjects gave their informed consent to take part in
the study that was approved by the Scientific Research and
Ethics Committee of the HULP (La Paz University Hospital)
(Code 4813) in accordance with the ethical standards of the
Declaration of Helsinki [28]. The study was registered at
http://clinicaltrials.gov under the number NCT03550287.

Study design

The study was a randomized, controlled, double-blind, and
parallel clinical trial lasting eight weeks. Subjects (n=57)
were randomly assigned (a computerized randomization
list was generated by permuted blocks of 4 for each gen-
der maintaining the gender ratio of the sample) to one of
two treatments involving a fB-p-glucan-enriched mixture
(Treatment Group (TG): 10.4 g/day BGE mixture ensuring
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in intake of B-p-glucans of 3.5 g/day) or a placebo (Control
Group (CG): an isocaloric dose of brown-colored maltodex-
trin) incorporated in the asparagus or zucchini creams or the
Gazpacho. Volunteers were instructed to consume 240 ml
of cream with the mixture or placebo at lunch time and no
other foods were restricted except foods containing stanols,
sterols or yeast dietary supplements. The placebo visually
resembled the extract and the participants randomized in
one or another group did not have access to the unassigned
product. The creams were part of the dietary pattern since
vegetable creams are of normal consumption in the popula-
tion study. Neither the researchers nor the subjects knew to
which treatment group the subjects were assigned to, and
the researchers were unblinded only at the end of the study.

Diet

All subjects were requested to follow a healthy eating guide-
lines and hyperlipidemia control without stanols, sterols
and yeast dietary supplement. These guidelines and hyper-
lipidaemia control included measures, such as avoiding the
consumption of saturated fats, precooked foods, fat meats
(lamb, ribs or brisket, organ meats or sausages), sugar, pas-
try products, industrial pastries and confectionery, creamy
ice creams, butter, cream, margarines, cured cheeses, etc.
It also included recommendations as choosing milk and
skimmed derivatives, lean meats (removing the skin and
the visible fat), eating blue fish (at least 4 servings/week),
increasing the consumption of foods rich in fibre, such as
vegetables and fruits, cereals, whole grain breads or flours,
legumes, etc. Guidelines also included measures as degreas-
ing the broths or read the labelling to avoid products pre-
pared with palm oil, coconut or trans-fatty acids, among
other. Reduction of intake energy was not a requirement for
the subjects during the intervention. The diet of each sub-
ject was recorded during the week prior to the beginning
and end of each intervention period. All food and beverages
consumed inside and outside the home were recorded over
three consecutive days (including one day of the weekend)
[29]. Subjects were instructed to record the weight of the
food consumed or, if this was not possible, to record house-
hold measurements (spoonfuls, cups, etc.). At each visit,
all records were thoroughly reviewed by a nutritionist in
the presence of the subject to ensure that the information
collected was complete. The energy and nutritional content
of the foods and beverages consumed were then calculated
using DIAL software (Alce Ingenieria, Madrid, Spain).

Anthropometric and health variables
Anthropometric measurements were taken at the begin-

ning and end of the intervention using standard techniques,
adhering to international norms set out by the WHO [30].
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All measurements were made by trained personnel in the
morning with the subject barefoot and wearing only under-
wear. Height was determined using a height meter with an
accuracy of 1 mm (range, 80-200 cm). Body weight was
measured using a Tanita BC-420MA balance (Bio Légica
Tecnologia Médica S.L, Barcelona, Spain). BMI was calcu-
lated using the following formula: [weight (kg)/height (m)?].
Waist circumference (WC) was measured using a Seca 201
steel tape (Quirumed, Valencia, Spain). Information was col-
lected on medical conditions and the consumption of medi-
cations. Blood pressure and heart rate were measured on the
right arm using a Spot Vital Signs 420 automatic monitor
(Welch Allyn, Madrid, Spain) (accuracy +5 mmHg).

The volunteers were instructed to maintain their habitual
physical activity. This was monitored throughout the study
using the International Physical Activity Questionnaire
Short Form (IPAQ-SF) employing the methods posted on
the IPAQ website (www.ipaq.ki.se).

Biochemical and haematological analyses

At the beginning and end of the intervention, blood samples
were collected early in the morning at the Extraction Unit of
La Paz University Hospital (HULP). Samples were kept at
4-6 °C until analysis, which was always performed within
48 h. Blood samples were obtained from fasting subjects at
baseline and at eight weeks at the HULP biochemical lab.
The biochemical parameters evaluated were total cholesterol,
HDL and LDL cholesterol, triglycerides concentrations as
well as glucose, basal insulin, HbA1C, apolipoproteins Al
and B, creatinine, glomerular filtrate (CKD-EPI), ureate,
transaminase (ASAT, ALAT), lipase, C-reactive protein,
vitamin D (as calcidiol).

Other haematological data were also measured, including
leucocytes, erythrocytes, haemoglobin, hematocrit, VCM,
HCM, CHCM, RDW, platelets and VPM, prothrombin time
and activity, INR, fibrinogen and a leucocyte differential was
also included to distinguish between neutrophils, lympho-
cytes, monocytes, eosinophils, basophils since one previous
publication indicated that shiitake consumption increased
eosinophil levels together with gastrointestinal problems
in a few subjects [31]. All determinations were done with
CORE Lab Systems (Siemens Healthcare®). Dimension
Vista Intelligent Lab System at HULP.

Inflammation and oxidative data

The concentration of cytokines (IL1-p, IL6 and TNF-a) was
determined using a Luminex® 200™ multianalyte profiling
system and commercially available immunoassay panels in
the HCY TMAG-60K-PX30 Milliplex Map Kit (EMP Milli-
pore Corp., Boston, MA, USA). Plasma ox-LDL levels were
measured using ELISA with human apoB-100 modified by
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Malondialdehyde (MDA-LDL) (Immundiagnostik AG, Ben-
sheim, Germany).

Compliance and adverse events

Subjects received the exact number of packages (in a box
packaging) required for each intervention and they were
asked to return all empty and unemptied packages. Compli-
ance was measured at the middle of the intervention and
at the end by comparing the number of packages provided
and the number returned. A subject was considered com-
pliant when he/she consumed >90% of the packages pro-
vided. Adverse events were recorded on the middle and final
visit of the intervention. An adverse event was defined as
any unfavorable, unintended effect. All such events were
recorded along with the symptoms involved (nausea, vom-
iting, diarrhea, constipation, etc.).

Statistic processing of clinical trial data

The sample size was selected because according to previ-
ous studies, fungal B-glucans showed effects at similar range
than cereal B-p-glucans [15] and the consumption of 3 g
oat f-p-glucan with a high molecular weight significantly
reduced the serum LDL cholesterol in -0.21 (95%CI: -0.11,
-0.30; P=0.002) mmol/L [32]. LDL was the predictor vari-
able (-0.21 +0.30 mmol/L). To convert mg/dL cholesterol
to mmol/L, multiply mg/dL by 0.026. It was considered an
alpha 5% (x=0.05) and a statistical power of 80%. The test
was bilateral. Finally, the sample size was 32 subjects by
arm. It was calculated as a drop out of 5%. The calcula-
tion was carried out in SAS Power and Sample Size 13.1
Copyright © 2013 by SAS Institute Inc., Cary, zZNC, USA.
Quantitative data are presented as the means + standard devi-
ations (SD). Atypical data (i.e., lying more than two SDs
from the mean) in asymmetric distributions were deemed to
reflect true results; therefore, they were not eliminated from
the analysis. Qualitative data were presented as counts and
percentages. Fisher’s exact test was used in the analysis of
categorical data. The Kolmogorov—Smirnov test was used
to determine whether the data were normally distributed.
Levene’s test was used to assess the equality of variance.
When the distribution of the results was normal, the Student
t test was used to compare the mean values of the studied
variables recorded for the two treatment groups (independ-
ent samples) and the intragroup analysis (paired samples).
The Mann—Whitney U test was used when the distribution
was not normal. Multiple comparisons were adjusted using
the Bonferroni method. Two-sided tests were used, and a
P-value <0.05 was considered statistically significant. Sta-
tistical analyses were performed using SPSS v. 21.0 software
(SPSS, Chicago, IL).

Fecal microbiota composition

A fecal sample from all subjects was individually collected
at the beginning and end of the intervention. They both were
collected by the participants one or two days before their
visit to the hospital and stored in a sterile container in their
freezer (—20 °C). The samples were later transported on
ice until reception at the hospital where they were imme-
diately stored at —80 °C. Afterwards, samples were sent to
the lab on dry ice pellets for DNA extraction and analysis.
DNA extraction from human faeces (0.2 g) was performed in
duplicate using the Purelink™ Microbiome DNA Purifica-
tion Kit from Invitrogen (Thermo Fisher Scientific, Madrid,
Spain) following the manufacturer’s instructions. Isolated
DNA was quantified using a fluorimetric method with
Quant-iT Picogreen Assay Kit (Thermo Fisher Scientific,
Madrid, Spain). Then, obtained DNA (3 ng) was submitted
to PCR (23 cycles) with Q5® Hot Start High-Fidelity DNA
Polymerase (New England Biolabs, Ipswich, USA) using the
primers (50 nM) 5'-ACACTGACGACATGGTTCTACAGT
GCCAGCMGCCGCGGTAA-3" and 5'-TACGGTAGCAGA
GACTTGGTCTGGACTACHVGGGTWTCTAAT-3'for
amplification of the V4 region of the 16S ribosomal RNA
(rRNA) gene. Afterwards, qPCR (12 cycles) was performed
using the primers (400 nM): (5'-AATGATACGGCGACC
ACCGAGATCTACACTGACGACATGGTTCTACA-3'
and 5-CAAGCAGAAGACGGCATACGAGAT-[10 nucle-
otides barcode]-TACGGTAGCAGAGACTTGGTCT-3’) of
the Access Array Barcode Library for Illumina Sequencers
(Fluidigm Corporation, San Francisco, USA). The obtained
amplicons were validated and quantified by Bioanalyzer
2100 (Agilent, Madrid, Spain) and an equimolecular pool
was purified by agarose gel electrophoresis and titrated by
quantitative PCR using the Kapa-SYBR FAST qPCR kit
for LightCycler® 480 (Sigma-Aldrich, Madrid, Spain) and
a reference standard for quantification. The amplicon pool
was denatured prior to be seeded on a flowcell, in two runs,
at a density of 7.5 and 9.5 pM each, where clusters were
formed and sequenced using the MiSeq Reagent Kit v3, in
a 2% 300 pair-end run on a MiSeq sequencer (Illumina, San
Diego, USA).

Microbial community analysis

Raw reads were processed using the NG-Tax pipeline and
SILVA database (Release 132) [33—35]. The resulting ASV
(amplicon sequence variant) table in biom format was
imported in R (v 3.6.3) for downstream analysis. Since the
samples were sequenced in duplicate, a correlation analysis
was done using Pearson’s correlation coefficient. Samples
with an R?<0.90 were removed. The correlation was cal-
culated using the Hmisc (v4.4.0) R package [36]. Overall,
community level similarities/differences between replicates
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were visualized using principal coordinates analysis using
weighted and unweighted UniFrac distances [37]. Since
most samples were highly correlated, replicate one was cho-
sen for analyses reported in this study.

Phylogenetic diversity was calculated on rarified data
(sample size =43,425) using phyloseq (v 1.30.0) and picante
(v1.8.1). For specific analysis of the treatment group, the
data were filtered to include either TG samples or CG
samples. Multivariate distance-based redundancy analysis
(dbRDA using Bray—Curtis dissimilarity) was carried out
using the vegan (v2.5.5) R package [38]. For RDA, the ASV
table was rarefied, aggregated to genus level and transformed
using Hellinger transformation. To assess the role of param-
eters measured in our study, the envfit (permutations =999)
function was used. To assess the influence of intra-individual
variation within a treatment, the parameters showing sig-
nificant association with genus-level community structure
were then used in the partial dbRDA. The significance of
difference was tested using the permutest function, with 999
permutations. Association analysis for ASVs and biologi-
cal parameters was done using the microbiome R package
(v1.8.0) [39]. All visualizations were done using ggplot2
(v3.1.1) and ggpubr (v0.2) packages.

Results

Preliminary studies indicated that addition of the BGE
together with all the ingredients to produce the creams and
gazpacho showed the same P-glucan levels that if it was
added after the food products were prepared [25]. Similarly,
no significant differences were noticed when the already
prepared gazpacho and zucchini cream were only mixed or
mixed and heated. However, up to 33% B-glucan reduction
was observed when the asparagus cream was submitted to
120 °C (simulating a sterilization process) and therefore,
the BGE mixture or placebo was incorporated into the food
matrices immediately before consumption. Mild thermal re-
heating of the creams with a microwave (to reach 65 °C for a
warm meal consumption) did not modify the BGE p-glucan
levels.

Study population and baseline characteristics

Fifty-seven subjects were randomized into both treatment
groups. However, five of the subjects randomized to the
BCG group (15.2%) dropped out of the study. The final
sample consisted of 52 hypercholesterolemic subjects with-
out pharmacological treatment (38 women [74.5%], 14 men
[25.5%]) and with a mean age of 50.8 + 10 years (50.8 +10.3
vs. 50.8 +9.9 years; P=0.998) finished the study (Fig. 1,
Table 1).
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The analyses were carried out with 28 participants in the
TG group (19 women, 9 men) and 24 in the CG group (19
women and 5 men) with no significant differences between
treatments depending on gender population (Fisher’s
exact test P=0.275). The mean BMI was 25.3 +3.1 kg/
m? (overweight) and the waist circumference (WC) was
88.9+10.2 cm (85.8+9.1 cm in women and 97.1 £8.3 cm
in men). The mean blood pressure was normal (110.4 +13.8/
74.5+11.0 mmHg). At the beginning of the study (baseline),
no significant differences were observed between subjects
assigned to the BGE group (TG) or placebo group (CG) in
terms of their anthropometric (Table 2) and dietetic param-
eters (Table 3), lipid metabolism (Table 4) and variables of
inflammation and oxidation (Table 5). These data confirmed
an adequate randomization of the sample not detecting sig-
nificant differences in the gender ratio between both treat-
ment groups.

Compliance and adverse events

All subjects ingested >90% of the product provided. No sig-
nificant differences were observed in the number of pack-
ages consumed between the different treatments. During the
study, three subjects from BCG group (9.1%) dropped out of
the study due to gastrointestinal problems (abundant diar-
rheal) and two more (6.6%) due to dislike about the product
(Fig. 1). The main adverse events resulting from the intake
of the BGE mixture were swelling (n =4), heartburn (n=3)
and flatulence (n=2), while subjects of the CG reported
swelling (n=23), flatulence (n=2) and diarrhea (n=2).
Other safety parameters, such as transaminases, creatinine or
urates, did not show significant changes after BGE mixture
consumption (Table 6).

Effect of the BGE mixture on general parameters
of the population

After eight weeks, TG group subjects showed a significant
reduction of weight (from 72.23 +13.36 to 71.5+13.55 kg;
P <0.05) and BMI (from 26.01 +3.0 to 25.73 +3.01 kg/mz;
P <0.05) compared to the beginning of the study (Table 2).
However, this reduction was not significant when it was
compared with the CG (—1.01+3.21 vs. —=0.73 +£1.77 kg;
—0.11+1.58 vs. —0.28 +0.65 kg/m?).

Effect of the BGE mixture on diet
and cholesterol-related parameters and on LDL
oxidation

After the intervention ended, the CG showed better monitoring
of healthy feeding and hyperlipemia control guidelines than
the TG (Table 3). The CG significantly reduced energy intake
(—338.9+634.6 vs. —48.4+406.7 kcal; P<0.05), total lipid
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Fig. 1 Flow diagram describing the clinical trial

Table 1 Proximate composition and main hypocholesterolemic com-
pounds of the p-p-glucan-enriched (BGE) mixture obtained from shii-
take mushrooms, placebo and creams (g/100 g)

Compound Extract dw Placebo Creams
Proteins 21.3+0.3 0 0.6+0.2
Lipids 5.7+03 0 35+1.0
Carbohydrates 47.6+2.1 99 22+1.0
B-p-glucans 33.5+23 - -
Chitins 6.8+0.3 - -
Ergosterol 0.23+0.01 - -
Eritadenine 0.27+0.01 - -

Ash 5.7+0.1 - -

Analysed (n=28)

consumption (—16.5+34.0 vs. 3.1+31.1 g; P<0.05) and SFA
(—=7.8+12.8 vs. 2.7+ 15.7 g; P<0.05) of the diet compared to
the TG. Moreover, the CG also showed significantly reduced
levels of proteins (from 78.1 +21.9 to 67.8+18.1 g; P<0.05),
carbohydrates (from 200.5+62.7 to 164.8 +55.7 g; P<0.05),
MUFAs (from 38.3+12.2 to0 30.3+30.3+11.2 g: P<0.01)
and PUFAs (from 12.2+3.6t0 9.5+4.1 g; P<0.01) compared
to the start of the intervention, but these changes were not
significant when compared to TG (Table 3). Cholesterol con-
sumption was similar in both intervention groups showing no
change throughout the study.

The changes observed in diet among intervention groups
did not affect the lipid profile of study participants who did
not show significant changes for any of the variables related
to lipid metabolism, including LDL (Table 4). Similarly, no
significant changes were observed in oxLDL concentrations
after BGE mixture administration (Table 5).
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Table 2 Anthropometric

. CG TG P
characteristics of the study
pox?ulat(iion according to hthe Weight (kg) Baseline 67.26+11.64 72.23+13.36 NS
gi;‘cge‘]‘; ([Crg‘)“gfr]’séglrtmxmre Final 6625+ 11.11 71.5+13.55%
(TG) (mean + SD) Change —-1.01+3.21 -0.73+1.77 NS
BMI (kg/mz) Baseline 24.54 +3.09 26.01+3 NS
Final 24.43+2.84 25.73+£3.01%
Change —0.11+1.58 -0.28+£0.65 NS
WC (cm) Baseline 87.00+8.86 90.43+11.11 NS
Final 87.00+8.71 90.34+11.69
Change —5.77+21.28 -14.85+34.07 NS
Blood Pressure SBP (mmHg) Baseline 106.63 +12.68 113.68+14.11 NS
Final 115.00 +13.02%* 121.18 +£16.49%*
Change 4.53+10.36 7.54+12.99 NS
DBP (mmHg) Baseline 73.08+12.01 75.64+10.18 NS
Final 73.42+10.13 76.36+10.01
Change 2.60+7.40 0.04+8.90 NS

BGE B-glucan-enriched; BMI body mass index; WC waist circumference; SBP systolic blood pressure;
DBP diastolic blood pressure; HR heart rate; *P <0.05, **P <0.01 significantly different compared to
baseline (intragroup analysis); NS, not significant (analysis between treatments)

Effect of the BGE mixture on cytokine levels

After eight weeks of intervention, no significant differences
were observed in the determined cytokine concentrations
between the treatment groups (Table 5).

Effect of the BGE mixture on colonic microbiota

Fecal samples from all subjects from TG and CG groups
were analyzed for their microbiota composition. The vari-
able region V4 of the 16S rRNA gene was PCR amplified in
duplicate reactions for each sample and sequenced as techni-
cal replicates. In total, 15,472,993 reads were obtained with
a minimum of 10,888 and a maximum of 170,682 reads per
sample. These samples comprised a total of 1434 ASVs. The
correlation between sequencing replicates for each sample
was calculated. Ten samples, including samples from seven
subjects from CG and three subjects from TG, showed a
Pearson’s correlation coefficient < 0.90 between replicates
(Supplementary Table 1) and were excluded. One of the rep-
licates was chosen for further analysis. Thus, the analysis
was done on samples obtained before and after the inter-
vention from 17 subjects from CG and 25 subjects from TG
which comprised a total of 1299 ASVs.

The phylogenetic diversity before and after intervention
with BGE was measured, and no statistically significant dif-
ference was noticed (Wilcoxon-test, P> 0.05) in CG or in
TG (Fig. 2). Inter-individual differences were observed in
response to the intervention in both groups.

Afterwards, associations between variation in microbi-
ota community structure and metadata features related to
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dietary intake, blood markers and cytokines were tested by
envfit analysis (Supplementary Table 2). In both TG and
CG, subject identity showed the highest effect on observed
microbiota variation with TG showing higher association
(r* = 0.90, P=0.001) compared to CG group (> = 0.74,
P=0.001). Among the continuous variables, cholesterol
(r* = 0.27, P=0.001) and dietary fiber intake (= 0.22,
P=0.001) most strongly contributed to explaining the
observed microbiota variation in TG. Additionally, hema-
tocrit, RDW, erythrocytes counts, hemoglobin, LDL, ApoB,
age and systolic pressure showed significant association
with observed microbiota variation in TG (Supplementary
Table 2). Based on partial dbRDA, relative abundance of
the genus-level taxaBacteroides, Prevotella_9 and Alistipes
was positively associated with maltodextrin intervention. On
the contrary, the relative abundance of Ruminococcaceae_
UCG-014, Akkermansia, Erysipelotrichaceae_UCG-003
and Subdoligranulum was strongly associated with micro-
biota before maltodextrin intervention (Fig. 3a). In TG,
the most responsive genera to intervention were [Eubacte-
rium]_ventriosum_group, Erysipelotrichaceae_UCG-003,
Akkermansia, Coprobacter, Lachnoclostridium, Bacteroides
and Alistipes (Supplementary Fig. 3B).

Discussion

The BGE mixture obtained from Lentinula edodes con-
tained, besides dietary fibers (B-p-glucans and chitins)
other compounds with potential hypocholesterolemic activi-
ties, such as particular water-soluble polysaccharides [40],
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Table 3 Dietetic parameters of the study population according to
the assigned treatments with placebo (CG) or BGE mixture (TG)
(mean +SD)

Table 4 Parameters of lipid metabolism of the study population
according to the assigned treatments with placebo (CG) or BGE mix-
ture (TG) (mean + SD)

CG TG P

CG TG P

Energy (kcal)  Baseline 1975.2+537 1903+593.5 NS

Final 1648.8 £481.4%* 1779.6+399.6

Change —312.9+416.1 -48.4+406.7 0.037
Proteins (g) Baseline 78.1+21.9 82.9+27.0 NS

Final 67.8+18.1* 76+19.1

Change -10.2+22.6 —4.3+20.7 NS
Carbohydrates Baseline 200.5+62.7 186.6+659 NS

(® Final  164.8+55.7* 165.5+35.9

Change -37.1+72.5 —153+48.1 NS
Lipids (g) Baseline 86.1+25.5 81.9+30.9 NS

Final 70.4 +24.0%* 81.1+30.4

Change —16.5+34.0 3.1+31.1 0.028
SFA (g) Baseline 27.0+10.4 22.2+8.7 NS

Final 19.4 £ 8.7%* 23.8+17.1

Change -7.8+12.8 2.7+15.7 0.022
MUFA (g) Baseline 38.3+12.2 39+17 NS

Final 30.3 4+ 11.2%% 34.8+15.1

Change -8.3+16.8 —24+16.6 NS
PUFA (g) Baseline 12.2+3.6 124+5.2 NS

Final 9.5+4.1% 10.9+4.5

Change -2.7+5.1 —-09+5.1 NS
Cholesterol (g) Baseline 308.9+160.2 273.2+158.7 NS

Final 266.8 +143.2 273.2+158.7

Change -17.6+176.9 21.3+129.2 NS
Fibre (g) Baseline 19.1+6.7 22.1+79 NS

Final 16.3+4.8 25.2+7.0%

Change -2.8+8.0 3177 0.015

BGE B-glucan-enriched; SFA saturated fatty acids; MUFA monoun-
saturated fatty acids; PUFA polyunsaturated fatty acids; *P <0.05,
**P <0.01 significantly different compared to baseline (intragroup
analysis); VS not significant (analysis between treatments)

ergosterol [5, 14] and eritadenine [20] (Table 1). However,
the lipid content of the BGE mixture was low, thus, ergos-
terol was present possibly in insufficient amounts to be effec-
tive since, when it was administrated in concentrations up
to 0.45% of the diet, no lowering of serum cholesterol was
noticed in mice [21]. Similarly, eritadenine intake was lower
than the 10 mg/kg/day that was given to mice in experimen-
tal assays [20]. Therefore, the major compounds described
as hypocholesterolemic molecules present in the extracts
mixture were soluble and particularly insoluble dietary
fibres [3].

Although in vitro and animal studies reported BGE mix-
ture hypocholesterolemic activities, no significant differ-
ences in lipid- or cholesterol-related parameters were found
after eight weeks of intervention when compared to pla-
cebo subjects as well as before and after the BGE mixture

Cholesterol (mg/  Baseline 237.46+31.85 240.04+27.9 NS

dL) Final ~ 238.13+39.83 240.71+41.03
Change 0.67+26.41 0.68+27.99 NS
HDL (mg/dL) Baseline 61.33+14.82 57.07+13.08 NS
Final 60.04+14.09 55.96+10.58
Change —-1.29+7.82 —-1.11+7.61 NS
LDL (mg/dL) Baseline 157.5+30.99 158.54+26.64 NS
Final 158.04+35.71 161.71+37.59
Change 0.54+28.35  3.18+25.03 NS

Triglycerides (mg/ Baseline 98 +47.11 133.36+101.95 NS
dL) Final  100.83+44.15 123.57£66.36
Change 2.83+42.88  -9.79+65.47 NS

BGE B-glucan-enriched; NS not significant (analysis between treat-
ments)

Table 5 Concentrations of cytokines and oxLDL in the study popula-
tion according to the assigned treatments with placebo (CG) or BGE
mixture (TG) (mean + SD)

CG TG P

oxLDL (ng/mL) Baseline 44.14+3791 73.86+153.1 NS

Final 37.14+28.63 76.1+113.17

Change  —7.01+46.67 —0.57+204.68 NS
IL1-B (pg/mL) Baseline  0.19+0.08 0.22+0.13 NS

Final 0.2+0.12 0.24+0.12

Change  0.02+0.15 —0.03+0.14 NS
IL-6 (pg/mL) Baseline  3.98+12.56 0.7+1.75 NS

Final 2.38+7.58 2.64+11.28

Change —-1.77+15.52 1.88+11.59 NS
TNF-o (pg/mL)  Baseline 1.92+0.98 1.71+£0.88 NS

Final 1.94+1.03 1.76 £0.9

Change —-0.05+1.57 0.08+1.16 NS

BGE B-glucan-enriched; NS not significant (analysis between treat-
ments)

administration. Moreover, no changes in IL-1p, IL-6, TNF-a
or oxLDL were recorded and no inflammatory or immu-
nomodulatory responses were noticed. Nevertheless, the
consumption of the BGE mixture was safe and it led to reach
the dietary fibre intake recommended as cardiovascular pro-
tective diet. It also modulated the colonic microbiota differ-
ently compared to placebo, suggesting a possible relation
between cholesterol markers, microbiota and BGE admin-
istration (Figs. 3, 4).

Regarding the effect of the BGE mixture on general
parameters of the subjects, the results were similar to oth-
ers studies using other mushrooms from the same order
(Agaricales) where weight or BMI did not significantly
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Table 6 Biochemical parameters of the study population according
to the assigned treatments with placebo (CG) or BGE mixture (TG)
(mean +SD)

CG TG P
Glucose (mg/dL) Baseline  92.21+4.88 9432+ 11.98 NS
Final 90.54+6.53 94.04 +£9.09
Change -1.67+5.42 -0.29+9.78 NS
Insuline (uU/mL)  Baseline 8.13+4.31 8.48+4.96 NS
Final 6.42+2.47* 7.54+3.89
Change -1.71+£3.59 -0.64+£4.94 NS
HbAIC (%) Baseline 5.33+0.22 5.37+03 NS
Final 5.38+0.22% 5.36+0.29
Change 0.05+0.11 0.18+1.01 NS
Apo Al (mg/dL) Baseline 157.54+20.13  153.85+20.72NS
Final 156.13+18.91  152.43+18.52

-1.42+10.9
113.13+17.91

4.07+38.16 NS
118.33+18.98 NS

Change

Apo B (mg/dL) Baseline

Final 112.04 +20.6 117.32+£25
Change -1.08 +15.11 3.21+20.27NS
Creatinine (mg/dL) Baseline 0.79+0.19 0.77+0.15 NS
Final 0.81+0.15 0.73+0.21
Change 0.02+0.11 -0.04£0.06 NS
Urate (mg/dL) Baseline 4.83+1.09 5.36+1.22 NS
Final 4.75+1.04 5.6+1.24
Change -0.07 £0.58 0.24+0.49 NS
ASAT (UI/L) Baseline 22.54+6.47 22+4.94 NS
Final 20.79+3.71 21.64+4.98
Change -1.75+£5.09 0.43+5.38 NS
ALAT (UI/L) Baseline 23.04+11.5 25.11+12.06 NS
Final 21.58+11.32 22.96+9.01
Change -1.46+£5.9 -1.25+8.93 NS
Lipase (UI/L) Baseline  44.13+10.88 49.44+22.97NS
Final 43.58+£9.2 47.82+11.76
Change -0.54 £6.02 0.14+24.23 NS
CRP (mg/L) Baseline 2.34+2.89 2.51+3.11 NS
Final 1.77+3.32 0.61+3.33
Change 0.17+3.34 0.61+3.33 NS
Vitamin D (ng/mL) Baseline 25.33+10.5 24.54+9.07 NS
Final 29.17+7.94 27.04+7.91
Change 3.83+10.76 254895 NS

BGE p-glucan-enriched; CRP C-reactive protein; NS not significant
(analysis between treatments); *P <0.05 significantly different com-
pared to baseline (intragroup analysis)

change with the intake of soup containing 30 g dried oyster
mushrooms (Pleurotus ostreatus) consumed over the study
period of 21 days [41]. A one-year randomized clinical trial
examined the effect of substituting red meat by white but-
ton mushroom (Agaricus bisporus) compared to a stand-
ard diet on weight loss in obese adults. At the end of the
trial, participants on the mushroom diet lost more weight,
achieved lower BMI and WC compared to the beginning
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of the study. However, these changes were also not signifi-
cantly different when they were compared to the standard
diet group [42]. On the other hand, in the present study,
subjects in both intervention groups showed an increase in
the systolic blood pressure from the beginning to the end of
the intervention (P <0.01) with no significant differences
between treatment groups and without clinical relevance.
These observations disagreed with previous reports where
diabetic subjects consuming oyster mushrooms significantly
reduced their systolic and diastolic blood pressure [43]. The
different mushroom species tested or volunteers’ pathology
might be among the reasons for the different effects. In the
subjects of this study (with mild and untreated hypercholes-
terolemia), weight, BMI, WC, and blood pressure showed no
significant differences between intervention groups.

Although the BGE mixture contained 3.5 g/day of fungal
B-glucans and regular consumption of 3 g/day of oat and
barley p-glucans was indicated as the effective concentration
to notice a significant reduction of LDL cholesterol in serum
[26, 27], no effect on total cholesterol or lipoproteins was
observed. Perhaps, the different structure of shiitake p-b-
glucans (see later), the BGE viscosity or its physical-chemi-
cal properties might act differently than cereal f-p-glucans
in human intestine. However, these results were in line with
some clinical trials where subjects were administrated fruit-
ing bodies or extracts obtained from other mushroom spe-
cies. Schneider et al. [41] noticed not significant changes in
LDL and HDL cholesterol levels after eating 30 g dried oys-
ter mushrooms over a period of 21 days compared to a pla-
cebo group. In a double-blinded, placebo-controlled, cross-
over intervention study of four weeks, the supplementation
with reishi (or lingzhi) mushroom (Ganoderma lucidum)
did not significantly change the plasma lipids even though
a small decrease was observed in total and LDL cholesterol
[44]. The intravenous administration of a shiitake extract
(containing lentinan, a water-soluble B-glucan) to healthy
elderly subjects also failed to modify TC, LDL and HDL
levels during a six-week intervention and compared to pla-
cebo subjects [45, 46]. However, Khatun et al. [43] reported
reduction of total cholesterol and triglycerides with no effect
on HDL during the periods where diabetic subjects were
consuming oyster mushrooms in a 24-day experiment (seven
days mushroom consumption, seven days no consumption
and seven days restarting consumption). Thus, apparently
the hypocholesterolemic effect was only noticed in diabetic
patients and not in healthy individuals or subjects with mild
hyperlipemia as those included in the present study.

On the other hand, the different linking patterns between
cereal ((1—3), (1 —>4)) and fungal ((1 —3), (1 —>6)) f-b-
glucans might result in different molecular folding generat-
ing different intestinal viscosity or affinity to scavenge bile
acids [45—47]. According to in vitro tests, fungal f-p-glucans
showed similar bile acid binding capacities as a mixture of
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Fig.4 Spearman correlation
analysis between microbiota
and biomarkers. a ASVs show-
ing significant correlation with
biomarkers in CG. b ASVs
showing significant correla-
tion with biomarkers in TG.
Significant associations (adj. P
threshold > 0.05) are denoted
by “+” sign. HDL high density
lipoprotein cholesterol; LDL
low density lipoprotein cho-
lesterol; RDW red blood cell
distribution width; MCH mean
corpuscular hemoglobin
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cereal f-p-glucans with cholesterol-lowering properties [15].  p-p-glucan solubility [48]. The BGE mixture contained both
Therefore, the insignificant reduction of cholesterol levelsin  soluble and insoluble p-p-glucans plus chitins.

serum by fungal f-p-glucans might be related to the possible It should be mentioned that, although the TG showed a
differences in intestinal viscosity. Viscosity in the intestine  less healthy dietary pattern throughout the study, no sig-
is also modulated by concentration, molecular weight and  nificant variations in plasma levels of total cholesterol
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were observed. This could be due to the increase in total
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fiber consumption of the TG diet with respect to the CG
(—2.8+8.0 vs. 3.1+7.7 g). The noticed increase in fiber
consumption was mainly due to their supplementation with
the BGE mixture. In fact, only the TG consumers achieved
the recommendation of dietary fiber for the general popula-
tion (> 25 g/d) [49]. EFSA and similar authorities recognize
that diets with fiber levels higher than 25 g per day reduce
the risk of coronary heart diseases and type 2 diabetes and
improve weight maintenance. Therefore, consumption of the
BGE mixture was favorable for that group.

Increased levels of circulating oxLDL are involved in
the pathogenesis of atherosclerosis, and they are associated
with clinical atherosclerotic cardiovascular disease events
[50]. However, no significant changes were observed in
oxLDL concentrations after BGE mixture administration.
Other studies using oyster mushrooms (30 g of dried mush-
rooms per day) observed significant reduction of oxLDL
concentrations from the beginning to the end of the mush-
room diet consumption while no change was observed in
the placebo group. Differences between groups of this study
were not significant suggesting that dietary fiber might not
be the responsible for oxXLDL reduction noticed in previous
study [41] or the different polysaccharide structures between
the two mushroom species might be responsible for those
differences.

The absence of significant differences in immunomodu-
latory or inflammatory responses was in concordance with
a double-blind, crossover, and placebo-controlled trial car-
ried out in 42 healthy elderly subjects (> 65 years) [45].
In this study, all participants consumed either 2.5 mg/day
of an extract containing water-soluble 3-p-glucans from L.
edodes mycelium or placebo for six weeks. After a wash-
out period of four weeks, the alternate supplementation was
given for six weeks. At the end of the study, factors of the
immune response as immunoglobulins, complement proteins
and cytokines (including TNF-a) were not altered by the
p-glucan consumption. These results differed from those
reported by Dai et al. [51], where the pattern of cytokines
secreted before and after shiitake mushroom consump-
tion was significantly different. In their study, after four
weeks, the consumption of either 5 or 10 g/day of whole
fruiting body by healthy adults (21-41 years) resulted in an
increased TNF-a and IL-1a levels but no changes in IL-6
or IL-1p concentrations. The secretion of the anti-inflam-
matory cytokines IL-4 and IL-10 was strongly stimulated
after the mushrooms consumption, but pro-inflammatory
TNF-a levels were also increased. However, the lack of
a placebo group in the study made it impossible to une-
quivocally conclude whether these changes were due to the
mushroom administration and to draw further comparison
with the present study despite the similarities in the age
range. Moreover, animal studies indicated that the immune-
regulatory functions of edible mushrooms (particularly A.

bisporus) in vivo are difficult to detect since they can only
be noticed after a challenge. Yu and co-authors observed that
after administration of dextran sodium sulfate, A. bisporus
provided transient protection from colonic injury and induce
a modest TNF-a secretion locally in the colon [52].

One of the side effects of undercooked shiitake mush-
room consumption is a cutaneous reaction (linear erythe-
matous eruptions); however, none of the study participants
reported symptoms related to the skin (erythematous, erup-
tions, papules, papulovesicles or pruritus) [53]. Moreover,
adverse human effects were reported after f-p-glucans con-
sumption [54], but in this study, 3 out of 33 subjects (9.1%)
dropped out the study due to gastrointestinal annoyances in
the first days of the intervention suggesting that some people
might show higher sensitivity to the product intake. Among
the participants who completed the study, other types of
milder gastrointestinal nuisances were noticed as heartburn
or flatulence, probably associated with the high dietary fiber
content of the product. Nevertheless, similar adverse events
were noticed in CG subjects and the regular consumption of
the BGE mixture did not affect safety parameters, such as
transaminases, creatine or urate, or those related to glucose
metabolism or inflammation. These observations were in
line with another clinical study where the administration of
a soluble B-p-glucan preparation (containing lentinan) from
shiitake mycelium induced similar adverse events in terms
of number, nature and severity in both groups [45].

A limitation of the study is that there was a dropout
higher than expected and the sample size calculated to
observe differences in LDL cholesterol levels was not fully
achieved and therefore, it should be taken into considera-
tion in the result interpretation and extrapolation. Another
inconvenience was that although the BGE was tasted by
some volunteers prior to the clinical trial, no sensory evalu-
ation was carried out to adjust the formulation for consumer
acceptance increasing the number of retracted volunteers.

Regarding microbiota studies, in CG, strong correla-
tions were observed with hematological data, e.g. negative
association was noticed between an ASV within the Chris-
tensenellaceae and leucocytes. An ASV assigned to Para-
prevotella inversely correlated with erythrocyte counts but
also with systolic blood pressure. The latter observations
might lack significance being artefacts since the correlation
was indicated for only one of the measured blood pressures
although previous studies linked the genus Paraprevotella
with profiles with high CVD risk [55, 56].

An ASV assigned to Faecalibacterium showed a positive
association with LDL and triglyceride levels, complement-
ing the results from Wang et al. [8] that noticed a positive
correlation of this genus with BMI and a negative association
with HDL. In the TG, a Dorea ASV was inversely correlated
with dietary fiber intake, being in concordance with previous
clinical trials including p-p-glucan or fiber administration
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that noticed a significant reduction of Dorea after treatment
[8, 57]. One Coprococcus ASV was positively correlated
with weight, while another ASV was inversely correlated
with HDL (rho=-0.53, P=0.03). Coprococcus spp. were
abundant in obese children according to previous studies
[58] and in rats fed with high cholesterol diets [59]. An
ASV within the family Muribaculaceae was also inversely
correlated with HDL (rho=-0.53, P=0.03) and positively
correlated with weight and insulin. The latter hormone
was also positively associated with an ASV assigned to the
Eubacterium coprostanoligenes group. Recently, Eubacte-
rium hallii demonstrated an improvement on insulin sensi-
tivity after oral administration to obese and diabetic mice
[60]. Furthermore, an ASV assigned to Eubacterium eligens
was inversely related with triglycerides levels (rho=-0.51,
P=0.048). This result was not in concordance with others
that observed a positively correlation between Eubacterium
rectale and triglycerides concentrations [61]. Nevertheless,
most of the cholesterol-reducing bacteria isolated and char-
acterized are members of the genus Eubacterium [10]. Previ-
ous works stated that Catenibacterium abundance was sig-
nificantly increased after a high-fat and high-sugar diet [62],
being in concordance with the positive correlation observed
here for a Catenibacterium ASV with observed glucose lev-
els. Total cholesterol was inversely correlated with ASVs
within the Ruminococcaceae (rho=-0.55, P=0.02) and
the genus Bifidobacterium (rho=-0.57, P=0.01). Previ-
ously, various studies reported contradictory results regard-
ing Ruminococcaceae and lipidic profiles. Wang et al. [63]
observed lower Ruminococcaceae abundance in high-fat-fed
mice, whereas Sun et al. [64] noticed higher abundances in
high-fat-fed hamsters. Liu et al. [65] detected positive corre-
lations between the Ruminococcaceae and total cholesterol,
LDL and LDL/HDL ratio in Japanese quail cecal microbiota.
Higher consensus was achieved about the negative correla-
tion of Bifidobacterium with cholesterol, since the ability of
members of this genus to lower cholesterol levels has been
repeatedly reported [10, 66, 67].

Conclusion

Although the BGE mixture showed hypocholesterolemic
effects in animal studies, it did not significantly lower the
cholesterol levels compared to placebo in the human trial car-
ried out under the reported conditions. The supplement con-
tained high concentrations of fungal B-glucans with reported
immunomodulatory properties, but it did not significantly
affect the cytokine profile nor the oxXLDL values of the sub-
jects. However, consumption of the BGE mixture was safe and
even might be positive because even having a less healthy diet
(compared to placebo subjects), consumers did not show any
increase of their cholesterol levels and achieved the dietary

@ Springer

fibre intake recommended by authorities as healthy and cardio-
vascular protective diet. Moreover, the BGE mixture adminis-
tration during eight weeks modulated the colonic microbiota
differently compared to placebo. In subjects consuming the
mixture, the differences in microbiota composition from before
to after the intervention correlated with some markers related
to cholesterol metabolism, with a few ASVs particularly
responsive to the intervention. Within the microbiota of the
BGE-treated subjects, despite other groups and cholesterol-
related metabolites, members of the family Ruminococcaceae
and the genus Bifidobacterium were inversely associated to
cholesterol levels, however, no correlation was found with any
of the measured immunological parameters. Therefore, results
from this study suggested a slight relation between cholesterol
metabolism, microbiota and administration of the BGE mix-
ture but still remains inconclusive, perhaps because the period
of consumption or dose selected for the intervention was insuf-
ficient to achieve effective cholesterol reduction. Therefore,
longer-period clinical trials would be necessary to clarify this
possibility.
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