Open Access Article. Published on 12 January 2022. Downloaded on 7/4/2022 9:53:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Food &
Function

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Food Funct.,, 2022, 13,
2068

Received 20th November 2021,
Accepted 7th January 2022

DOI: 10.1039/d1fo03942¢

rsc.li/food-function

1. Introduction

Hypertension- and glycaemia-lowering effects

of a grape-pomace-derived seasoning in high-
cardiovascular risk and healthy subjects. Interplay
with the gut microbiomet

Diego Taladrid,* Miguel de Celis,” Ignacio Belda,” Begofia Bartolomé® and
M. Victoria Moreno-Arribas (2 *@

Purpose: Grape pomace (GP) is a winery by-product rich in polyphenols and dietary fibre. Some recent
results suggest that GP-derived extracts could be promising additives in food, specially recommended for
low-salt diets. The hypothesis tested in this paper is that the regular consumption of GP-derived season-
ings could help in the control of hypertension and glycaemia. Methods: A randomized intervention study
(6 weeks) was performed in high-risk cardiovascular subjects (n = 17) and in healthy subjects (n = 12) that
were randomly allocated into intervention (2 g day™ of GP seasoning) or control (no seasoning con-
sumed) groups. Blood samples, faeces, urine and blood pressure (BP) were taken at the baseline and at
the end of the intervention. Faecal samples were analysed for microbiota composition (16S rRNA gene
sequencing) and microbial-derived metabolites (short chain fatty acids and phenolic metabolites). Results:
Among the clinical parameters studied, BP and fasting blood glucose significantly decreased (p < 0.05)
after the seasoning intervention, but not for the control group. Notably, application of a novel approach
based on ASV (Amplicon Sequence Variant) co-occurrence networks allowed us to identify some bacterial
communities whose relative abundances were related with metadata. Conclusion: Our primary findings
suggest that GP-seasoning may help in the modulation of cardiometabolic risk factors, mainly in the early
stages. Furthermore, it evidences modulation of gut microbiota and functional bacterial communities by
grape pomace, which might mediate the cardiometabolic effects of this by-product.

terns and microbiota composition have been associated with
these MetS risk factors.” Hypocaloric and low-salt diets are the

Prevention of cardiometabolic risk factors, such as hyperten-
sion and glycaemia, is a great challenge worldwide. Both high
blood pressure and high fasting glucose level, together with
other factors, cluster what is termed metabolic syndrome
(MeS), a pathological condition that predisposes adults to
develop diabetes, cardiovascular disease or both. Estimations
from the Global Burden of Diseases indicate that in 2015,
19.4% and 8.2% of the world population showed high systolic
blood pressure and high fasting plasma glucose, respectively,
being responsible for 16 million global deaths." Issues such as
age, gender, genetic background, physical activity, dietary pat-
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first strategies to control both hypertension and glycaemia.’
Moreover, consumption of certain foods rich in fibre and poly-
phenols has also been found effective in the prevention of
MetS risk factors (see ref. 4 for a review). These food com-
ponents have demonstrated protective cardiometabolic effects
through diverse intricate mechanisms.>® In addition, they may
influence gut microbiota composition and/or functionality and
hence, impact on microbiota-related diseases.”®

The gut microbiome exerts digestive, metabolic, immuno-
modulatory and protective functions that affect the general health
status of the host.”'® Several authors reported a decrease in
microbial richness and diversity, and an impact on the relative
abundance of specific genera and family in pre-hypertensive
and hypertensive individuals'™"* and people suffering from gly-
caemic imbalances."'* Although it is known that diet can
promote beneficial cardiometabolic effects associated with gut
microbiota metabolism (i.e., production of short chain fatty
acids from dietary fibre'®), the causal relationships among
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cardiovascular diseases and MetS risk factors, diet and gut
microbiota still remain to be completely clarified."®

Grape pomace (GP) is a winery by-product composed of grape
seeds, skin and stems, and is rich in dietary fibre and polyphe-
nols. Extracts from GP are suitable for different applications in
the food industry, also representing a profitable and environ-
ment-friendly utilization way for this by-product that is generated
in large quantities (25 kg per 100 kg of fresh grapes)."” Based on
their potential biological activities, several intervention studies
with GP supplements have been carried out in humans.>*®"?

Some recent results suggest that GP-derived ingredients
could be promising additives in food,”® and specially rec-
ommended as sodium salt replacers. Moreover, sensory evalu-
ation of several GP-derived seasonings incorporated into every-
day dishes has confirmed their good sensory acceptability by
consumers, which may enhance consumer liking and adher-
ence to low-sodium diets.>! From this background, the aim of
the present study was to address the effects of the regular con-
sumption of GP-derived seasonings in subjects suffering from
hypertension and/or glycaemia. For that, a complete biochemi-
cal study, a description of the gut microbiome composition
and structure, and the analysis of faecal metabolites (i.e., short
chain fatty acids and phenolic metabolites) were performed in
samples from high-cardiovascular risk subjects (HCR subjects)
and healthy subjects, before and after a nutritional interven-
tion with a GP-derived seasoning (Fig. 1). The relationship
between the clinical parameters and sequencing data was also
investigated through the application of novel approaches
based on bacterial co-occurrence networks defined by the pres-
ence of ASV (Amplicon Sequence Variant) in samples (Fig. 1).
Overall, this paper brings new findings about the health
effects of GP-derived seasonings and, in general, about the
interplay between MetsS risk factors, diet and gut microbiota.

2. Materials and methods

2.1. Grape pomace extracts

A seasoning obtained from red grape pomace whose sensory
acceptability by consumers was previously confirmed> was
used in this study. It was manufactured in the industrial facili-
ties of Bodega Matarromera (Valbuena de Duero, Valladolid,
Spain). Its total phenolic content was 47.96 + 4.08 mg of gallic
acid equivalents per g as determined by the Folin—-Ciocalteau’s
method, being rich in phenolic acids (1843.03 pg™"), flavan-3-
ols (276.31 ug™") and flavonoids (72.76 pg™').>* As indicated by
the manufacturer, other components were: protein (77 mg
g™"), complex polysaccharides (810 mg g~ '), dietary fibre
(19 mg g7"), fat (1< 10 mg g~') and ash (39 mg g™ ).

2.2. Clinical trial

The intervention study (ISRTC 13100451) was conducted in
accordance with the Clinical Ethics Committee at the Health
Department of Comunidad de Madrid (Madrid, Spain) and the
Spanish National Research Council’s Bioethics Committee
(Madrid, Spain) (reference RTC-2016-4556-1). All experiments
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were performed in compliance with the Declaration of
Helsinki. A total of 32 volunteers (45.24 + 15.41 years old),
including people with cardiometabolic risk factors (HCR sub-
jects) and healthy subjects, were recruited at the initial stage.
The including criteria for the group with metabolic imbalance
were to present raised BP (systolic BP (SPB) > 130 mmHg and/
or diastolic BP (DBP) > 85 mmHg) and/or increased fasting
plasma glucose (>100 mg dL™"). By contrast, healthy subjects
had to present normal values of the mentioned parameters
and no diagnosed disease. Exclusion criteria for both groups
were: diagnosed with serious cardiovascular disease, antibiotic
or nutraceutical intake up to 3 months before the study, endo-
crine and gastrointestinal disorders, addiction to drugs and
restrictive diets (i.e. vegetarians). None of the HCR subjects
was under medication. The following formula was employed
for calculating the sample size:

2(Zy + 2p) " xS
d2

where Z, represents a p value lower than 0.05 (Z, = 1.96), Z; a
power of 80% (Zg = 0.842), while d and S are based, respect-
ively, on the mean reduction of 8 mmHg and the standard
deviation of 7.5 mmHg in MBP, both reported in previous
studies carried out under similar conditions.**>*

Before starting, 31 volunteers received full information
about the study and a survey of dietary habits and of recipes
low in sodium, and they signed an informed consent to par-
ticipate. Then, they were allocated randomly into the interven-
tion or the control groups by lottery employing sequentially
numbered containers. Both intervention and control groups
had to reduce the consumption of sodium salt during the 6
weeks of the clinical trial. Furthermore, the intervention group
consumed 2 g day™" of the GP-derived seasoning as a sodium
salt replacer in their foods (Fig. 1). A total of 29 volunteers suc-
cessfully completed the study: 17 from the intervention group
(9 HCR subjects and 8 healthy subjects) and 12 from the
control group (7 HCR subjects and 5 healthy subjects)
(Table 1). Samples of urine, faeces and blood and the data of
height, weight, waist circumference and BP were taken before
and after the intervention period. Mean Blood Pressure (MBP)
was calculated using the following equation:

SBP — DBP
MBP = DBP + s )

Before sequencing and metabolite analysis, faecal samples
were thawed and 1 gram was diluted in 10 ml of PBS. After a
vigorous homogenization, five aliquots of 1 mL were prepared
and then centrifuged at 10 000 rpm for 10 minutes at 4 °C.

2.3. Plasma biochemical parameter measurement

Serum biochemical parameters were measured in plasma
using an automated biochemical auto-analyser in an accre-
dited laboratory. The tests included the measurement of
glucose levels, lipids, transaminases, and ions and haematol-
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Fig. 1 Flow chart of this study, including details about intervention, sample collection, analytical determinations, and data analysis.

ogy (Table 2). Insulin was measured with the IMMULITE 2000
analyzer (DPC, LA, USA). All determinations were carried out at
least in duplicate.

2.4. DNA extraction and sequencing

Faecal pellets were employed to bacterial DNA extraction using
the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany),
following the manufacturer’s recommended protocol. The two-

2070 | Food Funct, 2022, 13, 2068-2082

step PCR Illumina® protocol was followed to prepare libraries,
including PCR blockers in the first process for minimizing the
amplification of mitochondrial and chloroplast DNA.>®> The
V3-V4 region of the ribosomal RNA gene was amplified using
the forward primer CCTACGGGNBGCASCAG and the reverse
primer GACTACNVGGGTATCTAATCC. Sequencing was sub-
sequently carried out on Illumina® MiSeq instrument
(Ilumina®, San Diego, CA, USA) using 2 x 300 paired-end

This journal is © The Royal Society of Chemistry 2022
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Table 1 Baseline characteristics of the volunteers
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Control Intervention

Healthy subjects HCR subjects Healthy subjects HCR subjects
n (total) 5 7 8 9
n (females) 2 4 6 5
n (males) 3 3 2 4
Age 33.00 +11.28 57.50 £ 4.97 35.00 +14.48 52.00 +12.49
Weight (kg) 70.89 + 19.37 79.33 + 15.47 60.90 + 11.00 81.96 + 14.75
BMI (kg m_z) 25.31 +5.79 29.16 + 3.96 22.65 + 3.10 30.37 +3.98
SBP (mmHg) 118.3 £9.8 137.7 £ 9.3 108.9 £ 11.6 135.0 £ 5.2
DBP (mmHg) 75.00 +13.78 90.46 + 7.27 68.89 + 7.82 88.89 + 11.67
Glucose (mg dL™) 80.00 + 10.00 98.50 + 15.59 76.22 +3.19 89.63 +12.29
Cholesterol (mg dL_l] 189.5 £ 28.1 185.2 + 46.6 167.7 £+ 25.4 217.3 +23.1
Triglycerides (mg dL™) 98.67 + 38.51 118.3 £ 95.1 69.44 + 17.09 140.8 + 41.9
HDL (mg dL_l) 56.17 +17.19 53.60 + 15.44 60.33 +12.64 58.25 +19.65
LDL (mg dL™) 113.5 + 30.9 98.20 + 33.45 93.56 + 19.68 130.8 + 23.6
MBP (mmHg) 89.44 +12.37 106.2 + 6.6 82.22 + 8.66 98.33 +20.08

reads and then it was analysed by amplifying and sequencing
the 16S rRNA v3-v4 gene. Raw files are available in the
National Center for Biotechnology (NCBI) repository under the
project code PRJNA717111.

2.5. Sequence processing

The DADA2 algorithm was employed to denoise, filter, align
pairs and filter out chimeras in the raw data.”® This algorithm
also applies an error correction model that allows the differen-
tiation of even a single nucleotide, leading to the formation of
Amplicon Sequence Variants (ASVs). A total of 4 886 843 good
quality reads were obtained for faecal DNA. The taxonomic
assignment was performed using the naive Bayesian classifier
implemented in DADA?2 using the reference database Silva,””
with a bootstrap cut-off of 80%.

2.6. Analysis of short chain fatty acids (SCFA)

Analysis of SCFA in faeces was carried out in duplicate follow-
ing the SPME-GCMS method described previously.”® Two vials
were obtained by sampling, each from a different aliquot.
Quantitative data were obtained using calibration curves of
each of their corresponding standards compared to the
internal standard (2-methylvaleric acid).

2.7. Analysis of phenolic metabolites

Analysis of phenolic metabolites in faeces was carried out fol-
lowing the UPLC-ESI-MS/MS methodology described pre-
viously.>® Three aliquots per sample of faecal supernatants
were employed. Data were collected in the multiple reaction
monitoring (MRM) mode. The MS/MS parameters (cone
voltage, collision energy, and MRM transition) of the targeted
phenolic compounds were reported previously.>® All metab-
olites were quantified using the calibration curves of their
corresponding standards compared to the internal standard
(4-hydroxybenzoic-2,3,5,6-d4 acid), except for the phenyl-4-
hydroxyvaleric acid that was quantified as (—)-epicatechin. For
this reason, this compound was excluded from the sum of phe-
nolic compound contents (3 phenolic compounds).

This journal is © The Royal Society of Chemistry 2022

2.8. Statistical analysis

All statistical analyses were carried out on R. The Wilcoxon
signed-rank test (for paired samples) was employed to check
the differences in the clinical parameters, bacterial taxa and
metabolites between the samples collected before and after
the intervention period. Microbial features (i.e., genera and
species) most likely to explain the differences between the
microbiota data from healthy subjects and HCR subjects were
determined by LEfSe. Bacterial co-occurrence networks were
constructed in Gephi® to observe the relationships between
the microbiome, the metabolites and the clinical data.
Keystone members of each community were identified by a
mean of the grade, the betweenness centrality and the close-
ness centrality of each ASV (node) in the network,*" with all
three being determined using the igraph package and standar-
dized to a scale of 1 to 0 prior the mean.

3. Results

From the 31 volunteers selected for the study, a total of 29 par-
ticipants completed the study (two participants could not
attend the final sample delivery) in two stages between
November 2018 and November 2019 (Fig. 1).

3.1. Changes in clinical parameters after intervention with
the GP-derived seasoning

After the intervention period, the evolution of the clinical para-
meters in people who consumed 2 g day ' of the GP-derived
seasoning (intervention group, n = 17) and the controls (n =
12) was evaluated by the Wilcoxon test (Fig. 2). Blood pressure
(i.e., SBP, DBP and MBP) and fasting blood glucose signifi-
cantly decreased after 6-weeks of consumption of the GP-
derived seasoning, whereas no significant change was
observed in the rest of the clinical parameters (Table 2). MBP
decreased in 16 out of the 17 volunteers in the intervention
group with a mean reduction of 14.32%, while no general
trend was observed for the control group (Fig. 2a). This

Food Funct., 2022,13, 2068-2082 | 2071
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Table 2 Mean values of physio-metabolic parameters before and after the intervention period for both control and intervention groups. The
Wilcoxon paired test was carried out to evaluate significant differences (p < 0.05 (*) and p < 0.01 (**)) between the initial and the final sampling

Control (n = 12)

Intervention (n = 17)

Initial Final pval Initial Final pval
Anthropometric measurements
BMI (kg mfz) 27.23 £5.14 26.75+ 5.1 0.343 26.29 + 5.24 26.09 + 5.22 1.000
Abdomen (cm) 94.08 + 14.87 94.86 + 13.69 1.000 93.53 + 14.07 93.38 +16.9 1.000
Waist (cm) 96.08 + 18.8 100.23 £ 13.15 0.762 98.53 £ 16.95 96.75 + 15.74 0.983
SBP (mmHg) 129.41 £ 13.54 129.46 £15.17 0.888 122.63 £15.93 104.44 £15.42 0.003**
DBP (mmHg) 83.83 £12.83 82.85 £ 10.02 0.330 78.89 +14.1 67.78 £9.43 0.013*
MBP (mmHg) 99.02 +12.51 91.36 + 28.22 0.582 90.7 £17.41 77.71 + 8.05 0.004**
Blood biochemistry
Leukocytes (10° pL™") 6.78 + 2.55 7.12 +2.99 1.000 6.6 +1.03 6.57 + 1.04 0.720
Erythrocytes (10° puL™") 5.02 + 0.51 4.96 + 0.55 0.241 4.89 + 0.46 4.79 + 0.37 0.079
Hemoglobin (g dL_l] 14.61 £ 1.16 14.55 £ 1.32 0.735 14.29 £ 1.34 14.21 £ 1.07 0.294
Hematocrit (%) 44.80 + 3.50 44.28 + 3.99 0.075 43.05 +3.43 42.62 + 2.73 0.222
MCV (fL) 89.5 +4.29 89.6 + 3.56 0.770 88.26 + 4.24 89.12 + 4.01 0.083
MCH (pg) 29.15 + 1.63 29.39 +1.79 0.160 29.27 + 1.46 29.72 +1.73 0.201
MCHC (g dL_l) 32.64 +1.32 32.8 £1.29 0.084 33.17 £ 0.89 33.33+0.9 0.842
RDW (5) 13.08 = 0.64 13.3 £0.79 0.359 13.34 £ 1.18 13.33 £0.62 0.889
Platelets (103 },LLfl] 273.25 +£49.18 274.36 £ 53.26 0.414 284.88 £ 60.7 300.75 £ 67.07 0.730
MPV (fl) 9.11 + 0.86 9.26 + 0.67 1.000 8.89 = 0.98 8.96 + 1.36 0.909
Lymphocytes (10° pL™") 2.15 + 0.75 2.3+0.6 0.193 2.14 + 0.67 2.27 +0.67 0.074
% Lymphocytes 33.11+£9.21 35.35+10.38 0.169 32.49 £9.00 34.61 £ 9.01 0.018*
Monocytes (10° pL™") 0.45 + 0.15 0.51+0.4 0.092 0.39+0.10 0.36 + 0.08 0.096
% Monocytes 6.94 +1.45 6.78 +2.07 0.123 5.96 +1.34 5.54 £ 0.92 0.027*
Neutrophils (10> pL™) 3.87+1.9 4.02+2.4 0.922 3.83+0.83 3.66 + 0.88 0.140
% Neutrophils 55.73 £10.16 53.83 +10.14 0.375 58.11 + 8.83 55.65 + 8.9 0.017*
Eosinophils (10> pL ™) 0.19 + 0.14 0.19 + 0.12 0.834 0.20 + 0.12 0.25 +0.17 0.011*
% Eosinophils 2.56 +1.79 2.65 +1.59 0.235 2.96 +1.64 3.7+2.31 0.012*
Basophils (10> uL ™) 0.05 + 0.04 0.02 + 0.03 0.269 0.03 + 0.01 0.03 +0.01 0.874
% Basophils 0.62 + 0.34 0.49 + 0.19 0.673 0.48 + 0.19 0.5+0.21 0.722
Glucose (mg del) 89.25 +15.79 88.82 + 15.56 0.959 82.53 +10.9 77.94 +12.29 0.028*
Creatinine (mg qu) 0.73 +£0.12 0.74 £ 0.11 0.944 0.74 + 0.14 0.76 + 0.15 0.438
Bilirubin (mg dL_l) 0.71 £ 0.38 0.62 £ 0.24 0.295 0.62 £ 0.25 0.61 £ 0.25 0.830
Uric acid (mg mL_]) 5.41+1.41 5.01 +1.46 0.284 5.24 +2.05 491 +1.97 0.589
Albumin (g del) 4.34 +0.55 4.3 +0.48 0.396 4.47 +£0.22 4.4 +0.23 0.168
Calcium (mg dL ™) 9.51+0.36 9.57 +0.3 0.833 9.30 + 0.41 9.33 + 0.34 0.955
Phosphorus (mg dL™") 3.32+0.25 3.14 +0.55 0.726 3.62 % 0.58 3.51+0.63 0.310
GPT (UI L_l) 25.17 £11.65 23.00 + 14.80 0.213 26.53 £ 17.56 25+14.71 0.278
GGT (UL Lfl) 25.58 £20.3 21.36 +19.32 0.858 23 +£18.47 21.94 + 20.77 0.972
Sodium (mEq Lfl) 139.36 £ 1.8 141 +1.73 0.159 140.53 £2.29 141.69 £ 1.54 0.138
Potassium (mEq L_l) 4.47 +£0.31 4.16 £ 0.27 0.219 4.41 £ 0.65 4.33 £0.55 0.124
Cholesterol (mg dL_1) 187.33 £ 36.82 187.91 £ 52.11 0.414 191 + 34.73 192.25 £ 29.26 1.000
Triglycerides (mg del) 108.5 + 69.92 107.18 £ 35.43 0.441 103 +47.54 94.81 + 29.92 0.649
HDL (mg del) 55 +15.65 55.91 +14.33 0.361 59.35 £15.81 60.81 +13.28 0.842
LDL (mg dL_l) 106.55 + 31.46 110.55 £ 45.59 0.553 111.06 + 28.34 112.44 + 24.96 0.798
Insulin (pUI mL_1) 6.63 +3.11 6.53 +2.86 1.000 9.21 +5.79 8.42 + 4.85 0.639
Urine biochemistry
Proteins (mg del) 3.07+1.71 5.19 + 2.86 0.678 5.81 +4.51 5.93 +6.85 0.631
Creatinine (mg dL_l) 82.18 + 34.62 107.27 £ 54.5 0.435 108.06 + 62.59 73.31 £ 35.78 0.198
Total calcium (m; 9.16 + 5.76 11.74 £ 6.89 0.937 8.98 5 8.77 + 4.8 0.831
Sodium (mEq L 91.82 + 33.48 119.91 £ 60.81 0.204 91.82 +48.3 107.94 £ 60.01 0.291
Potassium (mEq Lfl) 37.44 +18.31 39.78 £19.71 0.425 49.22 + 22.29 43.83 +20.75 0.407
Excreted sodium (mEq min™") 157.83 + 67.08 162.25 + 63.02 0.572 128.02 + 86.05 162.58 + 73.55 0.775
Excreted potassium (mEq min_]) 62.81 + 29.08 55.02 + 24.99 0.510 63.13 £ 25.4 66.17 + 22.5 0.582
Creatinine clearance (mL minfl) 128.37 £+ 45.65 130.74 £ 36 0.226 121.89 + 34.83 102.51 £ 35.59 0.618

outcome was accentuated when we separated the trends of
HCR subjects (16.71% reduction after the intervention period,
p value = 0.007) and healthy subjects (9.15% reduction after
the intervention period, p value = 0.011). A similar outcome
was observed in the glycemic profile (Fig. 2b), in which the
majority of the volunteers conforming to the intervention
group (14 out of 17) exhibited a mean reduction by 5.56% in
glucose levels, being similar for the subgroups of healthy sub-

2072 | Food Funct, 2022, 13, 2068-2082

jects and HCR subjects (5.86% and 5.23% reduction after the
intervention period, respectively). Less relevant, some leuko-
cyte populations (i.e., eosinophils) significantly increased after
intervention with the GP-derived seasoning (Table 2).

3.2. Description of global gut microbiota patterns

A total of 3942 ASVs were sequenced from the faecal samples
analysed. No differential patterns in terms of alpha and beta

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Individual data for MBP (mean blood pressure) (a) and FPG

(fasting plasma glucose) (b) before (initial) and after (final) the interven-
tion period with the GP-derived seasoning. The Wilcoxon signed-rank
test was employed to check statistical differences.

diversity were observed between the healthy subjects and HCR
subjects at the initial sampling (Fig. S1a and S2b¥) or between
the initial and final times for both intervention and control
groups (Fig. S2a and S2bt). In general, a clear dominance of
the phyla Firmicutes, covering around the 60% of microbiota,
and Bacteroidetes, with half the abundance, was observed
(Fig. S3t). Ruminicoccaceae (34.23%) and Lachnospiraceae
(11.62%) were the most abundant families within the
Firmicutes phylum, whereas Bacteroidaceae (18.65%) pertains
to the phylum Bacteriodetes. A noticeable occurrence of
Akkermansia, the only member of the Akkermansiaceae
(7.54%) family (Verrucomicrobiota phylum) was also observed
(Fig. S37).

Initially, there were several microbial features differentiat-
ing the groups of HCR and healthy volunteers (Fig. S4t). From
the genus identified as Escherichia/Shigella to the phylum it
belongs to (Proteobacteria), both taxa included, all the taxo-
nomic categories were significantly higher in HCR subjects.
Other genera with differential abundance in HCR subjects
were Tyzerella 4, Gordonibacter and Fournierella. By contrast,
healthy subjects were enriched with Subdoligranulum and
Ruminococcaceae UCG-013, both members of the family
Ruminicoccaceae, and Faecalitalea. This pattern was also
observed for some of these microbial features, like Escherichia/
Shigella (and its upper taxonomic categories), Subdoligranulum
and Ruminicoccaceae UCG-013, when microbial features
between the healthy subjects and HCR subjects were rep-
resented in a heat tree (Fig. S51).
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None of these genera was affected by the seasoning con-
sumption, neither in healthy subjects nor in HCR subjects.
However, some families such as Streptococcaceae experienced
a significant increase (143%) (p < 0.05) in their relative abun-
dance after the intervention period whereas others experienced
a significant reduction (p < 0.05), as occurred for
Eggerthellaceae (52% reduction) and Coribacteriales Incertae
Sedis (81% reduction) (Fig. 3). Significant changes (p < 0.05)
after the intervention were also noticed in the relative abun-
dance of some genera, such as Peptoniphilus (86% reduction),
Clostridiaceae 1 (394% increase), Clostridium sensu stricto 1
(363% increase), Ezakiella (74% reduction), Streptococcus
(143% increase), Lachnospiraceae ND3007 group (53%
reduction), Paraprevotella (17% increase) and Senegalimassilia
(44% reduction) (Fig. 3).

3.3. Changes in faecal metabolites

Acetic, propionic and butyric acids were found in a proportion
of 4:2:1 in most of the volunteers (Table 3). Concerning pheno-
lic metabolites, phenyl-4-hydroxyvaleric acid (quantified as
(—)-epicatechin), 4-hydroxyphenylacetic acid and 3-(3-hydroxy-
phenyl) propionic acid were the most abundant. Significant
changes (p < 0.05) after intervention with the GP-derived season-
ing were found for propionic acid and protocatechuic acid, but
not in the control group. After the intervention period, a mean
reduction of 10.8% for propionic acid and a mean increase of
152.13% for protocatechuic acid were found for those volunteers
who consumed the GP-derived seasoning. Fig. 4 details the indi-
vidual evolution for both significant metabolites.

3.4. Bacterial co-occurrence networks and relationship with
clinical parameters

To dive deeper into the relationships between the microbiome
and the clinical data we constructed a network by representing
microbial communities composed of strains (ASVs) that tend
to co-occur and develop in a similar metabolic context.
Moreover, essential ASVs of each community (keystone
members) were identified. Specifically, four well-differentiated
communities significantly correlated with different clinical
parameters (Fig. 5). The complete taxonomic composition of
each functional community is described in ESI Table 1. Only
two taxa, Bacteroides and Ruminococcaceae, were present in
the four communities, with the last one also being the clear
dominator in all of them (Table S1}). A first functional com-
munity was formed by ASVs whose relative abundance corre-
lated positively with cholesterol and glucose [module (+)chole-
sterol (+)glucose] and characterised by several strains acting as
the keystone members, highlighting those belonging to
Prevotellaceae and Erysipelotrichaceae (Table S1f). A second
functional community showed positive correlation with BP
and negative correlation with butyric acid and total phenolic
content [module (+)BP (—)butyric acid (—)phenolics], with few
keystone members belonging mainly to Bacteroides and
Christensenellaceae (Table S17). Another community corre-
lated negatively with weight, creatinine and leukocytes
[module (—)weight (—)creatinine (—)leukocytes]; again, the
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Fig. 3 Magnitude of change at the phylum, family and genus levels with the intervention. The Wilcoxon signed-rank test was employed to check

statistical differences.

presence of several members
Bacteroides,
shown (Table S17). Finally, a fourth community was negatively
correlated with the total phenolic content [module —pheno-
lics], being more frequent as the keystone species belonging to
Muribaculaceae (Table S17). Therefore, relationships between

the gut microbiota composition and clinical parameters

keystone belonging to
Marinifilaceae and Acidaminococcaceae was

seemed to be more based on functional communities com-
posed of bacteria belonging to different genus and even
families, rather than on bacterial taxa (i.e., genera, species).

4. Discussion

Nowadays, there is greater awareness of dietary strategies for
the prevention and treatment of specific MetS risk factors and
their comorbidities.® In this context, this paper reports, for
the first time, scientific evidence of hypertension- and glycae-
mia-lowering effects associated with the regular consumption
of a GP-derived seasoning. Although the reduction rate
observed after the nutritional intervention (2 g of seasoning
per day; 6 weeks) was relatively moderate, it can be inferred
that the dietary intervention with this kind of seasoning as a
salt replacement could help in the control of cardiometabolic
risk factors and MetS, especially at the initial stages.

The hypertension- and glycaemia-lowering effects found in
this study for GP-derived seasonings were in line with the prior

2074 | Food Funct, 2022, 13, 2068-2082

studies with GP extracts®® reporting reductions by 25% and 10%
in MBP and glucose, respectively, for HCR subjects after con-
sumption of red wine polyphenols (around 700 mg GAE per day),
but no changes for healthy volunteers. Even so, we also perceived
lowering effects in healthy subjects, which may be related with
the polyphenol dose of our intervention (96 mg GAE per day). It
seems that lower doses of polyphenols from grape (around
100 mg GAE per day) may work better in the management of gly-
caemia and BP in healthy subjects,'® than high doses (around
700 mg GAE per day).”*® Individuals with metabolic imbalance
usually present a higher degree of oxidative status, so they
respond better to high doses, with reductions in the glucose level
of 3-25% and in the BP of 2-14.5% for doses from 8.4 mg GAE
per day to 800 mg GAE per day.'®****?%*3¢37 No changes in blood
pressure nor glucose were found in T2DM patients after pro-
longed supplementation with grape extract (151 mg GAE per day,
one year).”® Besides polyphenols, the dietary fibre contained in
the GP-derived seasoning may also contribute to the antihyper-
tensive and hypoglycaemic effects observed after intervention. It
has been reported that the digestive fibre fraction presented in
GP forms viscous solutions that may cause difficulty in the
absorption of glucose and lipids®® and facilitate the assimilation
of potassium,*® which acts indirectly on the maintenance of the
blood pressure.*’ Notwithstanding the above, it should be noted
that one of the main limitations of our study was the small
sample size of both cohorts of participants (healthy subjects and
HCR subjects).

This journal is © The Royal Society of Chemistry 2022
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before (initial) and after (final) the intervention period with the GP-
derived seasoning. The Wilcoxon signed-rank test was employed to
check statistical differences.
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As expected from its richness in polyphenols and dietary
fibre, the consumption of the GP-derived seasoning should
promote the production of microbial metabolites such as
SCFA and phenolic metabolites. In the faecal samples, SCFA
(acetic, propionic and butyric acids) were found in physiologi-
cal concentrations** with a mean proportion of 4:2:1, in con-
cordance with earlier studies.'® Other trials with GP extracts
reported increases in acetic and propionic acids after dietary
supplementation,'® whereas we only observed a significant
(p < 0.05) decrease in propionic acid after the intervention.
However, it is important to mention that faecal SCFA concen-
trations are greatly influenced by the type and amount of fer-
mentable available substrates ingested in the diet.** Regarding
phenolic metabolites, the faecal profile and concentrations
found in this study were similar to those reported in earlier
studies.'®?® Significant increases after intervention with the
GP-derived seasoning were only observed for one phenolic
metabolite (protocatechuic acid). Again, we believe that diet
may have blunted the expected effect of supplementation. In
addition, the relatively low number of volunteers and the varia-
bility in the gut microbiota functionality among them may
also influence the results, since differences in gut microbiota
metabolism have been suggested as one of the factors respon-
sible for the great interindividual variability observed in poly-
phenol absorption, distribution, metabolism and excretion
(ADME) in humans.***

-Phenols related
. Keystone members mainly
° belonging to:
: Ruminococcaceae (7)
e Muribaculaceae (4)

Fig. 5 Network based on ASV co-occurrence. A Spearman correlation test was employed to obtain up to 3 best predictors for each ASV. Then,
communities were coloured according to their respective predictors, showing 4 clear communities. Taxa represented in the figure are the families

possessing more quantity of keystone members in each community.
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From the initial characterization of the faecal microbiota,
we found that the HCR group showed significantly (p < 0.05)
higher relative abundance for Escherichia/Shigella, Tyzerella 4,
Gordonibacter and Fournierella, whereas faecal microbiota in
healthy subjects was relatively richer in Subdoligranulum,
Ruminococcaceae UCG-013, and Faecalitalea. Some of these
microbial features were also reported in previous studies char-
acterizing faecal microbiota from hypertensive and/or T2DM
patients. For example, Enterobacteraceae and its genera
Enterobacter and Escherichia/Shigella were enriched in hyper-
tensive subjects,">*® as occurred with Tyzerella 4 in diabetics
and people at cardiovascular risk.””*®* In addition,
Ruminococcaceae was enriched in normotensive subjects,'?
and in a cross-sectorial study, Calderén-Pérez and collabor-
ators*® found that some genera of this family follow the same
pattern. Therefore, coinciding results were found in the genus
Subdoligranulum, a member of Ruminococcaceae, and were tra-
ditionally related to the normal values of BP since it is a buty-
rate producer.'?*”°

Among the parameters that regulate bacterial abundances
and interrelations in the gut microbiome, diet and clinical
conditions are the main contributors to the great variance
observed between the subjects.””* Recent reports confirm
that some dietary patterns such as following the
Mediterranean diet could be useful to restore the potentially
beneficial members of the gut microbiota associated with
MetS risk factors.>®>* In our study, overall compositional
aspects of the microbial community (alpha- and beta-diversity
patterns) were not significantly different after the consump-
tion of the GP-derived seasoning (2 g day™ ", 6 weeks). This may
be due to the buffer effect exerted by the gut microbiota
environment on its composition, even after diet modifi-
cations.”® However, some significant changes in the relative
abundance of specific families and genera after intervention
were found. In particular, the Streptococcaceae family, and
more specifically the Streptococcus genus, registered a notably
increase (143%) in its relative abundance. As said above, this
genus has been associated with a healthy gut status since it
was found in a greater abundance in faeces from healthy vol-
unteers than hypertensive'” and T2DM’® patients, and it was
described as a butyrate producer.”> Through this ability,
Streptococcus could stimulate the G protein-coupled receptors
present in the smooth muscle cells of blood vessels, modulat-
ing vasodilatation and reducing blood pressure.”” In fact,
some strains of S. thermophilus have been tested as probiotics,
further leading to conspicuous reduction in BP and LDL in
patients with metabolic imbalance.*® Moreover, it has been
reported that the viability and growth rate of S. thermophilus
used as a probiotic were enhanced when the formulation
included GP polyphenols® or apple polyphenols.®® A similar
pattern was observed for the genera Clostridiaceae 1 and
Clostridium sensu stricto 1, whose relative abundances
increased after supplementation. Both genera were previously
correlated with low values of blood pressure’*®! and it was
also reported that Clostridiales, the order to which they
belong, was found in lower magnitude in hypertensive

This journal is © The Royal Society of Chemistry 2022
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patients.'* There is no evidence of the effect of polyphenol/
fibre supplementation on the viability of both genera, whereas
Gil-Sanchez et al.'® observed an increase in close species
belonging to the genus Clostridium in a similar intervention
study with GP in healthy women. By contrast, the family
Eggerthellaceae and the genera  Peptoniphilus and
Lachnospiraceae ND3007 group experienced a decrease in rela-
tive abundance. This reduction gains consistency since the
three cases are well-known non-desirable taxa. Eggerthellaceae
is associated with gastrointestinal pathologies and endotoxe-
mia,* the Lachnospiraceae ND3007 group belongs to a family
related with hypercaloric diets,*® obesity®* and hypertension,*®
and Peptoniphilus is a pathogen-like bacterium involved in the
formation of ulcers.®’

Gut bacteria obtain nutrients from the food compounds
released after the digestion. Different bacterial enzymatic path-
ways take place in this process, and enzyme expression
depends on the intestinal environment. Moreover, there are
several cross-feeding associations between the strains, leading
to complex metabolic communities which vary along the gas-
trointestinal tract. These facts highlight the necessity of study-
ing the complex functional relationships in the gut micro-
biome, a research approach that is gaining popularity in
recent years.’ Previous studies have successfully employed bac-
terial networks to explore their interrelationships and to find
out the key species that largely influence the functionality of
the human microbiome.®® These networks are mainly based
on species co-occurrence to lead to bacterial communities. In
most of the cases, microbial communities are composed of
strains close to the functional level, so that few functional
differences exist among the people despite the taxonomic vari-
ations of their microbiota.®” Following this approach, we
found four well-defined communities associated with some
clinical parameters and metabolites.

Our network was constructed from a co-occurrence matrix
composed of bacteria belonging to the core microbiome,
defined as those ASVs identified in more than 10% and less
than 90% of the participants. Moreover, ASVs which tend to
co-occur in only one individual with a probability of 99.9%
were excluded from the network. The four communities identi-
fied were related with key clinical parameters, such as BP,
glucose or cholesterol. All communities presented a complex
and varied composition, so we focused on the keystone
members of each community, which were the central ASV of
the network, on whose functionality relied the viability of the
entire community. This idea minimizes the importance of bac-
terial taxa identification in favour of bacterial functionality,
that is governed by induction/repression of enzymatic activities
depending on the environment.®® We found many taxa related
with both healthy and harmful responses in humans in the
same community or repeated in several communities, which
supported the strain-dependent effect modulated by the
environment. One example of this was the presence of
Bacteroides in all the communities but with a minor relevance
in that related with (—)phenolics, which may make sense
observing the beneficial role of polyphenols in the growth of
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this genus in previous studies.'®***” Moreover, Bacteroides is
widely related to a good health status in previous
bibliography,®*°®”° while here it plays a key role in commu-
nities related to the rising values of BP, glucose and chole-
sterol, suggesting that correlations between the clinical data
and the microbiome were conditioned by particular strains
and the dynamics of the trophic community in which they
grow. To reinforce this idea, another example of controversy
could be the members of Ruminococcaceae, mainly associated
with a good health status®® but dominant among our four
defined communities. Subdoligranulum, a member of the
family, and previously reported as increased in healthy sub-
jects, was present in three of the four communities, even in
that related with (+)BP (—)butyric acid (—)phenolics, despite
being a butyrate producer genus, while it is true that it has a
lower importance in that community compared to the others.
Overall, these results strengthen the hypothesis for future
work that relationships among the clinical cardiometabolic
parameters and the gut microbiome should be based not only
on specific taxonomic data (i.e., genera, species) but also on
bacteria =~ communities  defining  specific = metabolic
functionalities.

5. Conclusions

This study found that the culinary use of a grape pomace-
based seasoning (2 g day™*, 6 weeks) significantly reduced BP
and fasting glucose in both healthy people and HCR subjects,
which may suggest a promising dietary strategy to manage risk
factors at the initial stage of cardiometabolic imbalance.
Faecal metabolites remained similar to the basal conditions
despite the GP intervention, revealing that diet is the most
important regulator of the gut metabolome and microbiome
beyond the intervention. Nevertheless, small differences
between healthy and HCR subjects were found in terms of
microbiota and we checked that GP could also modify the
abundance of some bacterial taxa. However, we are aware of
the limitations of this study, as it is necessary to extend the
study to a higher number of volunteers and health status and
to the analysis of the complete faecal metabolome, for a
robust confirmation of the results obtained here.

In line with previous studies, some of our bacteria corre-
lated with metabolites and clinical markers indicating a clear
interrelation between health and the gut microbiome.
However, the construction of a network based on bacteria co-
occurrence and the correlations mentioned before allow us to
emphasize the considerable importance of identifying environ-
ment-dependent functional communities against a simple
taxa identification. Presumably, there are taxa which tend to
promote a good health status like Akkermansia muciniphila or
some species of Bacteroides possessing a similar genome, but
above the taxonomic identification there exists a strain-depen-
dent effect and an environmental influence that may lead to
different microbiome functionalities.
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ASV Amplicon sequence variant
BP Blood pressure

DBP  Diastolic blood pressure
FPG Fasting plasma glucose
GAE Gallic acid equivalents
MBP  Mean blood pressure

MetS  Metabolic syndrome

SBP Systolic blood pressure
T2DM Type 2 diabetes mellitus
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