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Daily blueberry consumption for 12 weeks
improves endothelial function in postmenopausal
women with above-normal blood pressure
through reductions in oxidative stress:

a randomized controlled trialt
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Estrogen-deficient postmenopausal women have oxidative stress-mediated suppression of endothelial
function that is exacerbated by high blood pressure. Previous research suggests blueberries may improve
endothelial function through reductions in oxidative stress, while also exerting other cardiovascular
benefits. The objective of this study was to examine the efficacy of blueberries to improve endothelial
function and blood pressure in postmenopausal women with above-normal blood pressure, and to ident-
ify potential mechanisms for improvements in endothelial function. A randomized, double-blind,
placebo-controlled, parallel-arm clinical trial was performed, where postmenopausal women aged
45-65 years with elevated blood pressure or stage 1-hypertension (total n = 43, endothelial function n =
32) consumed 22 g day™* of freeze-dried highbush blueberry powder or placebo powder for 12 weeks.
Endothelial function was assessed at baseline and 12 weeks through ultrasound measurement of brachial
artery flow-mediated dilation (FMD) normalized to shear rate area under the curve (FMD/SRayc) before
and after intravenous infusion of a supraphysiologic dose of ascorbic acid to evaluate whether FMD
improvements were mediated by reduced oxidative stress. Hemodynamics, arterial stiffness, cardiometa-
bolic blood biomarkers, and plasma (poly)phenol metabolites were assessed at baseline and 4, 8, and 12
weeks, and venous endothelial cell protein expression was assessed at baseline and 12 weeks. Absolute
FMD/SRauc was 96% higher following blueberry consumption compared to baseline (p < 0.05) but
unchanged in the placebo group (p > 0.05), and changes from baseline to 12 weeks were greater in the
blueberry group than placebo (+1.09 x 107* + 4.12 x 107> vs. +3.82 x 107 + 1.59 x 1075, p < 0.03,
respectively). The FMD/SRayc response to ascorbic acid infusion was lower (p < 0.05) at 12 weeks com-
pared to baseline in the blueberry group with no change in the placebo group (p > 0.05). The sum of
plasma (poly)phenol metabolites increased at 4, 8, and 12 weeks in the blueberry group compared to
baseline, and were higher than the placebo group (all p < 0.05). Increases in several plasma flavonoid and
microbial metabolites were also noted. No major differences were found for blood pressure, arterial
stiffness, blood biomarkers, or endothelial cell protein expression following blueberry consumption.
These findings suggest daily consumption of freeze-dried blueberry powder for 12 weeks improves endo-
thelial function through reduced oxidative stress in postmenopausal women with above-normal blood
pressure. The clinical trial registry number is NCT03370991 (https://clinicaltrials.gov)
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Introduction

Cardiovascular disease (CVD) is the leading cause of death in
the United States (US) and globally. Each year, there are over
17.9 million CVD-related deaths which makes up approxi-
mately 32% of all deaths worldwide."” Aging is the primary
risk factor for CVD largely due to unfavorable changes to the
vasculature, particularly the arteries. Vascular endothelial dys-
function is one major adverse change to the arteries character-
ized by impaired endothelium-dependent dilation due to an
imbalance in endothelium-derived biologically active mole-
cules.’ The endothelium is crucial for cardiovascular health as
it is responsible for maintaining vascular tone through produ-
cing nitric oxide (NO) and other vasoactive molecules.”> NO is
a key vasodilatory and vasoprotective molecule,® and current
knowledge indicates that reduced NO bioavailability secondary
to excessive superoxide-driven oxidative stress is central to
endothelial dysfunction.®”™*° Superoxide radicals and other
reactive oxygen species (ROS) decrease NO bioavailability by
oxidizing the NO-producing enzyme endothelial nitric oxide
synthase (eNOS) leading to further superoxide radical pro-
duction instead of NO. ROS also react directly with NO which
further promotes oxidative stress and endothelial
dysfunction.">"> Furthermore, ROS can stimulate pro-inflam-
matory processes, which perpetuates oxidative stress through a
vicious cycle and contributes to endothelial dysfunction."™"*

Postmenopausal women experience accelerated adverse
changes to cardiovascular health, including endothelial dys-
function, which is an independent risk factor and a predictor
of CVD events in this population.'®'” Indeed, reductions in
endothelium-dependent dilation have been observed during
the menopausal transition independent of age and other CVD
risk factors.'®>' Estrogen exerts direct and indirect antioxidant
and vasodilatory effects, and thus postmenopausal women
experience oxidative stress-mediated endothelial dysfunction
due to diminished estrogen production.>*>* Above-normal
blood pressure (i.e. elevated blood pressure and hypertension),
often present in postmenopausal women, is also a contributor
to the increased risk for CVD.>>*® Menopause is associated
with a 2-fold increase in hypertension, with approximately
75% of postmenopausal women estimated to have hyperten-
sion, which worsens endothelial function through mecha-
nisms that include oxidative stress and inflammation.'*?’
Therefore, intervention strategies targeted at improving endo-
thelial function through reduced oxidative stress and inflam-
mation are important for CVD risk reduction in postmenopau-
sal women, and especially those with above-normal blood
pressure.

Lifestyle modification, particularly diet and nutrition, is
recommended for CVD risk reduction, and consuming a diet
rich in (poly)phenol-rich plant foods is linked to lower CVD
risk.”®**°  (Poly)phenols are secondary plant metabolites
characterized by their phenolic structures and hydroxyl moi-
eties,> and are broken into flavonoids and non-flavonoids.
Flavonoids (e.g. anthocyanins) are the most studied
(poly)phenols and are found in high concentrations in fruits

2622 | Food Funct.,, 2023, 14, 2621-2641

View Article Online

Food & Function
such as berries.***? (Poly)phenols and their circulating deriva-
tives of phase II enzyme and gut microbial metabolism (i.e.
metabolites) can reduce oxidative stress and inflammation.*?
For instance, (poly)phenol metabolites can directly interact
with free radical-generating enzymes and antioxidant enzymes
leading to reductions in oxidative stress.>*™*' Blueberries are
especially rich in (poly)phenols, namely anthocyanins and
phenolic acids, and accumulating evidence supports their
cardiovascular-protective effects, including improvements in
endothelial function in healthy adult men, adults with meta-
bolic syndrome, and cigarette smoking men with or without
peripheral arterial dysfunction.’®** We previously demon-
strated that consuming 22 g freeze-dried blueberry powder
(equal to 1 cup fresh blueberries) daily for 8 weeks led to
improvements in systolic and diastolic blood pressure and bra-
chial-ankle pulse wave velocity (PWV; a measure of arterial
stiffness), and increased plasma concentrations of NO metab-
olites in postmenopausal women with above-normal blood
pressure, suggestive of improvements in endothelial func-
tion.** Other studies have also observed reductions in blood
pressure and measures of arterial stiffness, but the results in
this area are mixed.*

While promising, the effects of blueberry consumption on
endothelial function in postmenopausal women with above-
normal blood pressure remains unknown. Furthermore, deter-
mining underlying mechanisms is crucial to establish blueber-
ries as a dietary intervention for improving endothelial func-
tion, and for identifying ways to increase clinical efficacy.
Physiologically relevant cell and animal studies, and limited
human studies, suggest that blueberries, their (poly)phenols,
and/or resulting metabolites may improve endothelial function
through reductions in oxidative stress.’®™*® However, evidence
demonstrating that improved endothelial function is directly
linked to reductions in oxidative stress following chronic blue-
berry consumption in humans is needed. Therefore, the
purpose of this randomized, double-blind, placebo-controlled,
parallel-arm clinical trial was to examine the efficacy of
chronic blueberry consumption to improve endothelial func-
tion, blood pressure, and other biomarkers of cardiometabolic
health in postmenopausal women with above-normal blood
pressure, and to gain insight into underlying mechanisms
with a specific focus on oxidative stress-related mechanisms.
We hypothesized that daily consumption of 22 g freeze-dried
blueberry powder for 12 weeks would improve endothelium-
dependent dilation through reductions in oxidative stress,
blood pressure, and other cardiometabolic biomarkers in post-
menopausal women with above-normal blood pressure.

Materials and methods
Study population and recruitment

Estrogen-deficient postmenopausal women (>1 y free of
menses, confirmed with blood measurement of estradiol <30
pg mL™" and follicle-stimulating hormone (FSH) >30 mIU
mL™") aged 45-65 y with elevated blood pressure or stage-

This journal is © The Royal Society of Chemistry 2023
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1 hypertension (systolic blood pressure 120-139 mmHg and/or
diastolic blood pressure 80-89 mmHg) were recruited for the
study. Individuals were excluded if they did not meet inclusion
criteria, had a body mass index (BMI) <18.5 or >40 kg m 2,
presence of clinical disease(s) (i.e. renal, respiratory, thyroid,
diabetes, thrombosis, neuropathy, cancer, gastrointestinal,
liver, kidney, pancreatic, or cardiovascular), cigarette smoking
within past year prior to enrollment, taking >1 blood pressure
medication or taking blood pressure medication for
<3 months, use of sex hormone replacement, lipid-lowering, or
phosphodiesterase-5 inhibitor medications, triglycerides (TG)
>350 mg dL~', and/or low-density lipoprotein cholesterol
(LDL-C) >190 mg dL™', body weight change >3 kg in the
3 months prior to study enrollment or actively trying to lose
weight, unwilling to maintain normal eating, drinking, and/or
physical activity habits throughout the study, heavy or binge
drinking (>7 drinks per week or >3 drinks on any given
occasion, respectively), and/or have allergies or contraindica-
tions to study treatment(s), pharmacological agents, and/or
procedures.

Participants were recruited from the greater Fort Collins,
Colorado, area through flyer distribution, email, newspaper,
Colorado State University (CSU) webpages, direct mailers, and
ClinicalTrials.gov between December 2017 and January 2020.
Individuals indicated their interest in study participation
though email or phone call, and an initial phone screening
was conducted for each interested participant where they were
asked specific questions regarding their health history to
determine study eligibility prior to their onsite screening visit.
The onsite screening visit entailed reading and signing the
informed consent form, confirmation of inclusion and exclu-
sion criteria by measuring seated blood pressure in triplicate,
calculating BMI, examining blood parameters (blood lipid pro-
files, estradiol, and FSH), and completing a medical health
history questionnaire. Qualified participants were scheduled
for their baseline visit. This study was approved by the CSU
Institutional Review Board (protocol #2891), conducted in
accordance with the Declaration of Helsinki, and is registered
at ClinicalTrials.gov as NCT03370991.

Study design

This study was a randomized, double-blind, placebo-con-
trolled, parallel-arm clinical trial. The overall study design,
schedule of study visits, and a schematic of study visits for
data collection and measurements are presented in Fig. 1. The
primary outcomes were brachial artery flow-mediated dilation
(FMD; measure of endothelial function) and blood pressure.
Secondary outcomes included the impact of intravenous
ascorbic acid on oxidative stress-mediated suppression of
endothelial function, endothelium-independent dilation,
hemodynamics, arterial stiffness, plasma (poly)phenol metab-
olites, blood markers of cardiometabolic health, and venous
endothelial cell protein expression related to NO production,
oxidative stress, and inflammation.

Laboratory measures were taken on 4 different occasions
(i.e. study visits) separated by 4 weeks over a 12-week period,
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between 6:00 am and 11:00 am. All cardiovascular measures
were conducted in a supine position, at room temperature,
and with dimmed lighting. Participants were asked to be in a
fasting state, which consisted of no food and drinks (other
than water) for 8 h prior to the study visit, and no dietary sup-
plements or prescription medication use was permitted within
24 h of the study visit. Participants were asked to maintain
their usual diet and physical activity patterns, and to keep
fresh and frozen blueberry consumption to <2 cups per week
for the duration of the study (with the exception of the treat-
ment intervention).

Treatment intervention and compliance

Eligible participants (n = 48) were randomly assigned to treat-
ments using block randomization stratified by hypertension
stage to receive either: (1) 22 g freeze-dried highbush blueberry
powder (Tifblue/Rubel 50/50 blend; equivalent to about 1 cup
fresh blueberries); or (2) 22 g isocaloric and carbohydrate-
matched placebo powder (dextrose, maltodextrin, fructose,
and artificial color and flavors) with a similar color, texture,
and taste to the blueberry powder. The 22 g dose of blueberry
powder contained 87 total kcals, <1 g fat, 21 g total carbo-
hydrate, <1 g protein, 726 mg of total (poly)phenols, and
224 mg of anthocyanins, while the 22 g dose of placebo
powder contained 83 total kcals, <1 g fat, 21 g total carbo-
hydrate, <1 g protein, and was devoid of (poly)phenols. The US
Highbush Blueberry Council provided the blueberry and
placebo powders. Nutritional analysis of the treatment
powders was performed by Medallion Laboratories
(Minneapolis, MN, USA) and total (poly)phenol and antho-
cyanin analyses were performed by International Chemistry
Testing (Hopkinton, MA, USA). Treatment powders were pack-
aged in air-tight, opaque 11 g packets to further conceal treat-
ment identity. Participants consumed 11 g of their assigned
treatment 2x per day mixed in water in the morning and after-
noon/evening, at least 6-8 h apart to decrease the risk for gas-
trointestinal distress, for 12 weeks.

Treatment compliance was assessed by asking study partici-
pants to record the date and time their treatment packets were
consumed each day in a daily treatment dosing log, and to
document reasons for missing doses (i.e. sick, fell asleep,
forgot). Non-compliance was defined as missing > two 11 g
doses per week or less than ~86% treatment compliance on
average, and was calculated using the following equation:
([dosages consumed — missed dosages/dosages required] x
100).

Endothelium-dependent and -independent dilation

Brachial artery FMD (endothelium-dependent dilation, n = 32)
and brachial artery diameter responses to sublingual nitro-
glycerin (NTG) administration (endothelium-independent
dilation, n = 20) were determined in a subset of participants as
described previously**™* and analyzed using commercially
available software packages (Brachial Analyzer for Research,
Medical Imaging Applications, LLC, Coralville, IA, USA and

DATAQ Instruments, OH, USA).
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12 Weeks
>
<2 Weeks | 4 Weeks v 4 Weeks ” 4 Weeks v
22 g/d Blueberry or Placebo Powder 22 g/d Blueberry or Placebo Powder 22 g/d Blueberry or Placebo Powder
o HO)
&>
V1 V2 V3 va4 V5
Informed consent X
Confirm eligibility X
Blood pressure X X X X X
Endothelial function X X
Arterial stiffness X X
Blood collection X X X X X
Endothelial cell biopsy X X
Anthropometrics X X X X X
Body composition X X
Physical activity & diet X X X X
Treatment distribution X X X
Treatment compliance X X X

Fig. 1 Study design and timeline for the 12-week clinical trial.

Brachial artery diameter and mean blood velocity (MBV)
were measured with a 12 MHz linear-array ultrasound probe
(Vivid7, GE Healthcare, Wauwatosa, W1, USA) clamped in place
~3-6 cm proximal to the antecubital fossa with a <60° insona-
tion angle. In brief, to assess FMD, a rapidly inflating blood
pressure cuff (D.E. Hokanson, Inc., Bellevue, WA, USA) on the
upper forearm (~2 cm distal to the antecubital fossa) was
inflated to 250 mmHg to occlude forearm blood flow.
Ultrasound images were captured (Vascular Imager, Medical
Imaging Applications, LLC, Coralville, IA, USA) at end-diastole
for each cardiac cycle at baseline (30 s), during occlusion
(5 min), and post-occlusion (5 min). Shear rate (SR) was calcu-
lated for each cardiac cycle as 8 x MBV — diameter, and the SR
area under the curve (SRyyc) from cuff release to peak
diameter was quantified as an index of the stimulus for
FMD.>* FMD values are expressed as relative (%) changes from
baseline to peak diameter and corrected for shear rate
(FMD/SRpyc) to account for inter-individual variability in
shear stress.”>>’

To determine whether daily blueberry consumption
improves endothelium-dependent dilation by suppressing oxi-
dative stress, brachial artery FMD was measured before and
after a supraphysiologic infusion of the antioxidant ascorbic
acid (Mylan Institutional Inc., Rockford, IL, USA). Ascorbic
acid was administered intravenously at a dose of 0.06 g kg™"
fat-free mass®>® over a 20 min period, then brachial artery
FMD was reassessed using the aforementioned procedures.

2624 | Food Funct, 2023, 14, 2621-2641

Ascorbic acid is a potent antioxidant that scavenges ROS,
including superoxide radicals. Thus, this approach has been
used to evaluate the extent to which oxidative stress suppresses
endothelium-dependent dilation.”?"*>°

Lastly, sublingual NTG (0.4 mg) (Pfizer Inc., New York, NY,
USA) was administered to assess endothelium-independent
dilation in a subset of study participants (n = 20) following a
10 min rest period to reduce carry over effects. Briefly, baseline
artery diameters were measured, a NTG tablet was placed
under the participant’s tongue, and brachial artery diameters
were measured over 8 min to capture peak diameter. NTG
values are expressed as relative (%) changes from baseline to
peak diameter.

Hemodynamics and arterial stiffness

Hemodynamics and arterial stiffness were assessed after a
10 min rest in the supine position using the SphygmoCor
XCEL (AtCor Medical Inc., Naperville, IL, USA) as previously
described.®®®! Briefly, supine brachial blood pressure was
measured, followed by pulse wave analysis for central aortic
parameters (i.e. mean arterial pressure, pulse pressure, heart
rate, augmentation index (AIx), AIx normalized to a heart rate
of 75 bpm (AIx@75), systolic and diastolic pressure, and aortic
pressure).

After blood pressure measurements, carotid-femoral/aortic
PWV was measured as previously described.’*®® In short, a
blood pressure cuff was placed on the upper thigh at the

This journal is © The Royal Society of Chemistry 2023
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femoral artery and a tonometer was placed on the carotid
artery simultaneously to capture pulse waveforms. Three
measurements were taken using calipers: (1) distance between
carotid artery pulse and sternal notch, (2) sternal notch to the
top of the blood pressure cuff, and (3) femoral artery pulse to
the top of the blood pressure cuff. The distance traveled
between the two sites and the time the waveform traveled was
used to automatically calculate carotid-femoral/aortic PWV
(distance/time) by the SphygmoCor system. All hemodynamic
and arterial stiffness measurements were performed in
triplicate.

Blood collection and biomarker analyses

Venous blood was collected using a standard butterfly needle
(BD Vacutainer, Becton, Dickson and Company, Franklin
Lakes, NJ, USA) or an intravenous catheter (Introcan Safety,
Braun Medical Inc., Bethlehem, PA, USA). Blood lipids (high-
density lipoprotein cholesterol (HDL-C), LDL-C, total chole-
sterol (TC), and TG), hemoglobin Alc, FSH, and estradiol were
assessed using standard assays at the University of Colorado-
Health/Poudre Valley Hospital Lab (Fort Collins, CO, USA).
Remaining venous blood was processed for serum and plasma
separation using VACUETTE® CAT Serum Sep Clot Activator
tubes (Greiner Bio-One North America Inc., Monroe, NC, USA)
and BD Vacutainer® K2 EDTA collection tubes (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA), respect-
ively and stored at —80 °C until analysis. Plasma intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) levels were measured in duplicate using
commercially available quantikine ICAM-1 and VCAM-1
enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems, Bio-Techne brand, Minneapolis, MN, USA). Plasma
nitrate/nitrite was measured in duplicate using a commercially
available colorimetric assay kit (Cayman Chemical, Ann Arbor,
MI, USA).

Chromatography and mass spectrometry analysis of plasma
(poly)phenols

The extraction of phenolic metabolites from plasma samples
was performed by micro-elution solid phase extraction (p-SPE)
and measured by UPLC-Q-g-Q MS, as per the protocol of a vali-
dated method.®* Briefly, undiluted plasma samples were acidi-
fied with 4% phosphoric acid (v:v 1:1). This mix (total
volume of 600 pL) was then loaded onto Oasis 96-well
reversed-phase HLB (hydrophilic-lipophilic balanced) sorbent
u-SPE plates (Waters, Eschborn, Germany), washed with water
and 0.2% acetic acid, and eluted using 90 pL of methanol.
Identification and quantification of (poly)phenol metabolites
were performed on a SHIMADZU Triple Quadrupole Mass
Spectrometer (LCMS8060, SHIMADZU, Kyoto, Japan). Five
microliters of the eluded samples were then injected through a
Raptor Biphenyl column 2.1 x 50 mm, 1.8 pm (Restek,
Bellefonte, USA) with a compatible Raptor Biphenyl Guard
Cartridges 5 x 2.1 mm (Restek, Bellefonte, USA) in the UPLC
system. A 14-minute gradient followed by a 2-minute equili-
bration was applied to the run under a flow rate of 0.5 mL
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min~" at 30 °C. The identification of metabolites was per-
formed by comparing retention times with authentic stan-
dards in corresponding multiple reaction monitoring (MRM)
transitions and quantified by calibration curves made from
standard mixes using SHIMADZU LabSolutions™ LCMS
Software.

Endothelial cell biopsy and protein quantification

Human venous endothelial cell biopsy was performed in a
subset of participants (n = 24) as previously described.>*°%%37¢
Venous endothelial cell protein expression has been shown to
correlate with arterial endothelial cell expression® and there-
fore was selected as a proxy for arterial endothelial cells.
Briefly, endothelial cells were biopsied from the antecubital
vein by inserting 2 sterile 0.025 mm J-shaped guidewires
(GuideRight™, Abbott Medical, Plymouth, MN, USA) one at a
time into the intravenous catheter ~4 cm beyond the catheter
tip. Wires were carefully withdrawn, and the distal portion of
the wire was immediately transferred to a conical tube contain-
ing phosphate buffered saline solution for processing. Isolated
endothelial cells were mounted on poly-i-lysine microscope
slides, incubated for 5 h at 37 °C, and stored at —80 °C until
immunofluorescence microscopy protein expression analyses.

Previously described methods were used for quantitative
immunofluorescence of endothelial cell protein expression
with one modification (donkey serum was used in place of
goat serum to view and confirm endothelial cells).®>7%”
Primary antibodies of interest included manganese superoxide
dismutase (MnSOD) (Enzo Life Sciences, Inc., Farmingdale,
NY, USA), phosphorylated endothelial nitric oxide synthase
(eNOS) (Cell Signaling Technology, Inc., Danvers, MA, USA),
phosphorylated nuclear factor kappa B (NFkB) (Cell Signaling
Technology, Inc., Danvers, MA, USA), and NADPH oxidase/p47
subunit (MilliporeSigma, Burlington, MA, USA). Using a micro-
scope (Olympus BX3-CBH Olympus Scientific Solutions
Americas Corp., Waltham, MA, USA), cells were imaged by a
DP73 digital camera (Olympus Scientific Solutions Americas
Corp., Waltham, MA, USA) and automatically analyzed via
cellSens Software (Olympus Scientific Solutions Americas
Corp., Waltham, MA, USA) to quantify staining intensity.
Human umbilical vein endothelial cells (HUVECSs) were used
as a control for each staining batch to account for between
batch staining variability, and values are reported as a ratio of
participant endothelial cell protein expression to HUVEC and
expressed as arbitrary units (AU).

Anthropometrics, body composition, and energy intake and
expenditure

Height without shoes was measured only at screening visits
using a standard scale-mounted stadiometer and rounded to
the nearest 0.5 cm, and body weight without shoes was
measured using a scale and rounded to the nearest kg at all
visits (Health o Meter Professional 500KL, Pelstar LLC,
Countryside, IL, USA). BMI was calculated as weight (kg)
divided by height (m?). Waist and hip circumferences were
measured using a standard measuring tape and rounded to
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the nearest 0.5 cm, and ratios were calculated by dividing waist
circumference by hip circumference. Body composition (fat
mass, fat free mass, android fat, and gynoid fat) was assessed
using dual-energy X-ray absorptiometry (DEXA) (Hologic,
Mississauga, ON, Canada). Self-reported food intake on 3 sep-
arate days (2 weekdays and 1 weekend day) was collected prior
to each study visit through the Automated Self-Administered
24-h (ASA24) Dietary Assessment Tool (National Institutes for
Health, Bethesda, MD, USA) that calculated total calories
(keals) to assess energy intake throughout the study.’®®°
Physical activity patterns were assessed using a validated 7-day
physical activity recall at each study visit to estimate energy
expenditure (kcal day™").”%”*

Statistical analyses

Collected data were stored electronically using REDCap with
double-data entry by two individuals and independent quality
review by a third person. Missing data from continuous vari-
ables were imputed using the mean values of the outcomes
within the groups. Data were evaluated for normality using
Shapiro-Wilk tests (SAS Institute Inc., Cary, NC) and log-trans-
formed prior to statistical analysis when appropriate. A linear
mixed model approach was used to analyze the data and
compare between the treatment groups as well as time with an
interaction term, which were set as fixed effects in the model,
while participants were set as random effects. Least square
differences were calculated for comparisons and the adjust-
ment of the p-value was performed using a Tukey-Kramer’s
correction for multiple comparisons. Univariate analyses was
performed with each potential confounder (ie. age, BMI,
hypertension stage, hypertensive medication use, and years
since menopause). The variables that met the criteria of a
p-value of 0.25 were included in the multivariable linear mixed
model. A backward elimination process was used to retain the
variables that meet the p-value of 0.05 to finalize the model for
each outcome variable. Spearman correlation analyses were
performed to assess the relationship of improvements in endo-
thelial function (FMD/SRayc) with plasma (poly)phenol metab-
olites, and endothelial cell protein expression. Endothelial cell
protein expression correlation analyses were performed using
GraphPad (version 9.4.1, San Diego, CA, USA), and SAS v9.4
(SAS Institute Inc., Cary, NC) was used for all other statistical
analyses. Results are presented as mean + SEM, and a p-value
of 0.05 was used to determine statistical significance. A p-value
of less than 0.10 was used to determine a trend for statistical
significance.

Results

Study enrollment, attrition, compliance, and baseline
characteristics

A detailed schematic of participant flow throughout the study
(i.e. CONSORT flow diagram) is provided in Fig. 2. A total of
505 potential participants contacted the laboratory to express
interest in participating in the study and were screened via tel-
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ephone or email. Of these, 367 individuals were excluded due
to not meeting inclusion criteria, subsequently declining to
participate, or an inability to contact them, leaving 138 partici-
pants who completed an onsite screening visit. Of those, 90
people were excluded for not meeting inclusion criteria or
declining to participate. As a result, 48 estrogen-deficient post-
menopausal women were enrolled in the study and randomly
assigned to an intervention (blueberry n = 24 and placebo n =
24). Throughout the 12-week intervention period, 5 partici-
pants dropped from the study due to sickness, medication
change, antiseptic allergies, infection,
reasons, leaving 43 participants who completed the 12-week
study (blueberry n = 22 and placebo n = 21). The overall attri-
tion rate for the 12-week intervention study was approximately
10.4% (8.3% in the blueberry group and 12.5% in the placebo
group). Overall self-reported treatment compliance was 97%.
For the blueberry group, overall self-reported compliance was
97%, and was 98% between baseline and 4 weeks, 98%
between 4 and 8 weeks, and 96% between 8 and 12 weeks. For
the placebo group, self-reported compliance was 97%, and was
95% between baseline and 4 weeks, 98% between 4 and 8
weeks, and 97% between 8 and 12 weeks. Screening character-
istics are presented in Table 1, and there were no differences
(p > 0.05) between groups.

or for unknown

Endothelium-dependent and -independent dilation

Absolute FMD/SRayc was 96% higher (p < 0.01) at 12 weeks
compared to baseline in the blueberry group with no change
(p > 0.05) observed in the placebo group (Fig. 3A and ESI
Table 17), and the change in FMD/SR,y¢ from baseline to 12
weeks was higher (p < 0.03) than the placebo group (Fig. 3C
and ESI Table 1t). Though there were no statistically signifi-
cant differences (p > 0.05), there was a ~1.34% unit increase in
absolute FMD not normalized to SRayc (35% higher) com-
pared to baseline at 12 weeks in the blueberry group (Fig. 3B,
D and ESI Table 17}). Individual FMD changes from baseline to
12 weeks are presented in ESI Fig. 1.7 Brachial artery endo-
thelium-independent dilation to sublingual NTG did not
change (p > 0.05) within or between groups (ESI Table 21t), con-
firming the improvements in endothelial function were endo-
thelium-dependent.

To evaluate oxidative stress-mediated suppression of endo-
thelial function and determine the impact of blueberries on
its amelioration, endothelium-dependent dilation was
assessed before and following intravenous infusion of the anti-
oxidant ascorbic acid. At baseline (pre-blueberry or -placebo
consumption), ascorbic acid administration acutely increased
(p < 0.05) FMD/SRyc in both groups (Fig. 4A and B). There
was an increase (p < 0.01) in FMD not normalized to SRy in
the blueberry group, with trending significance in the placebo
group (p < 0.07) (Fig. 4C, D, and ESI Table 37).

After 12 weeks of daily blueberry consumption, ascorbic
acid administration did not alter (p > 0.05) FMD/SRyyc Or
FMD not normalized to SRyyc (Fig. 4A, C, and ESI Table 37).
The placebo group had a strong trend for an increase (p <
0.08) in FMD/SR,y at 12 weeks (Fig. 4B and ESI Table 31), but

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 CONSORT diagram for the 12-week clinical trial.

not FMD not normalized to SRyyc (p > 0.05) (Fig. 4C, D and
ESI Table 31). When assessed as the difference in the FMD/
SRauc response to ascorbic acid vs. saline, the blueberry group
had a reduction in the FMD/SR,yc response (p < 0.04) to
ascorbic acid at 12 weeks compared to baseline, while the
placebo group had no change (p > 0.05) (Fig. 4E and ESI

Table 37).

Hemodynamics and arterial stiffness

There were no significant differences (p > 0.05) within or
between groups for hemodynamic and arterial stiffness
measures except for a significant reduction in aortic pulse

line in the blueberry group, but while no changes (p > 0.05)
were noted in the placebo group or for the change from base-
line to 12 weeks. The change from baseline to 12 weeks for
HDL-C was higher (p < 0.05) in the blueberry group than the
placebo group, while there were no changes at 12 weeks com-
pared to baseline (p > 0.05). Reductions in LDL-C (p < 0.05)
were noted at 12 weeks compared to baseline in both groups,
but not for the change from baseline to 12 weeks (p > 0.05).
VCAM-1 was increased at 4 weeks (p < 0.004) and 8 weeks (p <
0.008) compared to baseline in the placebo group, with no
changes (p > 0.05) in the blueberry group or for the change
from baseline. No other effects (p > 0.05) were noted.

pressure in the blueberry group at 4 weeks compared to base-

line (p < 0.04) (Fig. 5 and ESI Table 47).

Blood biomarkers

Blood biomarker results are presented in Table 2. Reductions
(p < 0.05) in TG were observed at 12 weeks compared to base-

This journal is © The Royal Society of Chemistry 2023

Plasma (poly)phenol metabolites

A total of 88 plasma (poly)phenol metabolites were detected
(ESI Table 5f) and the sums of (poly)phenol metabolites
grouped according to class are presented in Fig. 6C. In the
blueberry group, the sum of plasma (poly)phenol metabolite
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Table 1 Screening characteristics for postmenopausal women with
above-normal blood pressure who completed a 12-week intervention
evaluating 22 g freeze-dried highbush blueberry powder vs placebo
powder on endothelial function, blood pressure, and other measures of
cardiometabolic health

Variable Blueberry (n = 22) Placebo (n =21)
Age (y) 60+1 61+1
Years after menopause 10+1 9+1
Estradiol (pg mL™") 17.0 £ 0.9 17.1+ 1.0
FSH (mIU mL’1) 67.0+5.0 67.0 +4.8
Height (m) 1.6 + 0.0 1.6 + 0.0
Weight (kg) 73.0 £ 3.2 74.6 + 3.5
BMI (kg m~2) 27.6 £1.0 27.8 +1.1
WC (cm) 89 +3 89+2
HC (cm) 108 +2 107 +2
WC:HC 0.82 + 0.01 0.83 +0.01
SBP (mmHg) 130+ 1 128 +1
DBP (mmHg) 80+1 82+1
TG (mg dL™) 121 +12 112 + 14
TC (mg dL ™) 214£5 220£6
HDL-C (mg dL™") 58+3 58+3
LDL-C (mg dL™") 132+5 139+5
HgbA1c (%) 5.5+0.1 5.5+0.1
BP med use, n (%) 6 (27) 4(19)
Race/ethnicity, n (%)

Non-Hispanic white 22 (100) 20 (95)

Hispanic 0 1(5)

Data are mean + SEM (or %). Abbreviations: BMI, body mass index;
DBP, diastolic blood pressure; FSH, follicle-stimulating hormone;
HgbA1lc, hemoglobin Alc; HDL-C, high-density lipoprotein-cholesterol;
HC, hip circumference; LDL-C, low-density lipoprotein-cholesterol;
med, medication; SBP, systolic blood pressure; TC, total cholesterol;
TG, triglycerides; WC, waist circumference.

concentrations (i.e. all detected plasma (poly)phenol metab-
olites) was increased at 4 weeks (p < 0.0001), 8 weeks (p <
0.0001), and 12 weeks (p < 0.0001) compared to baseline,
higher than the placebo group at 4 (p < 0.02), 8 (p < 0.02), and
12 weeks (p < 0.004) (Fig. 6A and ESI Table 5t), and higher for
the change from baseline to 4 (p < 0.02) and 12 (p < 0.05)
weeks than the placebo group (Fig. 6A, B, and ESI Table 51).
With regard to individual metabolites (Fig. 6 and ESI
Table 5t), hippuric acid was increased at 4 (p < 0.0001), 8 (p <
0.0001), and 12 (p < 0.0001) weeks in the blueberry group com-
pared to baseline, and compared to the placebo group at 4
weeks (p < 0.05), 8 weeks (p < 0.02), and 12 weeks (p < 0.003)
(Fig. 6D and ESI Table 5t) and for the change from baseline to
4 (p < 0.008), 8 (p < 0.03), and 12 (p < 0.007) weeks (Fig. 6E).
The metabolite 3-hydroxyhippiuric acid was increased at 4 (p <
0.007) and 8 (p < 0.03) weeks, with a trend for an increase (p <
0.07) at 12 weeks compared to baseline in the blueberry group,
but not (p > 0.05) compared to placebo (Fig. 6F and ESI
Table 5%) or for the change from baseline (Fig. 6G). In the
blueberry group, the metabolite 3-methoxybenzoic acid-4-
sulfate (vanillic acid-4-sulfate) was increased at 4 (p < 0.0001),
8 (p < 0.0003), and 12 (p < 0.02) weeks compared to baseline,
higher than placebo at 4 weeks (p < 0.04) (Fig. 6H and ESI
Table 51) and for the change from baseline to 4 weeks (p <
0.03) (Fig. 6I). The metabolite 3,4-dihydroxybenzoic acid (proto-
catechuic acid) was increased (p < 0.04) at 8 weeks compared
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to baseline following blueberry consumption (Fig. 6] and ESI
Table 5t), and was higher (p < 0.03) than the placebo group at
8 weeks (Fig. 6K). The metabolite 2,5-dihydroxybenzoic acid
was increased at 8 weeks (p < 0.03) compared to baseline in
the blueberry group and higher (p < 0.05) than the placebo
group at 12 weeks (Fig. 6L and ESI Table 5t), while no differ-
ences (p > 0.05) were noted for the change from baseline
(Fig. 6M). The metabolite 2,3-dihydroxybenzene-1-sulfate was
increased at 4 (p < 0.02) and 8 (p < 0.002) weeks in the blue-
berry group compared to baseline (ESI Table 5t), while no
differences (p > 0.05) were noted for the change from baseline.
The metabolite 3-hydroxy-4-methoxybenzoic acid-5-sulfate was
higher at 4 (p < 0.01) and 8 (p < 0.004) weeks in the blueberry
group compared to placebo, and the change from baseline to 8
weeks was higher (p < 0.05) than the placebo group (ESI
Table 5t). The metabolite 2-hydroxybenzene-1-glucuronide was
increased (p < 0.01) at 8 weeks compared to baseline in the
blueberry group and the change from baseline to 4 weeks was
higher (p < 0.02) than the placebo group (ESI Table 57). The
metabolite 2-hydroxy-3-(4"-hydroxyphenyl)propanoic acid was
increased (p < 0.04) at 4 weeks compared to baseline in the
blueberry group (ESI Table 5t). The metabolite 3-(4"-methoxy-
phenyl)propanoic acid-3'-glucuronide was increased (p <
0.007) at 8 weeks compared to baseline in the blueberry group
(ESI Table 5%). Lastly, myricetin was higher (p < 0.05) in the
blueberry group at 4 weeks compared to placebo at 4 weeks,
and the change from baseline to 4 weeks was higher (p < 0.04)
than placebo (ESI Table 57).

Correlations between endothelium-dependent dilation and
plasma (poly)phenol metabolites

With the exception of flavonols (r = 0.57, p < 0.05), there were
no correlations (p > 0.05) observed for the sum of (poly)phenol
metabolites, specific metabolite classes, or in the sum of sig-
nificantly increased metabolites with FMD/SR,yc at 12 weeks
in the blueberry group. For correlation analysis for the change
from baseline to 12 weeks in the blueberry group (Fig. 7),
3 metabolites had moderate positive correlations with
improvements in FMD/SR,yc, specifically myricetin (p < 0.05),
4-O-caffeoylquinic acid (p < 0.05), and 3-(4"-hydroxyphenyl)pro-
panoic acid-3-glucuronide (p < 0.05). Five metabolites had
moderate to moderately strong negative correlations with
improvements in FMD/SRayc (Fig. 7), specifically 5-O-caffeoyl-
quinic acid (p < 0.003), 3'-hydroxyphenylacetic acid (p <
0.0007), 3-(2',4-dihydroxyphenyl)propanoic acid (p < 0.03),
3-hydroxy-4-methoxybenzoic acid-5-sulfate (p < 0.04), and
2-hydroxy-3-(4’-hydroxyphenyl)propanoic acid (p < 0.009). In
the placebo group, 5-O-caffeoylquinic acid was positively corre-
lated with the change in FMD/SR,yc (p < 0.004), while 3-hydro-
xybenzoic acid (0.55, p < 0.05), 4-hydroxybenzoic acid (p <
0.04), and 4-hydroxyhippuric acid (p < 0.03) were all negatively
correlated with the change in FMD/SRyc (Fig. 7).

For correlation analysis between individual metabolites and
FMD/SRayc at 12 weeks (Fig. 7), 3-hydroxybenzoic acid-4-
sulfate was positively correlated in the blueberry group (p <
0.02). In the placebo group, 3,5-dihydroxybenzoic acid (p <

This journal is © The Royal Society of Chemistry 2023
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**Different (p < 0.05) between groups.

0.02), 3-hydroxybenzoic acid (p < 0.02), and 4-hydroxybenzoic
acid (r = —0.61, p < 0.02) were all negatively correlated with
FMD/SR4yc, while only myricetin was positively correlated (r =
0.67, p < 0.009) (Fig. 7).

Endothelial cell protein expression

No differences (p > 0.05) were noted within or between groups
at any time point for MnSOD, phosphorylated eNOS, phos-
phorylated NFkB, or p47phox (NADPH oxidase/p47 subunit)
(Fig. 8 and ESI Table 67).

Correlations between endothelium-dependent dilation and
endothelial cell protein expression

For the change from baseline to 12 weeks, FMD/SR yc was
moderately inversely correlated with NADPH oxidase/p47
subunit protein expression (p < 0.04) in the blueberry group
but not placebo, and a trend for a moderately positive corre-
lation with phosphorylated NFkB (p < 0.08) in the placebo
group but not blueberry (Fig. 9). At 12 weeks, FMD/SR,yc had
a moderately positive correlation with phosphorylated eNOS
protein expression (p < 0.04) in the blueberry group but not
placebo (Fig. 9). No other correlations (p > 0.05) were observed.

This journal is © The Royal Society of Chemistry 2023

Anthropometrics, body composition, energy intake and
expenditure

Anthropometrics, body composition, energy intake and expen-
diture data are presented in ESI Table 7.7 For anthropometrics,
there were no differences (p > 0.05) in weight or BMI between
or within groups at any time point. For body composition,
android fat mass (%) was lower (p < 0.03) at 12 weeks com-
pared to baseline in the placebo group but not in the blueberry
group (p > 0.05), and no other differences (p > 0.05) were
noted. No differences (p > 0.05) within or between groups were
noted for energy intake or energy expenditure.

Discussion

In this randomized, double-blind, placebo-controlled, parallel-
arm clinical trial, we showed that consuming 22 g day™' of
freeze-dried highbush blueberry powder for 12 weeks signifi-
cantly improved endothelial function, but not blood pressure,
in postmenopausal women with above-normal blood pressure.
These findings are clinically meaningful considering the
prevalence of endothelial dysfunction in this population and
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(A) Flow-mediated dilation (FMD) normalized to shear rate area under the curve (FMD/SRauc) during intravenous saline and ascorbic acid
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blueberry consumption; (D) FMD% during intravenous saline and ascorbic acid infusion at baseline and after 12 weeks of placebo consumption; and
(E) FMD/SRayc difference between ascorbic acid and saline infusion at baseline and after 12 weeks of blueberry and placebo consumption. Data are
mean + SEM. *Different (p < 0.05) compared to saline infusion on the same day. #Trend for different (p < 0.1) than saline infusion on the same day.

**Difference (p < 0.05) between time points within group.

its central role in CVD pathophysiology.”> We also found that
improvements in endothelial function were due, at least in
part, to reductions in oxidative stress, and that plasma
(poly)phenol metabolites related to flavonoid and gut microbial
metabolism were increased following blueberry consumption,

2630 | Food Funct,, 2023, 14, 2621-2641

providing insight into physiological mechanisms. Other
measures of cardiometabolic health were largely unchanged
following blueberry consumption. To our knowledge, this is
the first study to assess the effects of blueberry consumption
on endothelial function and oxidative stress-mediated suppres-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Blood pressure and arterial stiffness values throughout the 12-week clinical trial. (A) Brachial systolic blood pressure (SBP) at all time points
for blueberry and placebo groups; (B) brachial diastolic blood pressure (DBP) at all time points for blueberry and placebo groups; (C) augmentation
index (Alx) at all time points for blueberry and placebo groups; (D) augmentation index normalized to 75 beats per minute (Alx@75) at all time points
for blueberry and placebo groups; and (E) carotid-femoral pulse wave velocity (cfPWV) at all time points for blueberry and placebo groups. Data are
mean + SEM. No differences (p > 0.05) between or within groups at any time point were noted.

sion of endothelial function in postmenopausal women with
above-normal blood pressure.

The finding that daily blueberry consumption for 12 weeks
improved macrovascular/conduit artery endothelial function in
postmenopausal women with above-normal blood pressure is
supported by previous randomized controlled trials performed

This journal is © The Royal Society of Chemistry 2023

with healthy adult men, adults with metabolic syndrome, and
cigarette smoking men with or without peripheral arterial
dysfunction.*>”>”* In our study, we found that endothelium-
dependent dilation assessed as FMD corrected for shear stress
(i.e. the stimulus for reactive hyperemia) was significantly
improved compared to baseline, and the change from baseline
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Table 2 Blood biomarker concentrations in postmenopausal women
with above-normal blood pressure who completed a 12-week interven-
tion evaluating 22 g freeze-dried highbush blueberry powder vs.
placebo powder on endothelial function, blood pressure, and other
measures of cardiometabolic health

Blueberry (n = 22) Placebo (n = 21)

TG (mg dL™)

Baseline 121 +12 114 + 14

12 weeks 100 + 10* 114 + 18

A 0 to 12 weeks —21+9 0+9
TC (mg dL ™)

Baseline 214 £ 5 217 5

12 weeks 198 +5 201 +7

A 0 to 12 weeks —-17 +4 -16+4
HDL-C (mg dL™")

Baseline 58+3 57+3

12 weeks 59 +4 54+3

A 0 to 12 weeks 1+3** -3+2
LDL-C (mg dL™)

Baseline 132 +5 137 +4

12 weeks 119 + 6* 125 + 5*

A 0 to 12 weeks —-13+5 —-12+4
LDL: HDL

Baseline 2.47 £ 0.20 2.57 + 0.20

12 weeks 2.28 £0.22 2.50 £ 0.18

A 0 to 12 weeks —-0.19 £ 0.14 —-0.07 £ 0.10
HgbA1lc (%)

Baseline 5.5+0.1 5.5+0.1

12 weeks 5.5+0.1 5.5+0.1

A 0 to 12 weeks 0.0 £ 0.0 0.0 £ 0.0

ICAM-1 (ng mL™")

Baseline 224.32 £16.27 224.88 £11.91
4 weeks 234.42 £15.09 275.82 £ 30.07
8 weeks 219.76 +£ 12.60 273.46 £ 15.37
12 weeks 246.19 + 13.86 236.62 £ 12.19
A 0 to 4 weeks 10.10 = 23.29 50.94 * 34.97
A 0 to 8 weeks -1.39 £21.31 58.58 £15.15
A 0 to 12 weeks 21.87 +14.19 11.74 £ 18.28

VCAM-1 (ng mL™")

Baseline 1275.76 £ 123.53 1001.81 + 97.90

4 weeks 1675.10 + 153.41 1549.93 + 140.86*
8 weeks 1567.96 £ 179.61 1497.26 + 122.22*
12 weeks 1506.62 + 104.77 1289.09 + 126.88

A 0 to 4 weeks
A 0 to 8 weeks
A 0 to 12 weeks

399.33 £ 201.69
238.92 £ 225.18
230.86 +107.00

548.12 £ 192.96
495.45 + 160.61
287.28 £ 435.23

Nitrate/nitrite (uM)

Baseline 9.99 +1.13 11.33 £ 1.51
4 weeks 8.30 +1.24 12.37 £2.42
8 weeks 7.93 £1.00 10.31 + 2.01
12 weeks 8.03 +1.31 9.76 + 1.20

A 0 to 4 weeks —1.61 +1.09 1.04 + 1.42

A 0 to 8 weeks —-1.64 £ 1.18 —0.51 £ 1.40
A 0 to 12 weeks —-1.96 £ 1.35 —-1.58+£1.94

Data are mean + SEM. *Different (p < 0.05) than baseline. **Different
(p < 0.05) between groups at that time point. Abbreviations: HgbAlc,
hemoglobin Alc; HDL-C, high-density lipoprotein-cholesterol, LDL-C,
low-density lipoprotein-cholesterol, TC, total cholesterol, TG,
triglycerides, ICAM-1, intercellular adhesion molecule-1, VCAM-1,
vascular cell adhesion protein-1.

to 12 weeks was significantly higher in the blueberry group
than placebo. Though changes in FMD (not corrected for
shear stress) were not statistically significant in our study,
likely due to inter-individual variability in shear stress, a clini-
cally significant increase of 1.34% was observed in the blue-
berry group compared to baseline. A 1% increase in FMD has
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been associated with a reduced risk for CVD and related
events.’>”® Importantly, we observed no changes in endo-
thelium-independent dilation, confirming that improvements
in endothelial function observed were endothelium-depen-
dent. An unexpected finding related to endothelial function
was that plasma NO metabolites were unaffected by blueberry
consumption, as we and others have demonstrated increases
in these metabolites with blueberry consumption
previously.**”® However, several investigators have observed no
change in plasma NO metabolites following blueberry
consumption.””””® In the longest randomized controlled trial
to date with blueberries, Curtis et al. observed a 1.45% increase
in FMD in middle-aged/older men and women with metabolic
syndrome who consumed 26 g freeze-dried highbush blueberry
powder daily for 6 months.” In that study, circulating concen-
trations of cyclic guanosine monophosphate (GMP) were
increased even though there were not concomitant increases in
plasma NO metabolites, suggesting that blueberries exert vaso-
dilatory ~effects through a NO-mediated mechanism.”?
Rodriguez-Mateos et al.*> observed a 1.3% increase in FMD fol-
lowing consumption of 22 g freeze-dried lowbush blueberry
powder daily for 1 month in healthy young males, but did not
measure NO metabolites in their study. Overall, the findings of
these 3 independent studies suggest that daily blueberry con-
sumption can improve macrovascular/conduit artery endothelial
function in high risk and healthy populations through an endo-
thelium-dependent mechanism likely mediated by NO.
Accurately assessing NO status is complex, and a single
sampling of blood may not reflect tissue levels. The effects of
blueberries on NO production and/or bioavailability, particularly
as it relates to measures of endothelial function in humans is
unknown at this time but should be evaluated in future random-
ized controlled trials to better understand mechanisms.

As with many human intervention studies, there was inter-
individual variability in the direction and the magnitude of
the response to treatment in our study.””®’ No studies with
blueberries have reported the inter-individual variation in the
magnitude and direction of the FMD response, but several
have evaluated microvascular endothelial function measured
through EndoPAT-assessed reactive hyperemic index
(RHI),”’*7®”” and inter-individual variability in responses was
reported for a study in healthy males after consuming 25 g of
freeze-dried wild blueberry powder daily for 6 weeks,”” and
adults with metabolic syndrome after consuming 45 g of
freeze-dried highbush blueberry powder daily for 6 weeks.”* In
the case of FMD, values not corrected for shear stress may
reflect conduit artery endothelial function as well as the mag-
nitude of the hyperemic stimulus. To reduce variability and
increase the utility of FMD as a measure of endothelial func-
tion, normalization of FMD to SR,yc has been validated in
numerous research studies and has been recommended for
use in research.’®® Even with normalization of FMD to shear
rate, variability in the direction and magnitude of the response
was still noted in the current study. Nonetheless, our finding
that daily freeze-dried blueberry consumption at a dose equi-
valent to about 1 cup (or 148 g) of fresh blueberries improved

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Spearman correlations between plasma (poly)phenol metabolites and flow-mediated dilation normalized to shear rate area under the curve
for the change from baseline to 12 weeks and the 12-week time point. *Significant correlation (p < 0.05).

endothelial function in postmenopausal women with above-
normal blood pressure is a clinically significant finding indica-
tive of CVD risk reduction. Progressive impairments in endo-
thelial function have been observed across the menopausal
transition, and impairments in endothelial function are pre-
dictive of CVD development.'®**7>%1 Furthermore, sex differ-
ences exist for physiological responses to interventions aimed
at improving endothelial function such that not all interven-
tions in this population have been successful.®>®*> For
instance, endurance exercise training to improve endothelial
function in postmenopausal women was only found to be
effective in those receiving estrogen replacement therapy,
whereas age-matched men consistently responded positively to
endurance exercise training.®®"®® The factors contributing to
the lack of a response to interventions in postmenopausal
women compared to men are not fully understood, but may be
due to reduced estrogen receptor and eNOS activation, and oxi-
dative stress. Our findings suggest that daily blueberry con-
sumption may be an effective food-based intervention for redu-
cing CVD risk in a high-risk population of estrogen-deficient
postmenopausal women. Research aimed at understanding

2634 | Food Funct, 2023, 14, 2621-2641

factors contributing to inter-individual variability in clinical
endothelial function responses is needed, as well as ways to
improve clinical responses to blueberry consumption.
Postmenopausal women have been demonstrated to have
oxidative stress-mediated suppression of endothelium-depen-
dent dilation,>® which is supported by an improvement in
endothelium-dependent dilation observed at baseline in both
groups following infusion of a supraphysiologic dose of
ascorbic acid in our study. At 12 weeks, there were no improve-
ments in endothelium-dependent dilation following ascorbic
acid administration in the blueberry group, while there was a
strong trend for an improvement in the placebo group.
Importantly, the difference in the response to ascorbic acid
administration versus saline was significantly reduced from
baseline to 12 weeks in the blueberry group, while there was
no change in the placebo group. Overall, these data indicate
that this population of postmenopausal women with above-
normal blood pressure has oxidative stress-mediated suppres-
sion of endothelial function that is improved by 12 weeks of
daily blueberry consumption. The mechanisms contributing
to improvements in oxidative stress-mediated suppression of

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Biopsied venous endothelial cell protein expression for (A) phosphorylated endothelial nitric oxide synthase (p-eNOS); (B) NADPH oxidase/
p47 (p47phox); (C) manganese superoxide dismutase (MnSOD); and (D) phosphorylated nuclear factor kappa B (p-NFkB). Data are expressed as arbi-
trary units (AU). Data are mean + SEM. No differences (p > 0.05) were observed.

endothelial function cannot be determined at this time, as
included blood and endothelial cell measures related to NO
production/bioavailability, oxidative stress, and inflammation
were unchanged following blueberry consumption. It is poss-
ible that we were unable to detect subtle changes in protein
expression and/or that blueberries reduce oxidative stress
through alternative mechanisms. Interestingly, significant
moderate correlations were observed for FMD/SR,y¢ such that
it was inversely associated with NADPH oxidase protein
expression and positively associated with phosphorylated
eNOS expression in the blueberry group but not in the placebo

This journal is © The Royal Society of Chemistry 2023

group, and inversely associated with phosphorylated NFxB
expression in the placebo group but not the blueberry group.
These data suggest that improvements in endothelial function
with blueberry consumption could be related to eNOS acti-
vation and/or NADPH oxidase and NFkB deactivation, but
requires further investigation in humans. Rodriguez-Mateos
et al.® previously demonstrated acute blueberry consumption
reduced neutrophil NADPH oxidase activity which was associ-
ated with increased FMD in healthy men. In diabetic db/db
mice, Petersen et al.’® showed that blueberry consumption for
10 weeks improved endothelial function through reductions in
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Fig. 9 Spearman correlations between venous endothelial cell protein expression and flow-mediated dilation normalized to shear rate area under
the curve for the change from baseline to 12 weeks and the 12-week time point. *Significant correlation (p < 0.05).

NADPH oxidase 4 gene expression in aortic vessels and vascular
endothelial cells. Several investigators have explored the effects of
blueberry consumption on biomarkers of oxidative stress and
antioxidant defense, and reported results have been mixed.”" We
previously demonstrated reductions in blood concentrations of
8-hydroxydeoxyguanosine, a marker of DNA damage, following 4
weeks of daily consumption of 22 g freeze-dried blueberry powder
in postmenopausal women with above-normal blood pressure;”>
however, values returned to baseline levels at 8 weeks and other
blood biomarkers of oxidative stress and antioxidant defense
were unchanged. Basu et al.”® observed reductions in blood bio-
markers of oxidative stress following 8 weeks of 50 g daily blue-
berry consumption in adults with metabolic syndrome. Studies
evaluating oxidative stress in peripheral blood mononuclear cells
have observed improvements following chronic daily blueberry
consumption, one of which also observed improvements in
microvascular endothelial function.”*”®°* As previously high-
lighted,” circulating blood and static biomarkers of oxidative
stress and inflammation, including those measured in our
studies, may not always respond to dietary interventions in the
same way that functional biomarkers do (e.g. evaluation of oxi-
dative stress-mediated suppression of endothelial function,
ex vivo cytokine release assays in peripheral blood mononuclear
cells), and thus may be a factor contributing to discrepant find-
ings in the field. Indeed, daily consumption of 45 g day " of
freeze-dried blueberry powder for 6 weeks in adults with meta-
bolic syndrome reduced markers of inflammation in circulating
monocytes but not in the blood. The present study has identified
reductions in oxidative stress as a mechanism for improvements
in endothelial function in postmenopausal women with above-

2636 | Food Funct, 2023, 14, 2621-2641

normal blood pressure. Though there are contradictory findings
across randomized controlled trials with respect to oxidative
stress, the present results and totality of the evidence suggests
blueberries can reduce oxidative stress, and that reductions
mediate the beneficial effects of blueberries on endothelial func-
tion and cardiovascular risk.

With respect to hemodynamic parameters, no significant
changes were noted with the exception of a reduction in aortic
pulse pressure at 4 weeks compared to baseline in the blue-
berry group. The finding that daily blueberry consumption did
not reduce brachial systolic and/or diastolic blood pressure in
the present study was unexpected and contrary to our previous
findings demonstrating consumption of 22 g day ' freeze-
dried blueberry powder for 8 weeks led to statistically and
clinically significant reductions in brachial systolic and dias-
tolic blood pressure in postmenopausal women with above-
normal blood pressure.** However, the body of literature on
the antihypertensive effects of blueberries is mixed such that
equal numbers of studies have demonstrated benefits and null
effects.***%73:7476:77:95°97 The reason(s) contributing to the dis-
crepancies between our studies cannot be determined at this
time. However, one possible contributing factor is the differ-
ence in the study population as the present study was per-
formed in Colorado vs. Florida previously,"* and there could
be differences in the health status, physiology, and/or lifestyle
factors. Additionally, effects on blood pressure may not have
been sufficiently captured through measurement of “office”
blood pressure, and future studies should also evaluate “out of
office” blood pressure through 24-h ambulatory blood pressure
monitoring and/or home-based blood pressure monitoring. Due
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to inconsistencies between office and out-of-office blood
pressure and the “white coat” effect, it is increasingly being rec-
ommended that multiple methods be used.”®°° Overall, the
body of evidence suggests that blueberries can reduce brachial
blood pressure, but that factors impact their efficacy (e.g. health
status, physiology, and lifestyle) and/or the ability to accurately
and consistently detect their effects (e.g. measurement setting,
device). Future research is needed to understand the antihyper-
tensive effects of blueberries, particularly large randomized con-
trolled trials that incorporate multiple methods for comprehen-
sive assessment of blood pressure and approaches that will
facilitate precision nutrition. Nonetheless, the current findings
that endothelial function improved is a clinically meaningful
finding considering endothelial dysfunction is a strong predic-
tor of CVD events independent of blood pressure.

Arterial stiffness, as measured through PWV and Alx, has
been shown to be a risk factor for CVD and predictive of hyper-
tension progression.***°*™'% There were no improvements in
measures of arterial stiffness in the present study. We pre-
viously found that systemic/peripheral arterial stiffness
assessed as brachial-femoral PWV decreased by ~1 m s> fol-
lowing daily consumption of 22 g freeze-dried highbush blue-
berry powder for 8 weeks in postmenopausal women with
above-normal blood pressure,** though no changes were
observed in carotid-femoral/aortic PWV, suggesting that the
current findings are not unexpected. Previously, Alx@75 (but
not carotid-femoral/aortic PWV) significantly improved in men
and women with metabolic syndrome who consumed 26 g
freeze-dried highbush blueberry powder daily for 6 months,”
and in sedentary men and postmenopausal women who con-
sumed 38 g of freeze-dried highbush blueberry powder daily for
6 weeks,”® supporting that blueberries may improve systemic/
peripheral arterial stiffness. It is possible that the intervention
duration in our study was not long enough to observe improve-
ments in carotid-femoral/aortic PWV in our study population,
and future longer-term intervention studies are needed.

We found that blueberry consumption led to increases in
the sum of all measured plasma (poly)phenol metabolites,
and individual metabolites present in blueberries and pro-
duced by gut microbial and flavonoid (e.g anthocyanin)
metabolism. These findings support self-reported compliance
data provided by our study participants. Increased overall
plasma (poly)phenol metabolite concentrations were largely
driven by increases in hippuric acid. Several metabolites were
positively and inversely linked to improvements in endothelial
function. It is not entirely clear at this time how increases in
(poly)phenol metabolites are related to improvements in endo-
thelial function, but many of the increases in individual
metabolites noted in our study (e.g. hippuric acid, 3-methoxy-
benzoic acid-4-sulfate, dihydroxybenzoic acids) are in line with
those observed in previously performed chronic intervention
trials with blueberries.*>”?'%* (Poly)phenols and their metab-
olites have been shown to modulate endothelial function
through mechanisms related to eNOS expression and coup-
ling/uncoupling, NO bioavailability, oxidative stress, and
inflammation.>®**** With respect to blueberries, anthocyanin
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metabolites have been demonstrated to be major mediators of
improvements in endothelial function, though other blue-
berry-derived compounds play a role. (Poly)phenols also serve
as prebiotics and the gut microbiota is responsible for metabo-
lizing many (poly)phenols to form bioavailable and bioactive
metabolites, suggesting the gut microbiome plays an essential
role in determining the cardiovascular-protective effects of
blueberries. In our study, we observed increases in metabolites
of phase II metabolism (i.e. sulfates and glucuronides), which
further supports that the gut microbiome plays an important
role in blueberry (poly)phenol metabolism. The gut micro-
biome is being increasingly linked to CVD as a central
mediator, though exact mechanisms are complex. Evidence in
animal models and limited human studies indicate blue-
berries modulate the gut microbiota, and emerging evidence
suggests beneficial effects on endothelial function may be
mediated by the gut microbiota.’® Research evaluating the
impacts on the gut microbiota and the extent to which and
how the gut microbiome mediates beneficial health effects of
blueberries in humans is needed.

There are several strengths of the present study including
the robust randomized, double-blind, placebo-controlled study
design and the 12-week length of the dietary intervention. The
amount of freeze-dried blueberry powder used in our study is
equivalent to about 1 cup of fresh blueberries (or 148 g), which
is an achievable dietary dose for daily consumption and sup-
ports the translational potential of our findings. We used gold-
standard methodologies to directly assess endothelium-
dependent and -independent dilation, and to gain mechanistic
insight through assessment of oxidative stress-mediated sup-
pression of endothelial function, endothelial cell protein
expression, and plasma (poly)phenol metabolites. The
inclusion of a high-risk (i.e. above-normal blood pressure) and
understudied population of postmenopausal women high-
lights the translational potential of a food-based intervention
for improving cardiovascular health. There are also limitations
to our research that have not been previously discussed and
are worth mentioning. First, this study was conducted in
Northern Colorado and may not reflect the greater United
States and/or international population of postmenopausal
women. Unfortunately, the majority of our study participants
identified as being White/Caucasian which limits the general-
izability to other races and ethnicities. Another limitation is
the reduced sample size for some of the analyses, such as
endothelial function and endothelial cell biopsy due to various
reasons such as the inability to place an intravenous catheter
and contraindications to sublingual NTG.

Conclusions

In conclusion, our study showed for the first time that blue-
berry consumption improved endothelial function in post-
menopausal women with above-normal blood pressure, and
that improvements were mediated by reductions in oxidative
stress. The underlying mechanisms contributing to these results
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cannot be determined at this time, but our results suggest that
improvements may be related to gut-derived circulating (poly)
phenol metabolites and endothelial cell protein expression
related to NO production, oxidative stress, and inflammation.
Future studies evaluating blueberry consumption in humans
from diverse populations are needed to provide further insight
into physiological mechanisms, and to understand factors con-
tributing to inter-individual variability in clinical responses to
support a precision nutrition approach. With respect to blood
pressure, the current findings do not suggest that blueberries
exert antihypertensive effects in this population. However, con-
sidering our previous findings in this population, and the
mixed body of evidence surrounding blueberries and blood
pressure such that about half demonstrated beneficial effects,
further research is needed to better understand the antihyper-
tensive effects of blueberries, and factors that can be modified
and/or implemented to improve efficacy.
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FMD/SR,yc Flow-mediated dilation normalized to shear rate
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