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A grape seed and bilberry extract
reduces blood pressure in
individuals at risk of developing
type 2 diabetes: the PRECISE
study, a double-blind
placebo-controlled cross-over
Intervention study

Teresa Grohmann?, Alan W. Walker?, Wendy R. Russell?,
Nigel Hoggard?, Xuguang Zhang? Graham Horgan? and
Baukje de Roos™

'Rowett Institute, University of Aberdeen, Aberdeen, Scotland, United Kingdom, ?By-Health Co., Ltd.,
Guangzhou, China, *Biomathematics and Statistics Scotland, Aberdeen, United Kingdom

Background: Type 2 Diabetes Mellitus (T2DM) is a major risk factor for the
development of cardiometabolic diseases. T2DM prevention is largely based on
weight-loss and whole diet changes, but intervention with dietary plant bioactives
may also improve metabolic health.

Objective: To assess whether supplementation with bilberry and grape seed
extract for 12 weeks improves cardiometabolic outcomes in individuals at risk
of developing T2DM, and to determine whether individual treatment response is
associated with differences in gut microbiota composition and levels of phenolic
metabolites in blood and feces.

Methods: In the randomized, double-blind, placebo-controlled, cross-over PRECISE
intervention study, 14 participants, aged >45 years, with a BMI >28 kg/m?, and having
an increased risk of T2DM, received a supplement containing 250 mg of bilberry plus
300 mg of grape seed extract, or 550 mg of a control extract, per day, for 12 weeks
each. Blood samples were obtained for the assessment of HbAlc, fasting glucose,
oral glucose tolerance tests, insulin, glucagon levels, total, LDL and HDL cholesterol,
and phenolic acids. We also assessed advanced glycation end products in the skin,
ambulatory 24 hours blood pressure, 7-day dietary intake by weighed food diaries,
fecal levels of phenolic metabolites using LC-MS/MS and gut microbiota composition
using 16S rRNA gene sequencing analysis.

Results: The combined bilberry and grape seed extract did not affect glucose
and cholesterol outcomes, but it decreased systolic and diastolic ambulatory
blood pressure by 4.7 (p<0.001) and 2.3 (p=0.0009) mmHg, respectively. Eight
out of fourteen participants were identified as blood pressure ‘responders’. These
responders had higher levels of phenylpropionic and phenyllactic acids in their
fecal samples, and a higher proportional abundance of Fusicatenibacter-related
bacteria (p<0.01) in their baseline stool samples.

Conclusion: Long-term supplementation with bilberry and grape seed extract
can improve systolic and diastolic blood pressure in individuals at risk of T2DM.
Individual responsiveness was correlated with the presence of certain fecal
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bacterial strains, and an ability to metabolize (epi)catechin into smaller phenolic

metabolites.

Clinical trial registry number: Research Registry (humber 4084).

blood pressure, cardiometabolic health, grape seed extract, bilberry extract, human
intervention study, gut microbiota, type 2 diabetes prevention

1. Introduction

Consumption of healthy diets and weight loss are considered
effective tools for the prevention and treatment of cardiometabolic
diseases, such as type 2 diabetes mellitus (T2DM) (1-4). Current
strategies for T2DM prevention and treatment largely focus on weight
loss through diet management. Dietary recommendations include
consumption of leafy vegetables, fruits, and wholegrains (2, 4, 5).
However, weight management by diet can be difficult to maintain, and
does not lead to effective weight loss for everyone (6). Therefore,
alternative dietary strategies to lower the risk of T2DM, or treat
T2DM, are needed (7, 8).

Previous studies show that high consumption of berries and nuts,
lowered the risk of T2DM development (4), and consumption of fruit
extracts improved glucose and cholesterol metabolism, as well as
blood pressure, in individuals with metabolic syndrome and in
T2DM patients (9, 10). Furthermore, consumption of phenolic
components in fruits, such as anthocyanins and flavan-3-ols,
improved markers of cardiometabolic health (11, 12). In particular
interventions with berries rich in anthocyanins and flavan-3-ols
beneficially affected glucose metabolism in humans (13). Longer-
term intervention with bilberry extract, in addition to healthy lifestyle
choices, decreased glycated hemoglobin (HbA1c) in T2DM patients
(14). Similarly, an acute intervention with bilberry extract reduced
postprandial blood glucose after a glucose challenge in T2DM
patients (15). In vitro experiments and animal studies have
mechanistically linked specific phenolic compounds, such as
catechin, anthocyanins and epigallocatechin gallate, to the
modulation of glucose metabolism (16). For example, epicatechin
gallate from green tea reduced uptake of glucose in the small intestine
after a glucose challenge, by inhibition of active glucose transport via
sodium-mediated glucose transporters (SGLT1) across the small
intestinal epithelium (16).

The gut microbiota is capable of metabolizing complex flavan-
3-ols, which cannot be absorbed in the small intestine, into low
molecular weight phenolic acids (12, 17). These phenolic acid
metabolites have previously been detected in plasma for prolonged
periods, and may be associated with the anti-diabetic effects of fruits
and their extracts (11, 12, 18, 19). However, gut microbiota
composition and activity can vary greatly between individuals.
Therefore, inter-individual differences in gut microbiota composition
due to diet, lifestyle factors, use of medication, host genetics, as well
as environmental factors, may lead to differences in an individual’s
capacity to metabolize dietary phenolic compounds (20), thereby
affecting individual responsiveness to intervention with dietary or
fruit extracts (21). In addition, BMI may result in different metabolic
responses to bioactive compounds of grape extract (22).
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The aim of this study was to assess whether a long-term
intervention with a supplement containing bilberry and grape seed
extract affects glucose and cholesterol metabolism, and blood pressure,
in participants at risk of developing T2DM, and thereby reduce their
T2DM risk. We also investigated whether factors such as gut
microbiota composition and individual bioavailability of phenolic
metabolites, such as catechin/epicatechin and phenolic acids, might
affect the efficacy of the bilberry and grape seed extract intervention
to modulate cardiometabolic outcomes.

2. Materials and methods
2.1. Recruitment

The PRECISE Study was conducted between May 2018 and
September 2020 at the Rowett Institute in Aberdeen, Scotland. Ethical
approval for this study was obtained from the Rowett Institute Ethics
Committee (2018/ROW_PRECI/1), and the study was registered with
Research Registry (number 4084). The study was conducted in
accordance with the principles of good clinical practice (GCP) and
with the Declaration of Helsinki. All participants provided informed
consent prior to starting the intervention study. Study staff complied
with the requirements of the Data Protection Act 1998 (until 25th May
2018) and the General Data Protection Regulation (from 25th May
2018) with regards to the collection, storage, processing and disclosure
of personal information and upheld the Acts core principles and
adhered to the NHS Scotland Code of Practice on Protecting
Patient Confidentiality.

Male and post-menopausal female participants at risk of
developing T2DM, or those who were diagnosed with pre-diabetes,
were recruited for this study. Eligible participants were aged >45 years,
had a BMI >28kg/m?, and had HbA1c levels >5.5% or a Diabetes Risk
Score of 20-24 points [moderate risk, predicting that 1 in 7 people will
develop T2DM within 10years (23-25)]. Exclusion criteria included
taking medication affecting glucose metabolism or blood pressure,
taking antibiotics, aspirin or aspirin containing drugs, having an
allergy or intolerance to the intervention or placebo compounds,
diagnosis of diabetes, renal, hepatic or gastro-intestinal disease, or
smoking.

Participants were requested to abstain from taking nutritional
supplements a month prior to, and during participation in the study.
At a screening visit, eligibility was assessed based on HbA1c levels
measured in a finger prick whole blood sample (Alere Afinion™
HbAlc Dx analyzer, Afinion™ HbA1c assay, Abbott), measurement
of weight, height and waist circumference, and calculation of BMI, to
allow the calculation of the Diabetes Risk Score (24). Data on medical
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history, habitual exercise (validated IPAQ questionnaire), and fruit
consumption, were collected through questionnaires.

2.2. Study design

The study was designed as a 24-week double-blind, randomized,
placebo-controlled, crossover design trial, with each participant
receiving the extract (intervention) or placebo (control) treatment for
12weeks each, in random order, without a wash out period.
Participants were randomized in blocks of four into two treatment
sequences (control/intervention or intervention/control) via a
randomization matrix. The primary outcomes of the study were
HbAlc levels, and total, LDL and HDL cholesterol. Secondary
outcomes included 24 hours ambulatory blood pressure, an oral
glucose tolerance test (OGTT), continuous blood glucose
measurements for 14days, levels of insulin and glucagon,
accumulation of advanced glycation end products (AGEs) in skin
cells, fecal and plasma levels of phenolic metabolites, and fecal
microbial composition.

2.3. Intervention and control supplements

Participants were asked to consume 250 mg of bilberry extract
(Mirtoselect®, Indena, Italy) plus 300mg of grape seed extract
(Enovita®, Indena, Italy), or 550mg of a control supplement
(microcrystalline cellulose) per day, each of which were provided as
two purple-coated capsules with the intervention and control
supplements looking identical. The bilberry extract (Mirtoselect®)
contained 36% anthocyanins, mainly in the form of cyanidin-3-O-
glycosides, whereas the grape seed extract (Enovita®) consisted of
5-15% procyanidins in the form of catechins and epicatechins
monomers (Supplementary Figure S1). Participants were instructed
to take one capsule just before breakfast, and a second capsule just
before their evening meal. Compliance was assessed by counting the
left-over capsules in the returned containers after each treatment
period, subtracting the capsules that were given in excess, and dividing
by the total number of capsules that were expected to be taken in a
treatment period x 100. Compliance and adverse effects were noted
during participant visits.

2.4. Study measurements

During the baseline visit, we measured the participants’ height
and weight and took a 10 ml fasted blood sample from the antecubital
vein by venipuncture. Venous whole blood was aliquoted and stored
at —70°C for the measurement of HbAlc, or centrifuged at 4°C,
3,000¢ for 15min to obtain plasma, which was also aliquoted and
stored at —70°C for the measurement of insulin, glucagon, cholesterol
levels, and phenolic metabolites. For one participant, venous sampling
was not successful and blood HbAlc and cholesterol levels were
measured in a finger prick sample using an auto-analyzer (Alere
Afinion™ HbAlc Dx analyzer, Afinion™ HbAlc assay, Abbott;
Cholestech LDX™, Abbott). An OGTT was performed by instructing
the participants to drink a sugar solution containing 75g of glucose
dissolved in 350ml filtered tap water, within 15min. Baseline and
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post-prandial (2 hour) glucose levels were measured in finger prick
blood using the HemoCue® analyzer (Radiometer). Participants
completed a 7-day weighed food diary in the week prior to the
baseline visit. On the day of the baseline visit, they collected a stool
sample using a collection kit (Fecotainer, AT Medical BV), which was
processed within 5 hours of collection. Stool samples were immediately
processed to a fecal slurry (see below) and stored at —70°C until the
extraction of DNA.

During both the 12-week intervention and control periods,
HbAlc, total, HDL and LDL cholesterol levels were measured in
weeks 8,9, 10, 11, and 12. Insulin, glucagon, fasting and post-prandial
glucose levels (OGTT test) were measured at baseline and after
12 weeks of the intervention and control periods. Continuous blood
glucose monitoring (FreeStyle Libre, Abbott) was performed during
the last two weeks of both intervention and control periods. The
FreeStyle libre glucose sensor was applied on the backside of the upper
arm, measuring blood glucose levels every 20 min. The participants
were provided with a 24 hours ambulatory blood pressure monitor
(CardioVisions, PMS Instruments), pre-set to take an automated
measurement every 30 min during daytime and every hour during
night-time, in week 8 of both intervention and control periods.
Advanced glycation end products (AGE) reader measurements were
performed by scanning the forearm in week 8 and 12 of both
intervention and control periods using the non-invasive AGE reader
B.V),
instructions, resulting in an AGE risk score. Seven-day weighed food

(Diagnoptics  Technologies following manufacturer’s
diaries were obtained in the last week of both intervention and control
periods, and on the 7th day of weighed food diary data collection, a
stool sample was collected and frozen at —70°C until the extraction of
and analysis of phenolic metabolites from fecal waters. The
participants’ weight was measured in the last week of both intervention
and control periods. Exercise habits were evaluated using the
International Physical Activity Questionnaire (IPAQ) in the last week
of both intervention and control periods. Participants provided
information on the frequency of their fruit consumption, in particular
how regularly they consumed strawberries, blueberries, grapes and
apples (more than once per week, once per week, once per month, less
than once per month, or none) at baseline and at the end of the
intervention and control period. We instructed study participants to
maintain their habitual diet and exercise routines throughout the
study period.

2.5. Sample preparation and analysis

HbA1lc and total, LDL and HDL cholesterol levels were analyzed
using a KONELAB 30 analyzer (Thermo Scientific) according to the
manufacturer’s instructions. Plasma levels of insulin and glucagon
were analyzed by ELISA (Mercodia and Antibodies online,
respectively) according to the manufacturer’s instructions. Fasted
blood glucose and insulin measurements were used to calculate
(HOMA-IR): HOMA-IR = (glucose
[mmol/l] x insulin [mU/ml])/22.5, using the following cut-off points:

insulin resistance
<1 for optimal insulin sensitivity, >1.9 for early insulin resistance
and > 2.9 for significant insulin resistance.

Baseline fecal samples were processed into a fecal slurry within
5 hours, as previously described (26). The fecal slurry aliquots were
stored at —70°C until microbial DNA extraction was performed using
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the FastDNA™ SPIN Kit For Soil (MP Biomedicals). After DNA
extraction, and PCR amplification with barcode primers for the
V1-V2 region of the 16S rRNA gene [MiSeq-27F
(5'-AATGATACGGCGACC
ACCGAGATCTACACTATGGTAATTCCAGMGTTYGATYMTGG
CTCAG-3’) and MiSeq-338R (5'-CAAGCAGAAGACGGCATAC
GAGAT-barcode-AGTCAGTCAGAAGCTGCCTCCCGTAGGAGT
-3")], samples were further purified with ethanol washes and bead
clean-up, and then sequenced using the Illumina MiSeq platform at
the in-house facilities at the Center for Genomic Enabled Biology and
Medicine (CGEBM), University of Aberdeen, UK, to generate
bacterial community profiles. Gut microbiota sequence data were
analyzed using the mothur software package (27), following the same
sample data processing steps described previously (26), and clustering
patterns in Bray-Curtis-based dendrograms visualized using the
online software iTOL (28), with subsampling being performed at
23,000 sequences to obtain equal sequence depths between samples
for comparisons.

Phenolic metabolites in plasma were analyzed as described by
Saha et al. (29), using internal standards described by Neacsu et al.
(30). Briefly, plasma samples (200 pl) were mixed 1:1 with phosphate
buffer (pH 5) and vortexed. Glucuronidase (20 pl, 10,000 U/ml) and
sulfatase (20pl, 1,000U/ml) enzymes were added, vortexed and
incubated for two hours at 37°C to facilitate the removal of moieties.
Dimethylformamide (100 pl) and 50% trichloroacetic acid (20 pl) were
added and incubated at room temperature for 10 min. The samples
were centrifuged (13,000 rpm, 15 min, —3°C), and supernatants were
analyzed via LC-MS/MS. Frozen fecal samples were thawed overnight,
homogenized in a stomacher for two minutes and centrifuged for two
hours at 10°C, 50,000 x g. The supernatant containing the phenolic
metabolites was collected and analyzed for phenolic metabolites by
LC-MS/MS according to Russell et al. (31).

2.6. Analysis of dietary intake

Weighed food dietary records obtained at baseline and in the last
week of both intervention and control periods were analyzed using
WinDiets software. Basal Metabolic Rate (BMR) was calculated from
the baseline characteristics weight, height, age and sex' and used to
investigate underreporting in food diaries, identified as the average
caloric intake being below the BMR.

2.7. Statistical analysis

Power calculation was performed using the software package
G-Power (32, 33), based on effect sizes of longer-term dietary
interventions on HbA1lc and cholesterol outcomes in populations with
pre-diabetes, T2DM or hypercholesterolemia (31, 34-40). Reported
effect sizes were variable; from a selection of these we determined a
mean standardized effect size of 0.6, needing n =23 volunteers to have
a power of 80%.

1 https://www.calculator.net/bmr-calculator.html
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Statistical analysis and visualization of results was done in R version
4.0.2 (41) using the ggplot2 (42), and corrplot (43) packages. Normality
of data was tested using Royston tests with the package MVN (44). Data
for OGTT, insulin and glucagon, ambulatory blood pressure and pulse
were recorded at three time points (baseline, control, intervention) and
were analyzed using two-way ANOVA and Tukey post-hoc analysis.
HbAlc and cholesterol levels, where five timepoint measurements
between treatment and control periods were compared, where analyzed
with a linear mixed model, using the Ime4 (45) and ImerTest (46)
packages, with differences between intervention and baseline. The end
value for the first intervention period was taken as the baseline value for
the second intervention period. The random effects of the linear model
were participants and period (first or second), while the fixed effects
were (extract, placebo) treatment (measurement) week, and the
interaction between treatment and weeks.

The covariates for OGTT, insulin and glucagon were treatment
(baseline, intervention, control) and participants, and covariates for
blood pressure and pulse analysis were (24 hours, day or night)
treatment (extract, control) and participants. To assess whether
individual participants were responders or non-responders to
intervention, we established within each individual whether there was
a significant difference between the 24 hours blood pressure
measurements with a two-way ANOVA, with terms for treatment and
time. ANOVA results were presented as F-test values (degrees of
freedom) and value of p, according to Field et al. (47). 7-Day food
diary entries for each period (baseline, intervention and control) were
averaged across the week per participant, and differences in total
energy, total fat, saturated fat, total carbohydrates, free sugar, fiber and
salt intake between the periods were assessed on the study population
level by two-way ANOVA and Tukey post-hoc test, with (baseline,
intervention, control) period and participant as factors. Data for
habitual fruit consumption, weight changes, exercise and AGE reader
outcomes were evaluated by Wilcoxon rank test.

Plasma and fecal metabolite composition were compared in a
two-way ANOVA and Tukey post-hoc test with covariate (extract,
placebo) treatment for the 60 targeted phenolic metabolites. The
association between data for individual fecal metabolites and
blood pressure (24 hours average, daytime (7 am-11 pm)/night
time (11 pm-7 am) averages - data not shown) were assessed with
Spearman correlations, calculated using the corrplot function in
R (43). Statistical assessment of microbiota clustering patterns
was assessed via the Parsimony calculation in mothur (27), which
tests for significant differences between groups on shared
dendrogram branches. The Parsimony calculation was performed
to assess general microbiota clustering patterns independent of
study outcomes, and dependent on blood pressure response,
followed by an Analysis of molecular variance (AMOVA)
calculation in mothur (27), which is a non-parametric analysis of
differences of microbiota composition between samples, based on
a distance matrix. To test for significant differences in specific
taxa within the gut microbiota between blood pressure responders
and non-responders, Linear discriminant analysis Effect Size
(LEfSe) (48) and Metastats (49) were used in mothur (27). LEfSe
employs two statistical tests (Kruskal-Wallis and Wilcoxon) to
identify significant differences between microbial taxa (e.g.,
responders, non-responders), and the Linear discrimination
analysis (LDA) score is determined by the proportional abundance
of the bacteria in the sample, which would explain the effect size
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Excluded (n=79) because of inclusion or exclusion
criteria

v
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A\ 4
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v
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\ 4
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analysed for primary / secondary
outcomes (n=14)

Males (n=4), Females (n=10)

FIGURE 1
Study flow diagram.

TABLE 1 Baseline characteristics of participants.

Parameter Males (n=4) Females (n=
Age (yr) 57.8+7.0 57.7 +4.7
Body weight (kg) 99.0£11.4 952+27.3
BMI (kg/m?) 303+1.9 382+9.6
Waist circumference (cm) 109.8 + 8.9 111.0 + 144
HbALc (%) 54403 54+02
Diabetes Risk Score 22.8+2.5 22.8+6.1
HOMA-IR normal (<1.9) n=1 n=3
HOMA-IR early insulin resistance (1.9-2.9) n=2 n=3
HOMA-IR insulin resistance (>2.9) n=1 n=4

Data are presented as mean + SD. BMI - Body Mass Index, HOMA-IR - Homeostatic Model Assessment of Insulin Resistance. HOMA-IR was calculated from fasted insulin and glucose levels:
insulin x glucose/22.5. HOMA-IR data were only available for 13 out of 14 study participants as venous blood sampling could not be completed for one participant. The Diabetes Risk Score

was calculated using https://riskscore.diabetes.org.uk/start and is represented as risk score points.

(48). Metastats uses a non-parametric t-test to assess the
differences between sample cohorts (49).

3. Results

3.1. Participant characteristics, side effects,
and compliance

Figure 1 shows the study flow diagrams. Informed consent to
participate in the study was obtained from 22 participants — seven
males and 15 females. Five participants withdrew from the study prior
to the baseline visit, and three participants terminated participation

Frontiers in Nutrition

during the study. Fourteen participants (four males and 10 females),
all Caucasian, completed the study. The baseline characteristics of the
participants are summarized in Table 1. The diabetes risk was generally
determined either by having a family history of diabetes or due to a
BMI >25kg/m”. Baseline fecal microbiota of participants were mainly
comprised of bacteria belonging to the Firmicutes and Bacteroidetes
phyla (Figure 2), which are typically dominant in the colon of most
adults (26). One study participant experienced bloating during the
intervention period, and one participant reported increased
regurgitation during the control period. No other side effects or
adverse events were reported during the study. Compliance was
97 +6.3% during intervention period and 92+9.3% during the control
period. There was no change in the weight or BMI of the participants
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FIGURE 2

Fecal microbiota composition at baseline, for each study participant (n=14). Similar microbial compositions are grouped together in this Bray-Curtis
dendrogram. The proportional abundances of selected bacterial families are presented to the right of the dendrogram and were colored according to
the phylum they belong to: Actinobacteria — green, Bacteroidetes — purple, Firmicutes — blue, Proteobacteria — yellow, and others — grey.

TABLE 2 Habitual dietary intake at the end of the 12-week intervention or control period.

Dietary component Intervention period Control period [o)

Energy (kcal) 1996 + 601 1810 + 553 0.030
Fat (% of total energy) 37+16 36+ 14 0.085
Protein (% of total energy) 17+5 17+ 4 0.141
Carbohydrates (% of total energy) 45+ 15 48+ 16 0.404
Saturated fat (g) 32+16 28+ 14 0.112
Free sugars (g) 43 +33 40 + 30 0.734
Salt (g) 62 5+£2 0.005
Fiber (g) 17+7 15+7 0.029
Strawberries >1/month <1/week 0.087
Blueberries <1/week <1/week 0.632
Grapes <1/week <1/week 0.847
Apples 1/week 1/week 0.665

Data are presented as mean + SD. Statistical analysis was performed using a two-way ANOVA and Tukey post-hoc tests. Based on calculated basal metabolic rate, we identified that four

participants likely underreported dietary intake at the end of the control period, and one participant likely underreported dietary intake at the end of the intervention period. Habitual intake

data for strawberries, blueberries, grapes and apples were recorded and converted into numeric values for analysis: more than once per week=0.29 [or 2/7 days], once per week=0.14 [or

1/7 days], once per month =0.03 [or 1/31 days], less than once per month=0.02 [or 0.5/31 days], none=0. Statistical analysis was performed using a Wilcoxon rank test.

over the six-month study period (data not shown). Reported energy
and salt intakes were statistically higher at the end of the intervention
period compared with the control period (p=0.03 and p=0.005,
respectively) (Table 2). No differences in the frequency of consumption
of fruits (Table 2), or in vigorous exercise bouts (data not shown), were
observed between the intervention and control periods.

3.2. Effect of intervention with bilberry and
grape seed extract on glucose and
cholesterol markers

Intervention with bilberry and grape seed extract did not affect
levels of fasting HbAlc, fasting glucose, 2 hour OGTT results,
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fasting insulin and glucagon, HOMA-IR, the AGE risk score, total,
LDL and HDL cholesterol, compared with control (Table 3).
Intervention with bilberry and grape seed extract also did not affect
continuous blood glucose measurements, taken over a period of
2 weeks, compared with control (Figure 3). We observed week-to-
week variations in HbAlc levels within each participant
(Supplementary Figure S2).

3.3. Effect of bilberry and grape seed
extract intervention on blood pressure

Intervention with bilberry and grape seed extract significantly
decreased 24 hours systolic and diastolic blood pressure, and
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TABLE 3 Markers of glucose and cholesterol metabolism after 12-week intervention with bilberry and grape seed extract, compared with placebo

extract.
Baseline Intervention period Control period
HbAlc (%) 5.50 +0.32 542 +0.37 5.61 +0.40
Fasting blood glucose (mmol/l) 4.89 +£0.57 4.86 + 0.40 4.80 +0.43
OGTT - 2 hour blood glucose (mmol/1) 6.23 £ 1.64 570 +1.27 5.49 + 0.86
Insulin (mU/1) 10.11 £ 3.65 10.41 £ 3.34 10.71 £3.63

Glucagon [pg/ml] 571.55 + 195.25

685.55 + 284.87 649.49 +152.06

HOMA-IR 220+0.85 227 +0.76 226 £0.76
AGE risk score -- 2.15+0.56 2.16 +0.50
Total cholesterol (mmol/l) 5.74 + 1.47 538+ 1.33 5.55+1.18
LDL cholesterol (mmol/l) 3.53+1.36 328+1.36 3.57 +0.95
HDL cholesterol (mmol/l) 1.53 +0.42 1.49+£0.32 1.41 +0.43

Data represent measurements taken at baseline, week 12 of the intervention and control periods, and are presented as means + SD (1 = 14 participants). Statistical analysis was performed using
a two-way ANOVA and Tukey post-hoc tests. HOMA-IR data were only available for 13 out of 14 study participants as venous blood sampling could not be completed for one participant.

There are no baseline measurements available for AGE risk scores.
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FIGURE 3
Continuous glucose measurements taken during the last 2 weeks of
intervention with bilberry and grape seed extract or control. Data are
presented as mean+SD (n=14 participants). Hourly blood glucose
levels were measured using a FreeStyle Libre continuous glucose
monitor. Statistical analysis was performed using an ANOVA and
Tukey post-hoc test.

24 hours pulse, compared with control intervention (F(1,561) =25.18,
p=<0.001; F(1,561)=11.21, p=0.0009, and F(1,561)=13.22,
p=0.0003, respectively) (Figures 4A,B). Blood pressure lowering
across 24 hours was equivalent to an average decrease in systolic and
diastolic blood pressure of 4.8+ 15.5mmHg and 2.6 + 12.1 mmHg,
respectively. Eight participants showed a significant (p<0.05)
decrease in systolic blood pressure (subsequently identified as blood
pressure ‘responders’), five participants showed a significant
(p<0.05) decrease in diastolic blood pressure, and four participants
showed a significant (p <0.05) decrease in pulse upon intervention
with  bilberry 4C,D;
Supplementary Table S1).

and grape seed extract (Figures
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3.4. Effect of bilberry and grape seed
extract intervention on fecal and plasma
levels of phenolic metabolites

Intervention with bilberry and grape seed extract did not affect
levels of total phenolic metabolite profiles in fecal samples, compared
with control, except for levels of protocatechuic acid, of which levels
were significantly increased after intervention with bilberry and grape
seed extract (F(1,24) = 11.66, p=0.002) (Table 4).

Only a limited number of phenolic metabolites (n=12) were
detected in plasma. Intervention with bilberry and grape seed extract
did not affect levels of plasma phenolic metabolite concentrations,
compared with control (Table 4).

3.5. Association between individual blood
pressure response, baseline gut microbiota
composition, and levels of phenolic
metabolites

There was no difference in clustering of overall baseline gut
microbiota composition between blood pressure responders (i.e., in
the eight participants who showed a significant decrease in systolic
blood pressure) and non-responders according to parsimony analysis
(p=1, and p=1 respectively), or AMOVA analysis of the Bray-Curtis
and Jaccard data (Bray Curtis p=0.302, and Jaccard p=0.222).
However, exploratory analysis of individual constituent gut microbial
genera revealed that the bacterial genera Dialister (LEfSe p=0.033,
Metastats p=0.033), Collinsella (LEfSe p=0.028, Metastats p=0.038)
and Coproccocus (LEfSe p=0.039, Metastats p=0.032) were
significantly less proportionally abundant in blood pressure
responders compared with non-responders. Furthermore, analysis of
individual gut bacterial OTU differences revealed that Fusicatenibacter-
related OTU0058 was significantly more proportionally abundant in
blood pressure responders, while two Clostridium-derived OTUs
(Clostridium saudiense, and Clostridium disporicum), a Coprococcus,
an unclassified Peptostreptococcaceae, an unclassified Firmicutes and
three Ruminococcaceae (two unclassified, one Eubacterium siraeum)
(OTU0019, OTU076, OTU0106, OTU0110, OTU0138, OTUO0146,
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Ambulatory blood pressure (A) and pulse measurements (B) taken after 8 weeks of intervention with bilberry and grape seed extract (purple) or control
(grey). Data are presented as mean+SD (n=14 participants) as hourly measurements over 24 hours. Statistical analysis was performed using a two-way
ANOVA and Tukey post-hoc tests. Systolic blood pressure responders (C) (n=8, blue) compared to non-responders (n=6, beige) and control
intervention period (n=14, grey). Diastolic blood pressure responders (C) (n=5, blue) compared to non-responders (n=9, beige) and control
intervention period (n=14, grey). Pulse responders (D) (n=4, blue) compared to non-responders (n=10, beige) and control intervention period (n=14,
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OTU0158, OTU0180) were significantly less proportionally abundant
in blood pressure responders (Figure 5A; Table 5). However, no
significant differences were observed in gut microbiota genera

between blood pressure responders and non-responders after

adjusting for multiple comparisons using the Benjamini-
Hochberg correction.
Levels of 4-hydroxyphenylpropionic acid and

4-hydroxyphenyllactic acid were significantly higher (p=0.026 and
Pp=0.030, respectively), and levels of kaempferol were significantly
lower (p=0.024) in fecal waters obtained from blood pressure
5B). of
2,6-hydroxybenzoic acid and indole-3-propionic acid were
significantly lower (p=0.004 and p=0.002, respectively) in plasma
obtained from blood pressure responders (Supplementary Table 52).

responders versus non-responders (Figure Levels

Both differences were independent of the intervention (Figure 5C).

4. Discussion

A 12-week intervention with a formulated bilberry and grape seed
extract did not affect HbAlc levels, a marker of long-term glucose
metabolism, nor continuous blood glucose levels, or 2 hour OGTT
results, which are both markers of acute glucose metabolism, in
participants at risk of developing T2DM. Furthermore, the bilberry
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and grape seed extract supplement also did not affect total, LDL and
HDL cholesterol levels. However, intervention with bilberry and grape
seed extract significantly decreased average 24 hours systolic and
diastolic blood pressure by 4.8 and 2.6 mmHg, respectively. This
reduction in blood pressure is comparable with the efficacy of anti-
hypertensive drug treatment, showing an average decrease of
5.9/3.1 mmHg blood pressure across 147 drug intervention studies
(51). Such a reduction in blood pressure could reduce the risk for
strokes by approximately 10% (52). The bilberry and grape seed
extract supplement decreased average 24 hours pulse by 2.3bpm.
Evaluation of individual 24 hours blood pressure responses revealed
that eight out of the fourteen participants could be identified as
systolic blood pressure responders. Levels of fecal phenolic metabolites
4-hydroxyphenylpropionic acid and 4-hydroxyphenyllactic acid were
significantly higher in blood pressure responders compared to
non-responders, and kaempferol was significantly lower in blood
pressure responders, and this difference was independent of treatment.

To the best of our knowledge, this is the first study where a dietary
intervention with both bilberry and grape seed extracts was provided
as a single intervention. In a previous review of the literature, we have
established that bilberry and grape seed extract products could
ameliorate T2DM associated health risks of hyperglycemia,
hypercholesterolemia and hypertension (53). Whilst other studies
found improvements in HbA1c and cholesterol levels at intervention
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TABLE 4 Levels of phenolic metabolites in fecal water and plasma from samples collected in the last week of the intervention and control periods.

Fecal water Plasma
. Bilberry and Bilberry and
Metabolite grape seed = Control (ng/ . grape seed = Control (n
extract (ng/ ml) P RS extract (ng/ ml)
ml) ml)
salicylic acid 69.7 +60.3 109.8 + 206.7 NS 154+12.6 14.2+10.2 17.0+£19.1 NS
m-hydroxybenzoic acid 405.1+261.6 445.1 +209.0 NS ND ND ND
p-hydroxybenzoic acid 702.7 +1018.4 615.6 + 682.5 NS 30.0+4.3 31.2+4.8 30.0+6.2 NS
2,3-dihydroxybenzoic acid 73.8+65.3 63.7+55.2 NS ND ND ND
2,5-dihydroxybenzoic acid 698.1 + 645.2 899.3 + 659.4 NS ND ND ND
Benzoic acids
2,6-dihydroxybenzoic acid ND ND 1.8+3.6 5.5+10.6 43+7.4 NS
protocatechuic acid 443.0 £237.2 158.9 +171.9 0.002 ND ND ND
p-anisic acid 43+£155 10.1 £ 36.6 NS ND ND ND
vanillic acid 257.3+140.4 168.3 £155.9 NS ND ND ND
syringic acid 655.8 + 872.2 279.6 + 546.4 NS ND ND ND
p-hydroxybenzaldehyde 113.7 £90.1 147.9 + 166.4 NS ND ND ND
protocatachaldehyde 46.5 +35.0 37.9+29.7 NS ND ND ND
Benzaldehydes 3,4,5-trihydroxybenzaldehyde 83.4+85.2 53.6 +120.1 NS ND ND ND
vanillin 48+6.7 4.1£8.6 NS ND ND ND
syringin 42.2+£40.7 19.2 £37.6 NS ND ND ND
cinnamic acid 37.5+41.7 23.7+31.8 NS 13.8+21.7 12.0+10.8 15.9+21.1 NS
p-coumaric acid 124.4 £127.3 100.9 +133.0 NS ND ND ND
Cinnamic acids caffeic acid 1109.9 +2153.4 514.0 +982.9 NS ND ND ND
ferulic acid 1408.6 +2210.2 1101.2 £ 1935.9 NS ND ND ND
sinapic acid 38.4 +68.4 153.3+395.4 NS ND ND ND
phenylpropionic acid 33255.4 + 18006.1 30511.8 + 19741.4 NS ND ND ND
2-hydroxyphenylpropionic acid 348.7 +301.2 308.8 + 509.0 NS ND ND ND
3-hydroxyphenylpropionic acid 16183.9 + 27679.0 11545.2 + 19874.0 NS ND ND ND
Phenylpropionic
ds 4-hydroxyphenylpropionic acid 1602.1 +2136.5 2802.5 + 4738.6 NS ND ND ND
“ 3,4-dihydroxyphenylpropionic acid 2402.6 +1950.9 2606.3 + 3465.8 NS ND ND ND
4-hydroxy-3-methoxyphenylpropionic acid 1808.1 + 1809.5 1077.0 + 817.8 NS 2.7+6.1 ND 0.9+2.1 NS
3-methoxyphenylpropionic acid 37.1+97.8 ND ND ND ND
Benzenes 1,2-hydroxybenzene 223.8£170.9 131.1 £149.3 NS ND ND ND
phenylacetic acid 64771.4 + 28723.7 73625.0 £ 26705.0 NS 644.1+68.0 624.4+56.3 641.0£59.3 NS
3-hydroxyphenylacetic acid 8639.3 + 5549.3 7143.9 +7164.2 NS 4.9+17.0 6.1+21.1 9.7+33.7 NS
Phenylacetic acids | 4-hydroxyphenylacetic acid 8003.6 + 8684.4 9075.0 + 12345.0 NS ND ND ND
3,4-dihydroxyphenylacetic acid 1464.3 +3925.5 1404.9 + 3814.4 NS ND ND ND
4-hydroxy-3-methoxyphenylacetic acid 1869.6 + 2258.0 1361.4 + 2204.0 NS ND ND ND
Phenyllactic acids 4-hydroxyphenyllactic acid 4029.3 + 3552.8 4111.8 +3273.1 NS 52.0+145 512483 47.9+20.1 NS
Phenolics - other chlorogenic acid 82242275 13.0 +46.7 NS ND ND ND
hydroxyhippuric acid 8.7+21.6 16.2 +26.2 NS ND ND 1.5+£5.3 NS
tyrosol 307.4 +£90.2 300.1 £ 114.1 NS ND ND ND
hydroxytyrosol 54.4 +50.3 45.5+73.6 NS ND ND ND
Phenolic - dimers resveratrol 1.1+£2.8 ND ND ND ND
Indoles indole-3-acetic acid 2630.6 +2304.5 2916.1 £ 2814.8 NS 178.4+98.3 196.6+181.7 194.6+140.6 NS
indole-3-propionic acid 1473.1 £ 1114.7 1264.0 £ 941.3 NS 42.5+32.0 59.0+£30.9 72.3+£39.8 NS
indole-3-carboxylic acid 31.2+20.0 45.0 +37.1 NS 1.3+£1.5 1.9+2.0 1.9+1.8 NS
Flavanoids/ catechin 55.3+107.2 48.3+97.1 NS ND ND ND
Coumarins epicatechin 49.6 +74.4 46.0+77.1 NS ND ND ND
epigallocatechin 49+17.6 6.6+16.3 NS ND ND ND
isoliquiritigenin 3.6 +50.0 34+48 NS ND ND ND
naringenin 34+94 0.7£26 NS ND ND ND
naringin 1.1+38 ND ND ND ND
hesperitin 22.0+50.7 5186 NS ND ND ND
(Continued)
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Fecal water Plasma
. Bilberry and Bilberry and
Metabolite grape seed = Control (ng/ . grape seed = Control (ng/
extract (ng/ ml) p Baseline extract (ng/ ml) p
ml) ml)
kaempferol 44+86 5.0 +10.6 NS ND ND ND
morin 223+59.7 32+80 NS ND ND ND
quercetin 263 +24.1 23.8+22.2 NS ND ND ND
genistein 9.9+123 13.5+287 NS ND ND ND
hesperidin 1.2+£3.1 0.7+2.5 NS ND ND ND
quercitrin 12+44 ND ND ND ND
biochanin A 724124 6.8+12.1 NS ND ND ND
daidzein 87+135 9.2+142 NS ND ND ND
luteolin 1.0£3.5 24+6.1 NS ND ND ND
fisetin 45.9 +40.2 38.6+32.1 NS ND ND ND
formononetin 0.7+24 0.6+22 NS ND ND ND
apigenin 143 100 1724252 NS ND ND ND

Data are presented as mean +SD (=14 participants). Fecal waters were prepared by ultracentrifugation; these fecal water samples were mixed with an internal standard (4:1) and phenolic
metabolites were detected via targeted analysis using LC-MS/MS. Statistical analysis was performed using a two-way ANOVA and Tukey post-hoc test. ND, non-detectable; NS, non-

significant.
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FIGURE 5
Individual bacterial OTUs that were significantly increased in proportional abundance in either blood pressure responders (mean+SD, n=8) or non-
responders (mean+SD, n=6), as assessed via LEfSe and Metastats (A). Data are represented as percentage of total microbiota sequence reads per
sample, mean+SD. * value of p <0.05, ** value of p <0.01 obtained from the Metastats calculation. Taxonomic classifications for each OTU are provided
in Table 5. Fecal water phenolic metabolites (4-hydroxyphenyllactic acid, 4-hydroxyphenylpropionic acid) were significantly increased in blood
pressure responders (B) irrespective of control or bilberry and grape seed extract treatment, while kaempferol was significantly lower in blood pressure
responders irrespective of control or bilberry and grape seed treatment (B). Blood phenolic metabolites, benzoic acid and indole, were significantly
decreased in blood pressure responders irrespective of control or bilberry and grape seed extract treatment (C).

concentrations of 200-600mg per day, and with 8 to 12week
intervention periods (14, 53-55), we were not able to replicate these
results, even with many of our participants having HbAlc values in
the pre-diabetes range (HbAlc >5.7%), and cholesterol levels being
in the ‘hypercholesterolemia’ range (>5mmol/l). As we measured both
outcomes regularly during the last five weeks of the intervention and
control periods, we observed a relatively large week-to-week variation
in HbAlc and cholesterol levels, despite both being stable and long-
term markers of glucose and cholesterol metabolism, respectively.
We did not detect improvements in HbAlc and cholesterol levels
upon intervention with bilberry and grape seed extract in our study
population, possibly due to the study being underpowered to find

Frontiers in Nutrition

significant differences for these outcomes. However, retrospective
power calculations based on the PRECISE study data revealed much
smaller effect sizes of the bilberry/grape seed extract intervention for
HbA1c, and total/ HDL/LDL cholesterol outcomes, in our population,
compared with those observed in previous studies (31, 34-40). This
means we would have required at least 78, 712, 540, or 7,793
participants, respectively, to detect significant changes in these
outcomes. This suggests that the effect of bilberry and grape seed
extract on glucose and cholesterol metabolism in our participants
was negligible.

We did, however, find that intervention with bilberry and grape
seed extract significantly lowered blood pressure, as has been observed
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TABLE 5 Taxonomic classification of fecal bacteria operational taxonomic units (OTUs) most associated with responder and non-responder status.

Increased
Closest NCBI BLAST ID

proportional
abundance

Otu0019 Non-responders Clostridium saudiense (100% similarity) Clostridium sensu stricto (93) Firmicutes (100)
Otu0058 Responders Fusicatenibacter saccharivorans (96.9% similarity) Fusicatenibacter (100) Firmicutes (100)
Otu0076 Non-responders No close cultured match >95% similarity unclassified Ruminococcaceae (100) Firmicutes (100)
Otu0106 Non-responders No close cultured match >95% similarity unclassified Ruminococcaceae (74) Firmicutes (100)
Otu0110 Non-responders Coprococcus sp. L2-50 (100% similarity) Coprococcus (81) Firmicutes (100)
Otu0138 Non-responders No close cultured match >95% similarity unclassified Firmicutes (67) Bacteria unclassified (97)
Otu0146 Non-responders Clostridium disporicum (100% similarity) Clostridium sensu stricto (100) Firmicutes (100)
Otu0158 Non-responders [Eubacterium] siraeum (100% similarity) unclassified Ruminococcaceae (100) Firmicutes (100)
Unclassified Peptostreptococcaceae sp. (Possible Romboutsia
Otu0180 Non-responders unclassified Peptostreptococcaceae (100) Firmicutes (100)
sp.? No similarity >98% with cultured species)

Numbers in brackets in the “Closest BLAST ID” column indicate the percentage sequence similarity to the closest cultured species in the NCBI Nucleotide reference database. Numbers in

brackets after the names in the Genus and Phylum column indicate the consistency (out of 100%) of the classifications at each of these taxonomic levels among all sequences within a given

OTU using the Ribosomal Database Project reference database.

in other studies in overweight or obese study populations with mild
hypertension or hypertension (53, 56-59). Similar reductions in blood
pressure were also observed in an intervention study with 300 mg per
day of Enovita® grape seed extract, but in male volunteers only (60).
A recent Mendelian randomization study identified that systolic blood
pressure posed the highest risk for T2DM development among a range
of T2DM risk factors (61). Also, studies found that those who develop
hypertension or hypercholesterolemia increase their risk for T2DM
five-fold (62-64). It has been suggested that an increase in systolic
blood pressure levels could be linked to insulin resistance (63), albeit
this hypothesis has thus far not been confirmed by Mendelian
randomization studies (61, 62). Obesity and insulin resistance are both
causal factors for hypertension (63), as insulin resistance and increased
insulin levels have been linked to reduced release of nitric oxide, and
activation of the renin-angiotensin pathway, causing blood vessel
constriction and consequently high blood pressure (63). A recent
meta-analysis of 22 studies found that a reduction in systolic blood
pressure by 5mmHg can reduce the risk for T2DM development by
11% (65).

In this study we set out to investigate whether individual
differences in gut microbiota and fecal and plasma metabolites could
contribute to individual blood pressure response. There was no
difference in clustering of overall baseline gut microbiota composition
between blood pressure responders and non-responders according to
the dendrogram and parsimony analysis of 16S rRNA gene amplicon
data, and there were no significantly different taxa after correcting for
multiple comparisons. However, differences in fecal bacterial activity
between blood pressure responders and non-responders could impact
on the metabolism of phenolic compounds in the colon and could
therefore be a factor in explaining the higher levels of the fecal
metabolites 4-hydroxyphenylpropionic acid and
4-hydroxyphenyllactic acid, and the lower levels of the fecal metabolite
kaempferol, in blood pressure responders compared with
non-responders. As these findings were independent of the treatment
period, this may indicate distinct differences in flavanol metabolism
in responders versus non-responders. Increased abundance of
Fusicatenibacter has been found previously in an in vitro fermentation
experiment with mango pulp and peel products (66), however it has
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thus far not been associated with phenolic metabolite digestion in
human interventions. In vitro fermentation studies of grape seed
products confirm the formation of phenylpropionic acids, phenylacetic
acids, benzoic acids and also valeric acids and valerolactones, while
the concentrations of catechin, epicatechin and polymeric forms
thereof decreased in a fecal fermentation over 48 hours (50, 67). This
contrasts with our in vivo findings as we found levels of catechins and
epicatechins in the fecal water of some of our participants, indicating
that these volunteers did not fully metabolize these compounds into
smaller phenolic acids (Table 4), and indicates care must be taken
when comparing results from in vitro fermentation and in-vivo
intervention studies.

While human intervention studies with grape seed or bilberry
extract products have not identified what particular fecal bacterial
strains could be involved in the metabolism of the phenolic
components, other human interventions studies with blueberry
powder (25 g/day for six weeks), and with red wine (250-272 ml/day
for 20-30days), identified an increase in fecal Bifidobacterium and
Lactobacillus species after the interventions (68). In an in vitro
fermentation study with catechin and epicatechin, using individual
fecal bacterial strains, Eggerthella lenta was identified to be capable of
C-ring fission cleavage on catechin and epicatechin, yielding
1-(3,4-dihydroxy- phenyl)-3-(2,4,6-trihydroxyphenyl)propan-2-ol,
and Flavonifractor plautii was found to convert this initial metabolite
of (epi-)catechin further to valerolactone and valeric acid (69).
However, the fecal bacterial strains involved in the bioconversion of
valeric acids and valerolactones to phenylpropionic, phenylacetic and
benzoic acids are not yet known.

In vitro and animal studies have reported blood pressure
lowering effects of phenolic metabolites via vasodilation, by
mediating nitric oxide response, by reducing NADPH-dependent
oxidative stress, and by inhibiting angiotensin converting enzyme
in the renin-angiotensin aldosterone system (70). For example, an
in vitro model on excised rat aorta identified a strong vasodilatory
effect of 3-hydroxyphenylpropionic acid (71). Phenylpropionic acid
and phenyllactic acid detected in the fecal waters of the blood
pressure responders could be derived from microbial fermentation
of anthocyanins or (epi-)catechins in the colon (11, 12).
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Anthocyanins are metabolized by gut microbial enzymes into
then  further
hydroxyphenylpropionic acids, while catechin/epicatechin polymers

caffeic  acid and metabolized  into
are metabolized into monomers and further metabolized into
valerolactones, valeric acids and to hydroxyphenylpropionic acids,
respectively (11, 12, 69). However, these phenolic acids could also
have been formed through the metabolism of unknown precursor
metabolites. In the literature there are still contradicting theories
about the origin of phenyllactic acids, as phenyllactic acids in fecal
waters were weakly correlated with dietary carbohydrates, sugar and
starch (72), or phenyllactic acids were proposed to be a product of
aromatic amino acid metabolism by the fecal microbiota (30), or
they could be fecal metabolism products of dimeric and complex
ferulic acids (73).

Main limitations of the PRECISE study were the small
number of participants, the unequal ratio of females and males,
and the fact that this study was not powered for assessing impacts
on blood pressure as this was not a primary outcome. Baseline
ambulatory blood pressure was not incorporated into the study
design, which limited the statistical approaches we could apply
for responder/non-responder analysis. A further potential
limitation was that we evaluated the fecal bacterial composition
only at baseline, as we did not anticipate significant changes in
the gut microbiota population after intervention with bilberry
and grape seed extract. However, other studies have reported
changes in bacterial composition after short-term dietary changes
in animal-based or plant-based foods (74), or after taking
epigallocatechin-3-gallate and resveratrol supplements (19).
Another limitation was that blood pressure measurements were
not taken in the same week as the fecal water samples were
obtained, which has to be taken into consideration when
assessing the modulation of the blood pressure response by fecal
phenolic metabolites.

In conclusion, we found that bilberry and grape seed extract
intervention significantly lowered blood pressure, and individual
responsiveness in blood pressure was associated with levels of a
set of fecal phenolic metabolites that are end-products of (epi-)
catechin and anthocyanin metabolism (4-hydroxyphenylpropionic
acid, 4-hydroxyphenyllactic acid), blood phenolic metabolites
(2,6-dihydroxybenzoic acid, indole-3-propionic acid) and
possibly also with the proportional abundance of specific fecal
bacteria. This study is the first longer-term study to investigate
how individual fecal microbiota and phenolic metabolite profiles
might affect the efficacy of a bilberry and grape seed extract to
modulate cardiometabolic risk factors in a population, and in
individuals at risk of T2DM. The findings of this study could help
to improve the design of future human intervention studies to
identify individuals who would most likely be responders to
dietary interventions with plant bioactives, or indeed improve the
response to intervention by targeted supplementation of
prebiotics and phenolic metabolites.

Data availability statement

The 16S rRNA gene-based fecal microbiota dataset has been
deposited in the European Nucleotide Archive (ENA) under
project accession number PRJEB59712, https://www.ebi.ac.uk/ena/

browser/view/PRJEB59712.

Frontiers in Nutrition

12

10.3389/fnut.2023.1139880

Ethics statement

The studies involving human participants were reviewed and
approved by Rowett Institute Ethics Committee (2018/ROW_
PRECI/1). The patients/participants provided their written informed
consent to participate in this study.

Author contributions

TG, BR, AW, WR, NH, and XZ designed the research. TG
conducted the research. TG and GH analyzed the data. TG and BR
wrote the manuscript. All authors have read, contributed to the article,
and approved the final version of the manuscript.

Funding

By-Health Institute of Nutrition & Health, China, provided funding
for this study. The sponsor had no role in the data collection, analysis and
interpretation of data, and there were no restrictions regarding the
submission of the report for publication. The laboratories of BR, AW, WR,
and NH are funded by the Scottish Government Rural and Environment
Science and Analytical Services Division (RESAS).

Acknowledgments

The authors wish to acknowledge the participants for
participating in the study, and Sharon Wood, Caroline Litts,
Lorraine Scobbie,

Gary Duncan, and Gary Cooper for

technical assistance.

Conflict of interest

XZ is an employee of the company By-health Co., Ltd., and BR is
a member of By-Health’s academic advisory board.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by
the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1139880/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnut.2023.1139880
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.ebi.ac.uk/ena/browser/view/PRJEB59712
https://www.ebi.ac.uk/ena/browser/view/PRJEB59712
https://www.frontiersin.org/articles/10.3389/fnut.2023.1139880/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2023.1139880/full#supplementary-material

Grohmann et al.

References

1. Mozaffarian D, Appel L], Van Horn L. Components of a cardioprotective diet: new
insights. Circulation. (2011) 123:2870-91. doi: 10.1161/CIRCULATIONAHA.110.968735

2. Wang DD, Hu FB. Precision nutrition for prevention and management of type 2
diabetes In: The lancet diabetes and endocrinology, vol. 6. London: Lancet Publishing
Group (2018). 416-26.

3. Chudasama YV, Khunti K, Gillies CL, Dhalwani NN, Davies M]J, Yates T, et al.
Healthy lifestyle and life expectancy in people with multimorbidity in the UK biobank:
a longitudinal cohort study. PLoS Med. (2020) 17:1-18. doi: 10.1371/journal.
pmed.1003332

4. Mozaffarian D. Dietary and policy priorities for cardiovascular disease, Diabetes, and
obesity. Circulation. (2016) 133:187-225. doi: 10.1161/CIRCULATIONAHA.115.018585

5. Lean MEJ, Leslie WS, Barnes AC, Brosnahan N, Thom G, McCombie L, et al.
Durability of a primary care-led weight-management intervention for remission of type
2 diabetes: 2-year results of the DIRECT open-label, cluster-randomised trial. Lancet
Diabetes Endocrinol. (2019) 7:344-55. doi: 10.1016/S2213-8587(19)30068-3

6. Lean ME, Leslie WS, Barnes AC, Brosnahan N, Thom G, McCombie L, et al.
Primary care-led weight management for remission of type 2 diabetes (DiRECT): an
open-label, cluster-randomised trial. Lancet. (2018) 391:541-51. doi: 10.1016/
S0140-6736(17)33102-1

7. Churuangsuk C, Kherouf M, Combet E, Lean M. Low-carbohydrate diets for
overweight and obesity: a systematic review of the systematic reviews. Obes Rev. (2018)
19:1700-18. doi: 10.1111/0br.12744

8. Russell WR, Gratz SW, Duncan SH, Holtrop G, Ince J, Scobbie L, et al. High-
protein, reduced-carbohydrate weight-loss diets promote metabolite rofiles likely to
be detrimental to colonic health. Am J Clin Nutr. (2011) 93:1062-72. doi: 10.3945/
ajcn.110.002188

9. Zhang H, Liu S, Li L, Liu S, Liu S, Mi J, et al. The impact of grape seed extract
treatment on blood pressure changes: a meta-analysis of 16 randomized controlled trials.
Medicine (Baltimore). (2016) 95:e4247-7. doi: 10.1097/MD.0000000000004247

10. Giacco R, Costabile G, Fatati G, Frittitta L, Maiorino MI, Marelli G, et al. Effects
of polyphenols on cardio-metabolic risk factors and risk of type 2 diabetes. A joint
position statement of the Diabetes and nutrition study Group of the Italian Society of
Diabetology (SID), the Italian Association of Dietetics and Clinical Nutrit. Nutr Metab
Cardiovasc Dis. (2020) 30:355-67. doi: 10.1016/j.numecd.2019.11.015

11.Fraga CG. Plant phenolics and human health: biochemistry, nutrition, and
pharmacology. John Wiley & Sons, Inc.: Hoboken, NJ. 2009. 1-608.

12. Williamson G, Kay CD, Crozier A. The bioavailability, transport, and bioactivity
of dietary flavonoids: a review from a historical perspective. Compr Rev Food Sci Food
Saf. (2018) 17:1054-112. doi: 10.1111/1541-4337.12351

13. Calvano A, Izuora K, Oh EC, Ebersole JL, Lyons TJ, Basu A. Dietary berries,
insulin resistance and type 2 diabetes: an overview of human feeding trials. Food Funct.
(2019) 10:6227-43. doi: 10.1039/C9FO01426H

14. Yang L, Ling W, Yang Y, Chen Y, Tian Z, Du Z, et al. Role of purified anthocyanins
in improving Cardiometabolic risk factors in Chinese men and women with prediabetes
or early untreated Diabetes-a randomized controlled trial. Nutrients. (2017) 9:1-14. doi:
10.3390/nu9101104

15. Hoggard N, Cruickshank M, Moar K-M, Bestwick C, Holst JJ, Russell W, et al. A
single supplement of a standardised bilberry (Vaccinium myrtillus L.) extract (36% wet
weight anthocyanins) modifies glycaemic response in individuals with type 2 diabetes
controlled by diet and lifestyle. ] Nutr Sci. (2013) 2:1-9. doi: 10.1017/jns.2013.16

16. Sun C, Zhao C, Guven EC, Paoli P, Simal-Gandara J, Ramkumar KM, et al. Dietary
polyphenols as antidiabetic agents: advances and opportunities. Food Front. (2020)
1:18-44. doi: 10.1002/fft2.15

17. Bohn T. Dietary factors affecting polyphenol bioavailability. Nutr Rev. (2014)
72:429-52. doi: 10.1111/nure.12114

18. Manach C, Scalbert A, Morand C, Remesy C, Jimenez L, Rémésy C, et al.
Polyphenols: food sources and bioavailability. Am J Clin Nutr. (2004) 79:727-47. doi:
10.1093/ajcn/79.5.727

19. Catalkaya G, Venema K, Lucini L, Rocchetti G, Delmas D, Daglia M, et al.
Interaction of dietary polyphenols and gut microbiota: microbial metabolism of
polyphenols, influence on the gut microbiota, and implications on host health. Food
Front. (2020) 1:109-33. doi: 10.1002/fft2.25

20. Manach C, Milenkovic D, Van de Wiele T, Rodriguez-Mateos A, de Roos B,
Garcia-Conesa MT, et al. Addressing the inter-individual variation in response to
consumption of plant food bioactives: towards a better understanding of their role in
healthy aging and cardiometabolic risk reduction. Mol Nutr Food Res. (2017) 61:1-16.
doi: 10.1002/mnfr.201600557

21. Walther B, Lett AM, Bordoni A, Tomas-Cobos L, Nieto JA, Dupont D, et al.
GutSelf: Interindividual variability in the processing of dietary compounds by the
human gastrointestinal tract. Mol Nutr Food Res. (2019) 63:1900677-28. doi: 10.1002/
mnfr.201900677

22. Choleva M, Matalliotaki E, Antoniou S, Asimomyti E, Drouka A, Stefani M, et al.
Postprandial metabolic and oxidative stress responses to grape pomace extract in healthy

Frontiers in Nutrition

13

10.3389/fnut.2023.1139880

Normal and overweight/obese women: a randomized, double-blind, Placebo-Controlled
Crossover Study. Nutrients. (2023) 15:1-20. doi: 10.3390/nu15010156

23. Diabetes UK. University Leicester, University Hospital of Leicester. Diabetes UK —
Know your risk of type 2 diabetes. Available at: https://riskscore.diabetes.org.uk/start

24. Gray LJ, Taub NA, Khunti K, Gardiner E, Hiles S, Webb DR, et al. The Leicester
risk assessment score for detecting undiagnosed type 2 diabetes and impaired glucose
regulation for use in a multiethnic UK setting. Diabet Med. (2010) 27:887-95. doi:
10.1111/j.1464-5491.2010.03037.x

25.Diabetes UK. University Leicester UHL. Our prevention work | Diabetes
UK. Available at: https://riskscore.diabetes.org.uk/start?_ga=2.3949744.
1202583356.1566552624-346818331.1560424444&_gac=1.95037934.1566558236.
CjwKCAjwsJ3ZBRBJEiwAtuvtINEhM9pxS8RSWS8ZILS5-
cCMIKvnYg0mupzQvTBWFiKe3H_un_PEhAgxoCAAUQAvD_BwE

26. Chung WSE, Walker AW, Bosscher D, Garcia-Campayo V, Wagner J, Parkhill J,
et al. Relative abundance of the Prevotella genus within the human gut microbiota of
elderly volunteers determines the inter-individual responses to dietary supplementation
with wheat bran arabinoxylan-oligosaccharides. BMC Microbiol. (2020) 20:1-14. doi:
10.1186/512866-020-01968-4

27. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al.
Introducing mothur: open-source, platform-independent, community-supported
software for describing and comparing microbial communities. Appl Environ Microbiol.
(2009) 75:7537-41. doi: 10.1128/AEM.01541-09

28. Letunic I, Bork P. Interactive tree of life (iTOL) v4: recent updates and new
developments. Nucleic Acids Res. (2019) 47:W256-9. doi: 10.1093/nar/gkz239

29. Saha S, Hollands W, Needs PW, Ostertag LM, De Roos B, Duthie GG, et al. Human
O-sulfated metabolites of (—)-epicatechin and methyl-(—)-epicatechin are poor
substrates for commercial aryl-sulfatases: implications for studies concerned with
quantifying epicatechin bioavailability. Pharmacol Res. (2012) 65:592-602. doi:
10.1016/j.phrs.2012.02.005

30. Neacsu M, McMonagle J, Fletcher R], Hulshof T, Duncan SH, Scobbie L, et al.
Availability and dose response of phytophenols from a wheat bran-rich cereal product
in healthy human volunteers. Mol Nutr Food Res. (2017) 61:1-15. doi: 10.1002/
mnfr.201600202

31.Qin Y, Xia M, Ma ], Hao Y, Liu J, Mou H, et al. Anthocyanin supplementation
improves serum LDL- and HDL-cholesterol concentrations associated with the
inhibition of cholesteryl ester transfer protein in dyslipidemic subjects. Am J Clin Nutr.
(2009) 90:485-92. doi: 10.3945/ajcn.2009.27814

32. Faul E, Erdfelder E, Lang A-G, Buchner A. G*power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods.
(2007) 39:175-91. doi: 10.3758/BF03193146

33.Faul F, Erdfelder E, Buchner A, Lang A-G. Statistical power analyses using
G*power 3.1: tests for correlation and regression analyses. Behav Res Methods. (2009)
41:1149-60. doi: 10.3758/BRM.41.4.1149

34. Barnard ND, Cohen J, Jenkins DJA, Turner-McGrievy G, Gloede L, Green A, et al.
A low-fat vegan diet and a conventional diabetes diet in the treatment of type 2 diabetes:
a randomized, controlled, 74-wk clinical trial. Am J Clin Nutr. (2009) 89:15885-96S. doi:
10.3945/ajcn.2009.26736H

35. Lehtonen H-M, Suomela J-P, Tahvonen R, Yang B, Venojirvi M, Viikari J, et al.
Different berries and berry fractions have various but slightly positive effects on the
associated variables of metabolic diseases on overweight and obese women. Eur J Clin
Nutr. (2011) 65:394-401. doi: 10.1038/ejcn.2010.268

36.Li D, Zhang P, Guo H, Ling W. Taking a low glycemic index multi-nutrient
supplement as breakfast improves glycemic control in patients with type 2 diabetes
mellitus: a randomized controlled trial. Nutrients. (2014) 6:5740-55. doi: 10.3390/
nu6125740

37. Takebayashi K, Suzuki T, Naruse R, Hara K, Suetsugu M, Tsuchiya T, et al. Long-
term effect of Alogliptin on glycemic control in Japanese patients with type 2 Diabetes:
a 3.5-year observational study. J Clin Med Res. (2017) 9:802-8. doi: 10.14740/
jocmr3118w

38.Rondanelli M, Opizzi A, Faliva M, Sala P, Perna S, Riva A, et al. Metabolic
Management in Overweight Subjects with naive impaired fasting glycaemia by
means of a highly standardized extract from Cynara scolymus: a double-blind,
placebo-controlled. Randomiz Clin Trial Phyther Res. (2014) 28:33-41. doi:
10.1002/ptr.4950

39. Rotman-Pikielny P, Ness-Abramof R, Charach G, Roitman A, Zissin R, Levy Y.
Efficacy and safety of the dietary supplement DBCare® in patients with type 2 Diabetes
mellitus and inadequate glycemic control. ] Am Coll Nutr. (2014) 33:55-62. doi:
10.1080/07315724.2014.870008

40. Knopp RH, Superko HR, Davidson M, Insull W, Dujovne CA, Kwiterovich PO,
et al. Effects of a dietary Fiber supplement. Am | Prev Med. (1999) 17:18-23. doi:
10.1016/S0749-3797(99)00039-2

41. R Core Team. (2020). R: A language and environment for statistical computing. R
foundation for statistical computing, Vienna, Austria. Available at: https://www.R-

project.org/

frontiersin.org


https://doi.org/10.3389/fnut.2023.1139880
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1161/CIRCULATIONAHA.110.968735
https://doi.org/10.1371/journal.pmed.1003332
https://doi.org/10.1371/journal.pmed.1003332
https://doi.org/10.1161/CIRCULATIONAHA.115.018585
https://doi.org/10.1016/S2213-8587(19)30068-3
https://doi.org/10.1016/S0140-6736(17)33102-1
https://doi.org/10.1016/S0140-6736(17)33102-1
https://doi.org/10.1111/obr.12744
https://doi.org/10.3945/ajcn.110.002188
https://doi.org/10.3945/ajcn.110.002188
https://doi.org/10.1097/MD.0000000000004247
https://doi.org/10.1016/j.numecd.2019.11.015
https://doi.org/10.1111/1541-4337.12351
https://doi.org/10.1039/C9FO01426H
https://doi.org/10.3390/nu9101104
https://doi.org/10.1017/jns.2013.16
https://doi.org/10.1002/fft2.15
https://doi.org/10.1111/nure.12114
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1002/fft2.25
https://doi.org/10.1002/mnfr.201600557
https://doi.org/10.1002/mnfr.201900677
https://doi.org/10.1002/mnfr.201900677
https://doi.org/10.3390/nu15010156
https://riskscore.diabetes.org.uk/start
https://doi.org/10.1111/j.1464-5491.2010.03037.x
https://riskscore.diabetes.org.uk/start?_ga=2.3949744.1202583356.1566552624-346818331.1560424444&_gac=1.95037934.1566558236.CjwKCAjwsJ3ZBRBJEiwAtuvtlNEhM9pxS8RSW8ZlL5-cCMlKvnYg0mupzQvTBWFiKe3H_un_PEhAgxoCAAUQAvD_BwE
https://riskscore.diabetes.org.uk/start?_ga=2.3949744.1202583356.1566552624-346818331.1560424444&_gac=1.95037934.1566558236.CjwKCAjwsJ3ZBRBJEiwAtuvtlNEhM9pxS8RSW8ZlL5-cCMlKvnYg0mupzQvTBWFiKe3H_un_PEhAgxoCAAUQAvD_BwE
https://riskscore.diabetes.org.uk/start?_ga=2.3949744.1202583356.1566552624-346818331.1560424444&_gac=1.95037934.1566558236.CjwKCAjwsJ3ZBRBJEiwAtuvtlNEhM9pxS8RSW8ZlL5-cCMlKvnYg0mupzQvTBWFiKe3H_un_PEhAgxoCAAUQAvD_BwE
https://riskscore.diabetes.org.uk/start?_ga=2.3949744.1202583356.1566552624-346818331.1560424444&_gac=1.95037934.1566558236.CjwKCAjwsJ3ZBRBJEiwAtuvtlNEhM9pxS8RSW8ZlL5-cCMlKvnYg0mupzQvTBWFiKe3H_un_PEhAgxoCAAUQAvD_BwE
https://doi.org/10.1186/s12866-020-01968-4
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1016/j.phrs.2012.02.005
https://doi.org/10.1002/mnfr.201600202
https://doi.org/10.1002/mnfr.201600202
https://doi.org/10.3945/ajcn.2009.27814
https://doi.org/10.3758/BF03193146
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3945/ajcn.2009.26736H
https://doi.org/10.1038/ejcn.2010.268
https://doi.org/10.3390/nu6125740
https://doi.org/10.3390/nu6125740
https://doi.org/10.14740/jocmr3118w
https://doi.org/10.14740/jocmr3118w
https://doi.org/10.1002/ptr.4950
https://doi.org/10.1080/07315724.2014.870008
https://doi.org/10.1016/S0749-3797(99)00039-2
https://www.R-project.org/
https://www.R-project.org/

Grohmann et al.

42. Wickam H. ggplot2: elegant graphics for data analysis. Berlin: Springer-Verlag.
(2016). 1-182.

43. Wei T, Simko V. (2017). R package “corrplot”: Visualization of a correlation matrix
(version 0.84).

44. Korkmaz S, Goksuluk D, Zararsiz G. MVN: an R package for assessing multivariate
normality. R J. (2014) 6:151-62. doi: 10.32614/R]-2014-031

45. Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models using
Ime4. ] Stat Softw. (2015) 67:1-48. doi: 10.18637/jss.v067.i01

46. Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest package: tests in linear
mixed effects models. J Stat Softw. (2017) 82:1-26. doi: 10.18637/js5.v082.i13

47. Field A, Miles J, Field Z. Discovering statistics using R. SAGE (2012). 1-958.

48.Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol. (2011) 12:R60-18.
doi: 10.1186/gb-2011-12-6-r60

49. White JR, Nagarajan N, Pop M. Statistical methods for detecting differentially
abundant features in clinical metagenomic samples. PLoS Comput Biol. (2009) 5:1-11.
doi: 10.1371/journal.pcbi.1000352

50. Sanchez-Patén F, Cueva C, Monagas M, Walton GE, Gibson GR, Martin-Alvarez
PJ, et al. Gut microbial catabolism of grape seed flavan-3-ols by human faecal microbiota.
Targetted analysis of precursor compounds, intermediate metabolites and end-products.
Food Chem. (2012) 131:337-47. doi: 10.1016/j.foodchem.2011.08.011

51. Law MR, Morris JK, Wald NJ. Use of blood pressure lowering drugs in the
prevention of cardiovascular disease: Meta-analysis of 147 randomised trials in the
context of expectations from prospective epidemiological studies. BMJ. (2009)
338:b1665-19. doi: 10.1136/bmj.b1665

52. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R. Age-specific relevance of
usual blood pressure to vascular mortality: a meta-analysis of individual data for one
million adults in 61 prospective studies. Lancet. (2002) 360:1903-13. doi: 10.1016/
S0140-6736(02)11911-8

53. Grohmann T, Litts C, Horgan G, Zhang X, Hoggard N, Russell W, et al. Efficacy of
bilberry and grape seed extract supplement interventions to improve glucose and
cholesterol metabolism and blood pressure in different populations—a systematic review
of the literature. Nutrients. (2021) 13:1692. doi: 10.3390/nu13051692

54. Kasliwal RR, Bansal M, Gupta R, Shah S, Dani S, Oomman A, et al. ESSENS
dyslipidemia: a placebo-controlled, randomized study of a nutritional supplement
containing red yeast rice in subjects with newly diagnosed dyslipidemia. Nutrition.
(2016) 32:767-76. doi: 10.1016/j.nut.2016.01.012

55. Argani H, Ghorbanihaghjo A, Vatankhahan H, Rashtchizadeh N, Raeisi S, Ilghami
H. O efeito do extrato de semente de uva vermelha na atividade do soro paraoxonase
em doentes com hiperlipidemia leve a moderada. Sao Paulo Med J. (2016) 134:234-9.
doi: 10.1590/1516-3180.2015.01702312

56. Belcaro G, Ledda A, Hu S, Cesarone MR, Feragalli B, Dugall M. Grape seed
procyanidins in pre- and mild hypertension: a registry study. Evid Based Complement
Altern Med. (2013) 2013:1-5. doi: 10.1155/2013/313142

57. Robinson M, Lu B, Edirisinghe I, Kappagoda CT. Effect of grape seed extract on
blood pressure in subjects with pre-hypertension. J Pharm Nutr Sci. (2012) 2:155-9. doi:
10.6000/1927-5951.2012.02.02.6

58. Biesinger S, Michaels HA, Quadros AS, Qian Y, Rabovsky AB, Badger RS, et al. A
combination of isolated phytochemicals and botanical extracts lowers diastolic blood
pressure in a randomized controlled trial of hypertensive subjects. Eur J Clin Nutr.
(2016) 70:10-6. doi: 10.1038/ejcn.2015.88

Frontiers in Nutrition

14

10.3389/fnut.2023.1139880

59. Sivaprakasapillai B, Edirisinghe I, Randolph J, Steinberg F, Kappagoda T. Effect of
grape seed extract on blood pressure in subjects with the metabolic syndrome. Metab
Clin Exp. (2009) 58:1743-6. doi: 10.1016/j.metabol.2009.05.030

60. Schon C, Allegrini P, Engelhart-Jentzsch K, Riva A, Petrangolini G. Grape seed
extract positively modulates blood pressure and perceived stress: a randomized, double-
blind, Placebo-Controlled, Study in Healthy Volunteers. Nutrients. (2021) 13:1-18. doi:
10.3390/nu13020654

61. Yuan S, Larsson SC. An atlas on risk factors for type 2 diabetes: a wide-angled
Mendelian randomisation study. Diabetologia. (2020) 63:2359-71. doi: 10.1007/
500125-020-05253-x

62. Aikens RC, Zhao W, Saleheen D, Reilly MP, Epstein SE, Tikkanen E, et al. Systolic
blood pressure and risk of type 2 diabetes: a mendelian randomization study. Diabetes.
(2017) 66:543-50. doi: 10.2337/db16-0868

63. O'Neill S, O’Driscoll L. Metabolic syndrome: a closer look at the growing epidemic
and its associated pathologies. Obes Rev. (2015) 16:1-12. doi: 10.1111/0br.12229

64. Halcox ], Misra A. Type 2 Diabetes mellitus, metabolic syndrome, and mixed
dyslipidemia: how similar, how different, and how to treat? Metab Syndr Relat Disord.
(2015) 13:1-21. doi: 10.1089/met.2014.0049

65. Nazarzadeh M, Bidel Z, Canoy D, Copland E, Wamil M, Majert J, et al. Blood
pressure lowering and risk of new-onset type 2 diabetes: an individual participant data
meta-analysis. Lancet. (2021) 398:1803-10. doi: 10.1016/S0140-6736(21)01920-6

66. Gutiérrez-Diaz I, Ferndndez-Navarro T, Salazar N, Bartolomé B, Moreno-Arribas
MYV, Lépez P, et al. Could fecal Phenylacetic and Phenylpropionic acids be used as
indicators of health status? J Agric Food Chem. (2018) 66:10438-46. doi: 10.1021/acs.
jafc.8b04102

67. Cueva C, Sdnchez-Patin F, Monagas M, Walton GE, Gibson GR, Martin-Alvarez
PJ, et al. In vitro fermentation of grape seed flavan-3-ol fractions by human faecal
microbiota: changes in microbial groups and phenolic metabolites. FEMS Microbiol Ecol.
(2013) 83:792-805. doi: 10.1111/1574-6941.12037

68.Loo YT, Howell K, Chan M, Zhang P, Ng K. Modulation of the human gut
microbiota by phenolics and phenolic fiber-rich foods. Compr Rev Food Sci Food Saf.
(2020) 19:1268-98. doi: 10.1111/1541-4337.12563

69. Kutschera M, Engst W, Blaut M, Braune A. Isolation of catechin-converting human
intestinal bacteria. J Appl Microbiol. (2011) 111:165-75. doi: 10.1111/j.1365-2672.
2011.05025.x

70. Godos J, Sinatra D, Blanco I, Mulé¢ S, La Verde M, Marranzano M. Association
between dietary phenolic acids and hypertension in a mediterranean cohort. Nutrients.
(2017) 9:1-13. doi: 10.3390/nu9101069

71. Najmanova I, Pourova J, Voprsalova M, Pilatova V, Semecky V, Novakova L, et al.
Flavonoid metabolite 3-(3-hydroxyphenyl)propionic acid formed by human microflora
decreases arterial blood pressure in rats. Mol Nutr Food Res. (2016) 60:981-91. doi:
10.1002/mnfr.201500761

72. Gratz SW, Hazim S, Richardson AJ, Scobbie L, Johnstone AM, Fyfe C, et al. Dietary
carbohydrate rather than protein intake drives colonic microbial fermentation during
weight loss. Eur ] Nutr. (2019) 58:1147-58. doi: 10.1007/s00394-018-1629-x

73. Bento-Silva A, Koistinen VM, Mena P, Bronze MR, Hanhineva K, Sahlstrem S,
et al. Factors affecting intake, metabolism and health benefits of phenolic acids: do
we understand individual variability? Eur J Nutr. (2020) 59:1275-93. doi: 10.1007/
s00394-019-01987-6

74. David LA, Maurice CE, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al.
Diet rapidly and reproducibly alters the human gut microbiome. Nature. (2014)
505:559-63. doi: 10.1038/nature12820

frontiersin.org


https://doi.org/10.3389/fnut.2023.1139880
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.32614/RJ-2014-031
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1371/journal.pcbi.1000352
https://doi.org/10.1016/j.foodchem.2011.08.011
https://doi.org/10.1136/bmj.b1665
https://doi.org/10.1016/S0140-6736(02)11911-8
https://doi.org/10.1016/S0140-6736(02)11911-8
https://doi.org/10.3390/nu13051692
https://doi.org/10.1016/j.nut.2016.01.012
https://doi.org/10.1590/1516-3180.2015.01702312
https://doi.org/10.1155/2013/313142
https://doi.org/10.6000/1927-5951.2012.02.02.6
https://doi.org/10.1038/ejcn.2015.88
https://doi.org/10.1016/j.metabol.2009.05.030
https://doi.org/10.3390/nu13020654
https://doi.org/10.1007/s00125-020-05253-x
https://doi.org/10.1007/s00125-020-05253-x
https://doi.org/10.2337/db16-0868
https://doi.org/10.1111/obr.12229
https://doi.org/10.1089/met.2014.0049
https://doi.org/10.1016/S0140-6736(21)01920-6
https://doi.org/10.1021/acs.jafc.8b04102
https://doi.org/10.1021/acs.jafc.8b04102
https://doi.org/10.1111/1574-6941.12037
https://doi.org/10.1111/1541-4337.12563
https://doi.org/10.1111/j.1365-2672.2011.05025.x
https://doi.org/10.1111/j.1365-2672.2011.05025.x
https://doi.org/10.3390/nu9101069
https://doi.org/10.1002/mnfr.201500761
https://doi.org/10.1007/s00394-018-1629-x
https://doi.org/10.1007/s00394-019-01987-6
https://doi.org/10.1007/s00394-019-01987-6
https://doi.org/10.1038/nature12820

	A grape seed and bilberry extract reduces blood pressure in individuals at risk of developing type 2 diabetes: the PRECISE study, a double-blind placebo-controlled cross-over intervention study
	1. Introduction
	2. Materials and methods
	2.1. Recruitment
	2.2. Study design
	2.3. Intervention and control supplements
	2.4. Study measurements
	2.5. Sample preparation and analysis
	2.6. Analysis of dietary intake
	2.7. Statistical analysis

	3. Results
	3.1. Participant characteristics, side effects, and compliance
	3.2. Effect of intervention with bilberry and grape seed extract on glucose and cholesterol markers
	3.3. Effect of bilberry and grape seed extract intervention on blood pressure
	3.4. Effect of bilberry and grape seed extract intervention on fecal and plasma levels of phenolic metabolites
	3.5. Association between individual blood pressure response, baseline gut microbiota composition, and levels of phenolic metabolites

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

