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ABSTRACT 
 
 
 

CARDIOVASCULAR-PROTECTIVE EFFECTS OF BLUEBERRY CONSUMPTION IN 

POSTMENOPAUSAL WOMEN WITH ABOVE-NORMAL BLOOD PRESSURE 

 
 
 

Endothelial dysfunction is the first step in atherosclerosis and contributes to its 

progression, and thus, is central to cardiovascular disease (CVD). It is driven by excessive 

oxidative stress and inflammation and characterized by impaired endothelium-dependent 

dilation. Estrogen-deficient postmenopausal women have oxidative stress-mediated 

suppression of endothelial function that is worsened by high blood pressure. Chronic blueberry 

consumption may be a beneficial dietary intervention for this population as it has shown to 

improve vascular function and blood pressure, though some studies have not demonstrated 

efficacy possibly due to the observed high interindividual variability in response to the 

intervention. Evidence indicates blueberries improve endothelial function, but studies have not 

been performed in postmenopausal women. Furthermore, ex vivo research has shown that 

blueberry (poly)phenols and their metabolites can decrease endothelial oxidative stress and 

inflammation, but whether these mechanisms translate to humans is unclear. The objectives of 

this dissertation were to 1) examine the efficacy of chronic blueberry consumption to improve 

endothelial function and blood pressure in estrogen-deficient postmenopausal women with 

above-normal blood pressure, with a specific focus on identifying mechanisms for improving 

endothelial function, 2) identify factors that contributed to the efficacy of blueberries as a dietary 

intervention for improving endothelial function, and 3) explore cellular mechanisms responsible 

for endothelial function improvements and the anti-atherogenic potential of blueberries. To 

investigate the aforementioned, we conducted a randomized, double-blind, placebo-controlled 

clinical trial and assessed endothelial function (measured through flow-mediated dilation (FMD)) 
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and supine brachial blood pressure before and after daily consumption of 22 g of freeze-dried 

highbush blueberry powder or isocaloric placebo powder for 12 weeks. To examine 

mechanisms for improved endothelial function, FMD was assessed before and after infusing a 

supraphysiological dose of the antioxidant ascorbic acid (i.e. vitamin C) and normalized to shear 

rate area under the curve (FMD/SRAUC). To investigate factors impacting the interindividual 

variability in the endothelial function responses after the 12 weeks of blueberry consumption, we 

grouped the blueberry treatment group into responders (≥ +1% unit Δ FMD) and non-

responders (< +1% unit Δ FMD) and performed secondary statistical analyses using data 

produced from the clinical trial. Lastly, to investigate mechanisms for improvements in 

endothelial function, we used a reverse translational human-to-cell approach leveraging human 

blood serum collected from participants in the clinical trial to perform ex vivo cell culture 

experiments. Results from the clinical trial showed that daily blueberry consumption significantly 

improved FMD/SRAUC compared to baseline by 96%. FMD not normalized for shear rate 

increased by 1.34% though the effects were not statistically significant (but were clinically 

significant). Improvements in FMD/SRAUC after blueberry consumption were due to reductions in 

oxidative stress as responses to ascorbic acid infusion were significantly reduced at 12 weeks in 

the blueberry group compared to baseline, with no changes in the placebo group. There were 

no major effects on blood pressure, arterial stiffness, endothelial cell protein expression, or 

other blood biomarkers of cardiovascular health. It was determined that the blueberry 

intervention was ~50% effective for improving FMD to clinically relevant levels of ≥ +1%, and 

that responders had decreased cardiovascular health and higher levels of circulating estrogen 

at baseline compared to non-responders. After 12 weeks of blueberry consumption, responders 

had reductions in oxidative stress, lower plasma nitrate levels, and higher phosphorylated 

endothelial nitric oxide synthase protein expression compared to non-responders. Lastly, we 

cultured HAECs with 15% serum (blueberry and placebo) for 1 h followed by 200 µM hydrogen 

peroxide (H2O2) for 24 h to induce endothelial dysfunction and evaluated the effects of blueberry 
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(poly)phenol-rich serum on endothelial cell dysfunction and atherosclerosis progression. There 

were no statistically significant differences on monocyte binding, insulin-stimulated nitric oxide 

production, or peroxynitrite concentrations between dysfunctional HAECs treated with blueberry 

and placebo serum from the clinical trial. Collectively, results from these studies indicate that 

daily blueberry consumption for 12 weeks improves endothelial function in postmenopausal 

women with above-normal blood pressure through reductions in oxidative stress, and that 

efficacy (i.e. degree to which postmenopausal women responded to treatment in endothelial 

function) seems to be dependent on participant characteristics including cardiovascular risk 

factors and estradiol at baseline. Due to the inconclusive results regarding the ex vivo 

experiment, cellular mechanisms by which blueberry (poly)phenol metabolites impact 

endothelial function and atherosclerosis progression cannot be determined.  
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CHAPTER 1: INTRODUCTION 
 
 
 

About 19 million deaths globally were attributed to cardiovascular disease (CVD) in 

2022, increasing by 18.7% from 2010.1 Endothelial dysfunction, characterized by impaired 

endothelium-dependent dilation of the blood vessels, is an underlying cause for CVD and initial 

step of atherosclerosis.2, 3 Oxidative stress and inflammation are two major mechanisms 

responsible for endothelial dysfunction as they decrease the production and bioavailability of the 

potent vasodilator nitric oxide (NO), among other adverse effects.2, 4, 5 Modifiable (e.g. high 

blood pressure) and non-modifiable (e.g. aging and menopause) risk factors contribute to 

endothelial dysfunction in part by increasing oxidative stress and inflammation.6, 7 Specifically, 

women have progressive impairments in endothelial dysfunction through the menopausal 

transition due to reductions in estrogen production, and have been demonstrated to have 

oxidative stress-mediated suppression of endothelial function.7-10 Estrogen is cardioprotective, 

as it acts as an antioxidant by scavenging free radicals and promotes endothelial function by 

binding to estrogen receptors on the endothelial cell to trigger NO production, among other 

effects.9, 11, 12 Furthermore, postmenopausal women are at increased risk for having high blood 

pressure and tend to be the aging population, further contributing to their increased risk for CVD 

through increased oxidative stress and inflammation.6, 13-18 Therefore, interventions targeted at 

reducing oxidative stress and inflammation to improve endothelial function are crucial for 

reducing CVD risk in postmenopausal women with above-normal blood pressure. 

(Poly)phenols are secondary plant metabolites and their consumption has been shown 

to be beneficial for CVD prevention and management, partly due to their ability to reduce 

oxidative stress and inflammation.19-22 Blueberries are rich in (poly)phenols, particularly 

anthocyanins and phenolic acids, and thus have high potential in this regard.23, 24 We previously 

showed in a randomized controlled trial that 22 g of freeze-dried highbush blueberry powder 

consumed for 8 weeks significantly improved blood pressure, peripheral arterial stiffness (CVD 



 

2 

 

risk factor known to follow endothelial dysfunction), and plasma NO concentrations in 

postmenopausal women with above-normal blood pressure.25 Additional research has shown 

that chronic blueberry consumption improved endothelial function in healthy men and adults 

with metabolic syndrome,26-28 but whether blueberry consumption can improve endothelial 

function in postmenopausal women with above-normal blood pressure remains unknown. 

Furthermore, an important factor to consider when investigating the health impacts of diet and 

nutrition is interindividual variability, as human physiology, metabolism, the gut microbiota, and 

health status, among other factors, may affect individual’s response to dietary interventions.29-31 

Therefore, exploring factors impacting interindividual variability in the efficacy of blueberries is 

crucial for establishing blueberries as a dietary intervention for improving endothelial function in 

postmenopausal women with above-normal blood pressure. Lastly, as it remains unclear as to 

the direct mechanisms by which blueberries improve endothelial function in humans. Ex vivo 

experiments suggest that blueberries can improve attributes of endothelial dysfunction by 

decreasing vascular oxidative stress and inflammation.32-37 However, due to the low 

bioavailability of (poly)phenols in humans after blueberry consumption,38 the beneficial effects of 

blueberry consumption on the endothelium may be due to the (poly)phenol metabolites 

generated by human and gut microbial metabolism. Specifically, blueberry-derived metabolites 

at physiologically relevant concentrations have reduced monocyte binding and ROS production, 

while increasing NO production in lipotoxicity- and inflammatory-induced human aortic 

endothelial cells (HACEs).33, 37 Yet, whether this is true for an oxidative stress-mediated 

dysfunctional endothelial cell model remains unknown. Furthermore, such studies used 

blueberry-derived metabolites that were not generated from human digestion and metabolism,33, 

37 therefore, leaving a gap in the knowledge for understanding the mechanisms associated with 

improvements in endothelial function in postmenopausal women after chronic blueberry 

consumption. 
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 The research objectives of this dissertation were to 1) examine the efficacy of chronic 

blueberry consumption to improve endothelial function and blood pressure in estrogen-deficient 

postmenopausal women with above-normal blood pressure, with a specific focus on identifying 

mechanisms for improving endothelial function (Chapter 3), 2) identify factors that contributed to 

the efficacy of blueberries as a dietary intervention for improving endothelial function (Chapter 

4), and 3) explore cellular mechanisms responsible for endothelial function improvements and 

the anti-atherogenic potential of blueberries (Chapter 5). 
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CHAPTER 2: BLUEBERRIES AND VASCULAR FUNCTION: REVIEW OF THE EVIDENCE 

AND POTENTIAL MECHANISMS 

 
 
 

Summary 

Blueberries are rich in nutrients and (poly)phenols with demonstrated health-protective 

effects. They are popular to consumers, a major agricultural crop with year-round availability, 

and have high nutritional quality making them ideal for use in food-based strategies for 

promoting human health. Accumulating evidence in animals and humans indicates blueberry 

consumption has cardiovascular-protective benefits. With aging, structural and functional 

changes to the vasculature occur that can lead to endothelial dysfunction and large elastic 

arterial stiffening (i.e. vascular dysfunction) which promotes cardiovascular disease (CVD) 

development. This narrative review synthesizes the evidence on the impact of blueberries on 

vascular function, including endothelial function and arterial stiffness, and provides insight into 

underlying mechanisms responsible for clinical effects in humans based on results from cell, 

animal, and human studies with a focus on oxidative stress, inflammation, and the gut 

microbiota. Background information on blueberries and vascular function is provided to give 

context to included studies evaluating the impact of blueberries and their (poly)phenols on 

vascular function. Acute and chronic blueberry consumption has been shown to improve 

measures of vascular function in animals and humans. Specifically, evidence indicates that 

blueberries can improve endothelial function in different healthy and at-risk populations and may 

modulate arterial stiffness, but that evidence is less certain. Results from cell, animal, and 

human studies suggest that blueberry consumption improves vascular function through 

enhancing NO bioavailability and attenuating oxidative stress and inflammation. Limited data in 

animals suggest the gut microbiome mediates the vascular-protective effects of blueberries; 

however, there is a paucity of studies in humans. Further research is needed to establish the 
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clinical efficacy of blueberries to improve vascular function in diverse human populations in a 

manner that provides mechanistic information. Translation of clinical research to the 

community/public in a manner that considers feasibility, health equity, community needs, 

barriers and drivers to consumption, among other factors while evaluating efficacy is needed to 

establish real-world impacts of blueberry consumption on vascular function and overall 

cardiovascular health. 

 

Introduction 

Cardiovascular disease (CVD) is the leading cause of death in the United States (US), 

followed by cancer and COVID-19 in 2021.1 CVD is an umbrella term for disorders affecting the 

heart and blood vessels, including coronary heart disease, heart attack, stroke, and heart 

failure.2 The underlying etiology of CVD is complex and multifactorial, but involves non-

modifiable and modifiable risk factors such as age, menopausal status, hypertension (HTN), 

dyslipidemia, and diet/nutrition, with age being the primary risk factor.3 Based on National 

Health and Nutrition Examination Survey (NHANES) 2015-2018 data, CVD prevalence in adults 

aged 20 years and older was estimated to be 49.2% and found to increase with age.4 With 

aging, unfavorable structural and functional changes occur throughout the cardiovascular 

system contributing to vascular dysfunction which includes endothelial dysfunction and large 

elastic arterial stiffening.5 Both endothelial dysfunction and arterial stiffness have been shown to 

be predictive of CVD and CVD-related events.6-8 Two main underlying mechanisms of vascular 

dysfunction include oxidative stress and inflammation, while the gut microbiome has more 

recently emerged as a major contributing factor.9-11  

Epidemiological, animal, and clinical studies have shown that consuming (poly)phenol-

rich foods may reduce CVD risk through improvements in vascular function.12-17 (Poly)phenols 

are secondary plant metabolites necessary for plant health, serving as antioxidants and 

protecting against biotic and abiotic stressors in plant flowers, leaves, stems, and roots.18 They 
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are characterized by their phenolic structures and hydroxyl moieties and are classified as 

flavonoid and non-flavonoid compounds, with flavonoids having a 15-carbon skeleton consisting 

of two phenol rings and a heterocyclic ring, and non-flavonoids containing a single phenol ring.18 

Flavonoid subclasses include anthocyanins (ACNs), flavan-3-ols, flavanones, flavones, 

flavonols, and isoflavones, and non-flavonoid subclasses include lignans, phenolic acids, and 

stilbenes. Following ingestion and depending on their chemical structure, bioaccessible 

(poly)phenols are absorbed and metabolized in the upper gastrointestinal (GI) tract and 

transported to the liver for further metabolism, while unabsorbed (poly)phenols pass to the large 

intestine for gut microbial metabolism followed by metabolite absorption and transport to the 

liver. (Poly)phenols and their metabolites have been shown to exert physiological effects in 

animals and humans through various mechanisms including, but not limited to, attenuating 

oxidative stress and inflammation, and modulation of the gut environment including the gut 

microbiota.  

Blueberries are rich in nutrients and (poly)phenols and have demonstrated health-

protective effects, particularly on the cardiovascular system including vascular function.12, 17 

Studies in animals suggest blueberries exert cardioprotective effects through improving 

oxidative stress and inflammation, and modulation of the gut microbiota with blueberry 

consumption.17, 19 The aim of this narrative review is to synthesize the evidence on the impact of 

blueberries on vascular function, including endothelial function and arterial stiffness, in animals 

and humans. An additional aim is to provide insight into underlying mechanisms responsible for 

clinical effects in humans based on results from cell, animal, and human studies with a focus on 

oxidative stress, inflammation, and the gut microbiota. Background information on blueberries 

and vascular function is provided to give context to included studies evaluating the impact of 

blueberries and their (poly)phenols on vascular function. 
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Blueberry Components and Metabolism 

Blueberries are one of the few fruits native to North America, and the US is the world’s 

largest producer with consumption significantly increasing over the past decade. In fact, 

consumption per capita has progressively increased and was estimated to exceed 1.79 pounds 

per person in 2017 and peaking at 2019 (based on most recently available data).20 Their 

popularity by consumers, year-round availability, and nutritional quality makes them ideal for 

use in food-based intervention strategies for preserving vascular function with aging, and thus, 

reducing CVD risk. Indeed, blueberries are rich in nutrients including dietary fiber, vitamins C 

and K, and manganese,21 and non-nutrient bioactive compounds (i.e. (poly)phenols) such as 

flavonoid compounds like ACNs, proanthocyanidins, flavan-3-ols, and flavonols, and non-

flavonoid compounds such as phenolic acids and pterostilbene.12, 22-24   

While many of the beneficial health effects of blueberries are largely attributed to their 

(poly)phenols (based on evidence), certain nutrients in blueberries may also protect against 

CVD through effects on vascular function. For instance, vitamin C has been widely studied and 

shown to protect against arterial stiffening, as well as lowering blood pressure in older adults.25 

Furthermore, a systematic review and meta-analysis from 44 randomized controlled clinical 

trials showed that vitamin C supplementation was associated with positive effects on endothelial 

function, particularly in those with higher CVD risk.26 Mechanisms for improved vascular health 

with vitamin C supplementation may include direct free radical scavenging (i.e. reducing 

oxidative stress) and increased NO production/bioavailability.26 However, vitamin C 

supplementation has not been shown to translate to long-term cardiovascular-protective effects, 

highlighting the benefit of obtaining nutrients through the diet rather than supplementation.27-29 

Indeed, dietary supplementation with vitamins and minerals in general has been associated with 

little or no benefit in long-term CVD prevention.29 Vitamin K is another cardiovascular-protective 

nutrient that has been shown to have positive effects on vascular calcification, a process that 

can lead to arterial stiffening and elevated blood pressure.30 The mineral manganese may have 



 

12 

 

benefits for vascular health and CVD prevention as it is linked with lower inflammation and 

oxidative stress, and improved antioxidant defense.31, 32 Lastly, dietary fiber is found in 

blueberries and has been shown to be a prebiotic (energy source) for gut microbiota, which then 

in turn can produce key metabolites (e.g. short chain fatty acids, (poly)phenol metabolites) 

beneficial for improving endothelial function and other aspects of cardiovascular health.33-35  

With respect to blueberry (poly)phenols, metabolites resulting from gut microbial 

metabolism and phase I and II metabolism are increasingly being linked to blueberries’ health 

effects rather than the parent compounds themselves which have low bioavailability in the GI 

tract.12, 36-38 After (poly)phenol consumption, parent compounds travel to the stomach where a 

small amount of absorption may take place. Reports are mixed on the absorption of 

(poly)phenols in the stomach, but specific phenolic acids, quercetin, and ACNs (i.e. 

(poly)phenols found in blueberries) have been shown to undergo gastric absorption in humans 

and animals.39-43 All remaining parent (poly)phenols travel to the small intestine where some 

undergo deconjugation reactions such as deglycosylation and phase I and II metabolism in 

enterocytes after absorption, followed by metabolite release into portal circulation for transport 

to the liver for further phase II metabolism. Many (poly)phenols including ACNs remain intact 

until they reach the large intestine for gut microbial metabolism, colonocyte phase II 

metabolism, and absorption into portal circulation for transport to the liver.37, 38 In fact, less than 

1% of parent ACNs are found in urine after blueberry consumption indicating low 

bioavailability.12, 43 Following metabolism in the liver, (poly)phenol metabolites enter systemic 

circulation for travel to target tissues, and then elimination through urine or feces.12, 37, 38, 44  

Due to this extensive and diverse metabolism, the pharmacokinetic profiles of 

(poly)phenols are varied. Specifically, blueberry (poly)phenol metabolites have been detected in 

plasma within the first couple of hours after ingestion (namely catechols, followed by benzoic 

acids, cinnamic acids, hippuric acids, and flavonols, among others), while gut-derived 

(poly)phenol metabolites (namely hippuric acids, followed by catechols and benzoic acids, 
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among others) can peak at later time points following acute and chronic blueberry 

consumption.43, 45-47 The detection of blueberry (poly)phenol metabolites in plasma is dependent 

on the amount of blueberries (and (poly)phenols) consumed and food matrix interactions, 

among other factors.43, 46, 48 The contribution of blueberry (poly)phenols and their metabolites 

(individually, together, and in relation to other nutrient and non-nutrient components) to their 

vascular-protective effects is not fully understood, but is an area of active investigation within 

the scientific community. Indeed, several studies have demonstrated acute blueberry 

consumption improves measures of vascular function, and that improvements are associated 

with increases in plasma (poly)phenol metabolites.45-47 Few chronic intervention studies with 

blueberries have evaluated the relationship between improvements in vascular function and 

circulating (poly)phenol metabolites.47, 49, 50 Those that have evaluated this relationship have not 

established a clear link,47, 49, 50 potentially due to the high turnover and excretion of (poly)phenol 

metabolites51 or other factors. 

 

Blueberries and Vascular Function Evidence Review Methods  

PubMed and Google Scholar were used to identify studies examining the impact of 

blueberry consumption on vascular function. Animal and human research studies were included 

in the search if the treatment was in the form of whole blueberries, blueberry powder, blueberry 

extract, and/or blueberry metabolites, and if outcome measures included endothelial function 

and/or arterial stiffness parameters. Cell culture research studies that assessed mechanisms 

associated with improvements in vascular function were also included in the search if they were 

conducted in vascular smooth muscle cells (VSMC) or endothelial cells using any form of 

blueberry. For this, search terms were as follows: blueberry cardiovascular, blueberry 

endothelial, blueberry endothelial dysfunction, blueberry endothelial function, blueberry flow-

mediated dilation, blueberry reactive hyperemia index, blueberry pulse wave velocity, blueberry 

augmentation index, blueberry arterial stiffness, blueberry, blueberry human, blueberry human 
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cardiovascular, blueberry vascular function, blueberry vascular dysfunction, blueberry smooth 

muscle cell, blueberry endothelial cell, blueberry gut microbiome, blueberry gut microbiome 

CVD, blueberries gut microbiome, blueberries pulse wave velocity, and blueberries gut 

microbiota pulse wave velocity. These terms were searched in PubMed using “AND” in between 

terms as well. 

Ten animal studies and 21 human studies assessing the impact of blueberry 

consumption on vascular function in vivo were included. There were 16 cell culture studies 

assessing mechanisms associated with blueberry consumption and improved vascular function. 

However, a primary focus of the review is to gain insight into how blueberries improve vascular 

function in humans, and therefore, only 8 cell studies that included models of (or relevant to) 

human digestion, absorption, and/or metabolism were included. Included cell culture studies 

using blueberry (poly)phenol metabolites reported using physiologically relevant concentrations 

of (poly)phenol metabolites commonly found in human plasma after blueberry consumption. For 

the purpose of this review, a physiologically relevant dose of metabolites is defined as ≤1 µM 

(µg/mL or µmol/L) for individual (poly)phenol metabolites, unless physiological concentrations 

were specified and justified by authors.43, 45, 47, 52 To our knowledge, all cell, animal, and human 

studies to date that focused on blueberry consumption and vascular function have been 

accounted for in the article search and review. 

 

Blueberries and Endothelial (Dys)Function  

Endothelial (dys)function overview and methods of assessment  

The endothelium, once termed the “wallpaper” of the blood vessels, is a cell monolayer 

located in the tunica intima of the vasculature that acts as a barrier between blood and the 

vessel wall.53 It controls vascular responses to stimuli such as hormones, neurotransmitters, 

and shear stress.53 A healthy endothelium is defined by its ability to adequately maintain 

vascular tone (i.e. the balance between vasoconstriction and vasodilation), as well as to 
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regulate inflammation, thrombosis, and other aspects of vascular health.54 Endothelial 

dysfunction occurs when there is an imbalance, favoring a more vasoconstricted (decreased 

vasodilation), proinflammatory, prothrombotic, and pro-oxidant state,54, 55 which is central to the 

initiation and progression of atherosclerosis, the cause of most CVD.55  

The main hallmark or clinical manifestation of endothelial dysfunction is impaired 

endothelium-dependent dilation (i.e. vasodilation) due to the decreased production and/or 

bioavailability of the endothelium-derived vasodilatory molecule nitric oxide (NO).5, 56 Stimuli 

such as shear stress causes production of NO from L-arginine through activation of endothelial 

NO synthase (eNOS) in the presence of essential cofactors such as tetrahydrobiopterin (BH4).56, 

57 NO is then released into VSMCs to stimulate vasodilation for increased blood flow to 

peripheral tissues.56 NO also has anti-inflammatory and anti-thrombotic properties,57 therefore, 

reduced NO bioavailability can promote atherosclerotic CVD development. CVD risk factors 

such as advanced age, postmenopausal status, high blood pressure, and dyslipidemia can 

impair NO production and bioavailability, and thus, can promote endothelial dysfunction, 

atherosclerotic plaque accumulation, and ultimately increase CVD risk.3, 5, 9, 57-62 Specifically, 

vascular oxidative stress impairs NO production and bioavailability, and is largely caused by 

excessive superoxide radical production due to increased NADPH oxidase (NOX) activity, 

mitochondrial dysfunction, and eNOS uncoupling (i.e. where eNOS produces superoxide 

instead of NO).56, 57 Superoxide radicals reduce NO production and bioavailability through 

several mechanisms including direct NO scavenging thereby rendering it unavailable to 

function, and eNOS uncoupling.3, 56, 57 Through a bidirectional relationship with oxidative stress, 

inflammation also contributes to endothelial dysfunction by inhibiting eNOS and increasing ROS 

production.3, 9, 63, 64   

In animals, endothelial function is assessed through analysis of vasoconstriction and 

vasodilation using pressure myography ex vivo, which measures outer and lumen diameters 

and wall thickness of isolated and pressurized arteries.65 Though each independent laboratory 
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utilizes specific and varied techniques (e.g. choice of pharmacological agents used to assess 

endothelium-dependent mechanisms such as inhibition of enzyme activity, specific vessel type, 

outcome units of measure, etc.), certain methods are more commonly used. In short, isolated 

vessels are placed on pressure myography prongs and are re-pressurized. Following 

phenylephrine (Phe)-induced contraction, increased concentrations of the vasodilator 

acetylcholine (Ach) are applied to the vessels to measure vessel diameter expansion over a 

specific time period until max vasodilation occurs and is observed through an imaging 

microscope system.65 Results obtained from studies and presented in this review are described 

as vasoconstriction, vasorelaxation, and vessel sensitivity.  

In humans, there are several assessments of endothelium-dependent dilation including 

non-invasive and invasive methods. For the purpose of this review, only two non-invasive 

methods used in published studies on blueberries and endothelial function in humans are 

included, which are ultrasound-assessed brachial artery flow-mediated dilation (FMD) and 

EndoPAT®-assessed peripheral arterial tonometry (PAT). Both methods assess blood flow in 

response to a hyperemic stimulus which is reflective of endothelial function, but each 

assessment has different features. FMD uses a high-resolution ultrasound to assess 

macrovascular function of conduit arteries by measuring brachial artery diameter change in 

response to increased blood flow following the release of arterial occlusion.66 FMD is 

represented as the change in peak artery diameter in response to increased blood flow. Also, 

considering shear stress (i.e. the stimulus for vasodilation) varies between individuals and 

populations, normalizing the FMD response to shear rate (FMD/SRAUC) can provide better 

insight into endothelium-dependent dilation.67-69 On the other hand, PAT uses the EndoPAT® 

device to measure microvascular endothelial function by assessing pulse wave amplitude 

through the fingertips in response to increased blood flow following the release of arterial 

occlusion, generating the reactive hyperemia index (RHI) and each participant is served as their 

own control.66, 70 FMD is considered the gold standard for non-invasive assessment of 
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endothelial function in humans, but is highly operator-dependent, challenging, time-consuming 

to perform/analyze, and requires extensive operator training.71 On the other hand, PAT has 

simpler procedures and operator-independency, but may not be directly comparable to FMD as 

each method assesses endothelial function in different vascular beds.66, 72 Nonetheless, both 

methods have been shown to be reflective of endothelial function, validated, and predictive of 

CVD and related events, and as such, are clinically relevant.7, 66, 70, 71, 73-77 

 

Effects of blueberries on endothelial (dys)function: animal studies  

Ten studies examined the impact of blueberry consumption on endothelial function in 

animal models using pressure myography ex vivo (Table 2.1). Four studies were performed with 

healthy male rats. First, in thoracic aorta rings of male Sprague-Dawley (SD) rats fed a diet with 

8% w/w freeze-dried wild blueberry powder for 13 weeks, a control diet for 13 weeks, or a 

control diet for 13 weeks followed by a diet with 8% w/w freeze-dried wild blueberry powder for 8 

weeks (reverse diet), endothelium-dependent vasoconstriction to Phe decreased in both 

blueberry diet groups compared to the control group.78 In another study with male SD rats, 8% 

w/w freeze-dried wild blueberry powder added to diets for 7 weeks decreased vasoconstriction 

(to Phe) and vessel sensitivity to Phe and Ach, and increased Ach-induced vasorelaxation in 

thoracic aorta rings compared to the control group.79 A study in male SD rats observed that 

vasoconstriction to Phe decreased in thoracic aorta rings after consuming a diet with 8% w/w 

freeze-dried wild blueberry powder for 7 weeks compared to a 7-week control diet and a 4-week 

wild blueberry diet.80 The same study found that vessel sensitivity to Phe increased in thoracic 

aortas after the 4-week wild blueberry diet compared to control (with no effects on 

vasoconstriction), while a decrease in vessel sensitivity to Phe was found after 7 weeks of the 

wild blueberry diet compared to 7-week control and 4-week wild blueberry diets (potentially due 

to age-related impacts).80 Finally, a study assessed vasoconstriction and vasorelaxation in 

thoracic aorta rings of male Wistar rats fed 2% w/w freeze-dried highbush blueberry powder 
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added to control chow or high-fat/high-cholesterol diets for 10 weeks and showed decreased 

vasoconstriction (to Phe) in the blueberry-fed groups compared to control and high-fat/high-

cholesterol diets, and increased vasorelaxation (to Ach) in the blueberry plus high-fat/high-

cholesterol diet compared to the high-fat/high-cholesterol diet alone.81  

Three studies were performed with a male rat model of hypertension. One study 

observed an increase in vasorelaxation and vessel sensitivity to Ach in thoracic aorta rings from 

male spontaneously hypertensive rats following 7 weeks of consuming a diet with 8% w/w 

freeze-dried wild blueberry powder compared to the control group.82 In another study, Phe-

induced vasoconstriction decreased while Ach-induced vasorelaxation increased in thoracic 

aorta rings from male spontaneously hypertensive rats following consumption of a diet with 8% 

w/w freeze-dried wild blueberry powder for 8 weeks compared to control.83 A later study 

examined 8% w/w freeze-dried wild blueberry powder added to the diets of male spontaneously 

hypertensive rats for 8 weeks and found that Phe-induced vasoconstriction decreased after wild 

blueberry consumption compared to control.84 

Three studies were performed with male animal models of obesity and diabetes. It 

should be noted that evidence indicates endothelium-dependent vasodilator responses are 

exaggerated while vasoconstrictor responses are impaired in obese Zucker rats, likely due to a 

compensatory adaptation to preserve blood flow in the presence of oxidative stress and 

inflammation.85-90 The first study found that male obese Zucker rats fed a diet with 8% w/w 

freeze-dried wild blueberry powder for 8 weeks had partial restoration of Phe-induced 

vasoconstriction compared to obese Zucker rats on a control diet, while lean Zucker rats had no 

improvements.91 They also found that vasorelaxation (to Ach) increased in lean rats consuming 

8% w/w freeze-dried wild blueberry powder added to the diets for 8 weeks compared to the lean 

control diet, while there was no change in blueberry-fed obese rats compared to control diet-fed 

obese rats.91 Similarly, an additional study using male obese and lean Zucker rats found that 

8% w/w freeze-dried wild blueberry powder added to diets for 8 weeks partially restored Phe-
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induced vasoconstriction in obese rats compared to the obese control, while vasorelaxation to 

Ach was increased in lean blueberry-fed rats.85 Lastly, male obese diabetic db/db mice were 

found to have impaired endothelium-dependent vasorelaxation to Ach relative to control obese 

mice that was restored by 3.8% w/w freeze-dried wild blueberry powder added to diets for 10 

weeks.19  

Overall, the findings from these animal studies suggest that blueberry consumption 

improves endothelial function through regulation of vascular tone, though differential effects 

were observed across studies that may be dependent on the animal model and disease state, 

animal age, and/or the blueberry intervention (dose and length).  

 

Effects of blueberries on endothelial (dys)function: human studies 

Acute blueberry consumption  

Nine studies examined the impact of acute blueberry consumption (i.e. ≤ 24 h 

postprandial time period) on endothelial function in diverse human populations through 

assessment of RHI and FMD (Table 2.2). Five studies evaluated acute effects of blueberries on 

endothelial function in healthy men. The first study observed no effects on RHI 1 h post 

consumption of 300 g of whole highbush blueberries partially thawed into a jelly-like mixture, or 

a control jelly consisting of 20 g of gelatin plus added sugars made to match the consistency 

and nutrient composition of the blueberry treatment.92 Another study investigated the time-

course and dose-dependent acute effects of freeze-dried wild blueberry powder mixed with 

water on FMD in healthy males in 2 different randomized controlled trials.45 Results from the 

time-course trial showed that 34 g and 57 g of freeze-dried blueberry powder increased FMD 1 

and 2 h post consumption compared to baseline and placebo consumption, while FMD post 

consumption of 80 g of freeze-dried wild blueberry powder was increased compared to baseline 

and placebo at 1 h and compared to placebo (but not baseline) at 2 h.45 The 34 g dose 

increased FMD 6 h post consumption compared to baseline and placebo, while the 54 g dose 
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increased FMD compared to placebo (but not baseline).45 Next, the dose-dependent study 

showed that 14 g, 28 g, and 34 g doses of freeze-dried wild blueberry powder dose-dependently 

increased FMD 1 h post consumption and plateaued thereafter with no additional benefits 

observed for 57 g and 80 g doses.45 Another study conducted in healthy males examined the 

effects of 34 g of freeze-dried wild blueberry powder in a baked product (processed) or as a 

drink in water (unprocessed) on FMD.46 They found that FMD significantly increased at 1, 2, and 

6 h post consumption of the baked product containing the wild blueberry powder compared to 

the control baked product, with maximal increases at 2 h post consumption.46 The same findings 

were seen for the unprocessed wild blueberry drink, however, maximal increases in FMD were 

seen at 1 h instead of 2 h indicating that food matrix might play a role in determining the acute 

effects of blueberry consumption on endothelial function in healthy males, likely due to 

differences in (poly)phenol metabolite bioavailability.46 Furthermore, these results suggest that 

food processing with wild blueberry powder may not reduce its beneficial effects on endothelial 

function. Finally, a more recent study examined FMD in healthy men after consumption of 11 g 

freeze-dried wild blueberry powder mixed in water compared to a control drink, control drink + 

fiber, control drink + vitamins/minerals, and pure ACNs drink to understand the possible role of 

ACNs as major bioactives in blueberry.47 They found that FMD increased at 2 and 6 h post wild 

blueberry powder and ACNs drink consumption compared to the control drink with no significant 

differences between the two drinks, and no effects on FMD for the other treatments.47 These 

results indicate that 11 g of wild blueberry powder (150 mg ACNs) is the lowest dose needed to 

acutely improve endothelial function in healthy men, and that effects are largely due to ACN 

contents. 

Three studies examined acute consumption of 300 g of whole fresh highbush 

blueberries on endothelial function via RHI in smoking and nonsmoking men,93, 94 and found that 

RHI decreased in healthy men after smoking and highbush blueberry consumption counteracted 

these impairments 20 min post consumption.93 There was also an increase in RHI 120 min post 
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consumption of whole highbush blueberries in nonsmoking men with peripheral arterial 

dysfunction (defined as RHI ≤ 1.67) compared to control treatment.94 However, in smoking men 

with peripheral arterial dysfunction, RHI increased 120 min after whole highbush blueberry and 

control treatment consumption compared to smoking alone.94 Overall, the results of these 

studies suggest that blueberry consumption may attenuate smoking-induced impairments in 

endothelial function in healthy men and men with peripheral arterial dysfunction. Lastly, the 

impact of 26 g freeze-dried highbush blueberry added into a 500 g energy-dense emulsion meal 

+ 50 g of water on FMD in adults with metabolic syndrome was evaluated at baseline (0 h) and 

3, 6, and 24 h post consumption, and no effects were observed potentially due to impacts of the 

meal.95 Collectively, these studies strongly suggest that acute blueberry consumption improves 

endothelial function in healthy men, and smoking and non-smoking men with and without 

peripheral arterial dysfunction. They also suggest that the beneficial impacts of blueberries may 

be reduced when consumed with a high-fat meal. Further research is needed in diverse 

populations to establish these acute effects and their generalizability to other healthy sexes and 

genders, races and ethnicities, and individuals and populations with chronic diseases and/or risk 

factors.    

 

Chronic blueberry consumption 

Eight studies examined the impact of chronic (> 24 h postprandial time period) blueberry 

consumption on endothelial function in humans through assessment of RHI or FMD (Table 2.3). 

First, 2 studies were performed in healthy men. In the first study, FMD improved after 1 week of 

consuming 22 g of freeze-dried wild blueberry powder mixed in water with further improvements 

observed at 2 weeks but plateaued thereafter up to 28 days.47 In a different subset of healthy 

men, similar increases in FMD were observed following 28 days of consuming 22 g/day of 

freeze-dried wild blueberry powder compared to placebo powder, while no acute on chronic 

improvements in FMD were observed on day 28 (i.e. after consuming a single dose of 22 g of 
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freeze-dried wild blueberry powder following 28 days of daily wild blueberry powder 

consumption).47  

Six studies were performed in populations with cardiometabolic risk factors. One study 

examined the effects of consuming 25 g/day freeze-dried wild blueberry powder mixed in water 

for 6 weeks on RHI in heathy men with at least one CVD risk factor, but observed no statistically 

significant effects.96 Another study in adults at risk for type 2 diabetes found that 240 mL of wild 

blueberry juice consumption for 7 days did not lead to statistically significantly improvements in 

RHI.97 However, another study in adults with metabolic syndrome observed an increase in RHI 

compared to control following consumption of 45 g/day of freeze-dried highbush blueberry 

powder mixed in a yogurt smoothie (12 oz yogurt and skim milk) for 6 weeks.98 Similarly, in 

adults with metabolic syndrome, 26 g/day of freeze-dried highbush blueberry powder consumed 

as drink/smoothie or added to cereals, yogurts, banana toast, or as a salad dressing for 6 

months improved FMD compared to the 13 g dose of freeze-dried highbush blueberry powder 

and the 26 g of placebo powder.99 In postmenopausal women with above-normal blood 

pressure, daily consumption of 22 g/day of freeze-dried highbush blueberry powder mixed in 

water for 12 weeks improved FMD/SRAUC compared to baseline and placebo.50 Furthermore, 

there was a clinically (but not statistically) significant increase by +1.34% units in FMD not 

normalized to shear rate after 12 weeks of blueberry consumption and no change in the placebo 

group.50 Finally, healthy older adults had increased FMD following 12 weeks of consuming 26 

g/day freeze-dried wild blueberry powder mixed in water compared to placebo.49 

In conclusion, these studies indicate that chronic blueberry consumption can improve 

endothelial function in healthy adults and those with CVD risk factors. In particular, evidence 

suggests daily chronic consumption of at least 22 g/day of freeze-dried blueberry powder for at 

least 28 days and up to 6 months can improve endothelial function in healthy men and adults 

with major CVD risk factors (i.e. metabolic syndrome, postmenopausal women with above-

normal blood pressure). Whether the different doses and intervention durations can be 
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generalized beyond each study is not known and requires further investigation. It is possible that 

higher doses are needed to observe improvements in endothelial function in chronic intervention 

periods of shorter duration (e.g. 1 to 6 weeks) for populations with CVD and type 2 diabetes risk 

factors. Dose-dependent and time-course studies in diverse human populations (e.g. sex, 

gender, race, ethnicity, disease risk or clinical disease, etc.) are needed to further establish the 

effects of blueberry consumption on endothelial function.  

 

Blueberries and Arterial Stiffness 

Arterial stiffness overview and methods of assessment  

Arterial stiffness occurs due to functional and structural changes in the tunica media 

characterized by the loss of arterial elasticity and compliance.3, 54 With each heartbeat, a pulse 

wave is generated that travels down the aorta and arterial tree buffering arteries for dilation.54 

Healthy elastic arteries distend during systole and recoil during diastole to facilitate continuous 

blood flow throughout the body in order to maintain proper blood pressure and flow.54 However, 

changes to the arterial wall seen with advancing age and other CVD risk factors result in 

increased collagen deposition (i.e. fibrosis), elastin fragmentation, and advanced glycation end-

product formation which interferes with arterial distensibility and promotes arterial stiffening.3, 6 

With this, arteries are less able to buffer the pulse wave generated by the heart leading to an 

early arrival of the reflection wave to the aorta resulting in increased systolic blood pressure and 

an unchanged (or lower) diastolic blood pressure (i.e. isolated systolic HTN), and is considered 

a robust predictor of CVD risk.6 

Clinically, arterial stiffness can be assessed non-invasively at various locations along the 

vascular tree and several assessments exist. For the purpose of this review, only 3 non-invasive 

methods used in published studies that assessed the impact of blueberries on arterial stiffness 

are included, which are pulse wave velocity (PWV), augmentation index (AIx), and digital 

volume pulse (DVP). PWV, or the speed of the forward pressure wave that is propagated 
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throughout the arterial tree, is commonly used due to its feasibility and high reproducibility, as 

well as its ability to predict CVD events and mortality.3, 6, 100 Using a Doppler ultrasound or an 

applanation tonometer, PWV is calculated as the distance traveled and pulse transit time 

between 2 arterial sites.6, 100 A higher PWV value is indicative of arterial stiffness as pulse waves 

travel faster down the arterial trees in less compliant vessels. The carotid to femoral (cfPWV) 

arterial segment, also referred to aortic PWV (aPWV), is reflective of aortic stiffness and 

considered to be the gold standard.3, 100, 101 Brachial to ankle PWV (baPWV) is also used to 

assess arterial stiffness but is reflective of both central and peripheral arterial stiffness. 

Nonetheless, both assessments have been shown to be independent predictors of CVD 

events.100-104 PWV is affordable and validated, but there is possible error associated with 

distance estimation, measurement in individuals with excess body fat or obesity, only allows for 

regional assessment, and misrepresentation in the acquisition signal.105  

Another non-invasive but more indirect measure of arterial stiffness is AIx, which is the 

proportion of central pulse pressure caused by arterial wave reflection and is derived during 

pulse wave analysis (PWA) assessments. AIx has been shown to predict CVD mortality.106 

PWA, and thus, AIx can be assessed through applanation tonometry, echo tracking, or 

volumetric displacement using a blood pressure cuff.3 Its advantages include its noninvasive 

and simplistic attributes in addition to its validity and reproducibility.3 However, certain 

physiological factors such as heart rate, sex, blood pressure, height, and endothelial function 

can affect the outcome value, which is why it is recommended that AIx also be normalized to 

heart rate (AIx @75 bpm) and used in conjunction with PWV to assess arterial stiffness.3 

Finally, DVP assesses pulse waveforms through measuring absorption of infrared-light across 

the finger (i.e. photoplethysmography).45, 107, 108 DVP is validated, reproducible with low intra-

observer variation, and comparable to PWV (Gunarathne et al., 2008).109  
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Effects of blueberries on arterial stiffness: animal studies  

No published studies that evaluated the impact of blueberry consumption on arterial 

stiffness in animals were identified. This is a major gap in the knowledge that would benefit from 

further investigation, as it may provide insight into the impact of blueberries on arterial stiffness 

in humans, as well as underlying mechanisms which could support interventions aimed at 

enhanced efficacy in humans. 

 

Effects of blueberries on arterial stiffness: human studies 

Acute blueberry consumption  

 Six studies examined the effects of acute blueberry consumption (≤ 24 h) on arterial 

stiffness (Table 2.2). In healthy men consuming 34 g, 57 g, and 80 g of freeze-dried wild 

blueberry powder mixed in water, there were no effects on AIx or DVP at 2, 4, or 6 h post 

treatment consumption.45 Three studies analyzed digital AIx (dAIx) and dAIx @75 bpm 20 and 

120 min after consuming 300 g whole highbush blueberries in healthy male smokers, and 

nonsmoking and smoking males with peripheral arterial dysfunction (RHI ≤ 1.67), but saw no 

effects.93, 94 Furthermore, in older adults with cognitive decline, no effects were seen on DVP 1 h 

after consuming ~30 g of freeze-dried highbush blueberry powder mixed in a semi-skimmed 

milk.110 Lastly, there was no effect on AIx @75 bpm or cfPWV in adults with metabolic syndrome 

3, 6, or 24 h after consuming 26 g of freeze-dried highbush blueberry powder added to 500 g 

energy-dense emulsion meal + 50 g water.95 This supports that structural vascular changes 

occur over time and not acutely. 

 

Chronic blueberry consumption 

Eight studies examined chronic blueberry consumption (> 24 h) on arterial stiffness in 

diverse human populations (Table 2.3). Two studies were performed in healthy individuals. In 1 

study, daily consumption of 11 g of freeze-dried wild blueberry powder mixed in water for 28 
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days did not improve AIx or cfPWV in healthy men.47 In a different study, consuming 160 g of 

fresh whole highbush blueberries or 20 g freeze-dried blueberry powder daily for 1 week did not 

improve cfPWV in healthy adults.111  

Six studies were performed in adults at risk for CVD. In a study in men with at least one 

CVD risk factor, no effects were observed on AIx or AIx @75 bpm after consuming 25 g freeze-

dried wild blueberry powder mixed in water daily for 6 weeks.96 In another study with sedentary 

men and postmenopausal women, AIx improved after consuming 36 g of tifblue/rubel blueberry 

powder daily at evening meals for 6 weeks compared to placebo, with no effects on cfPWV.112 

Similarly, a study in postmenopausal women with above-normal blood pressure found that daily 

consumption of 22 g of freeze-dried highbush blueberry powder mixed in water for 8 weeks 

decreased baPWV, but not cfPWV, compared to baseline and placebo.113 Furthermore, a study 

evaluating daily consumption of 26 g of freeze-dried highbush blueberry powder consumed as 

drink/smoothie or added to cereals, yogurts, banana toast, or as a salad dressing for 6 months 

improved AIx, but not cfPWV, in adults with metabolic syndrome compared to those who 

consumed 13 g of freeze-dried highbush blueberry powder and placebo powder.99 A study with 

postmenopausal women with above-normal blood pressure found that daily consumption of 22 g 

freeze-dried highbush blueberry mixed in water for 12 weeks had no effects on cfPWV, AIx, or 

AIx @75 bpm.50 Finally, healthy older adults had no changes in cfPWV or AIx @75 bpm 

following 12 weeks of consuming 26 g/day of freeze-dried wild blueberry powder mixed in 

water.49 

These findings suggests that chronic blueberry consumption may improve arterial 

stiffness assessed as AIx and baPWV in sedentary men and postmenopausal women, as well 

as postmenopausal women with above-normal blood pressure, respectively.112, 113 Limited 

studies have assessed chronic blueberry consumption on cfPWV, but existing research has not 

demonstrated benefits regardless of dose and length of intervention. Further research is needed 

to understand the effects of blueberry consumption on arterial stiffness. It is possible that 
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blueberries exert protective effects on peripheral arteries, or that intervention lengths have not 

allowed for sufficiently capturing structural improvements in the aorta.  

  

Potential Mechanisms by which Blueberries Modulate Vascular Function  

Overview of mechanisms contributing to vascular dysfunction 

The endothelium is responsible for producing NO, a critical vasodilatory molecule, 

through activation of eNOS by stimuli such as shear stress or acetylcholine.114, 115 When the 

substrate L-arginine is available, eNOS produces NO which can diffuse out of endothelial cells 

and into VSMCs resulting in activation of soluble guanylyl cyclase (sGC), and thus, formation of 

cyclic guanylyl monophosphate (cGMP) and initiating vasodilation.56, 114 Vasodilation also occurs 

through activation of cyclooxygenase (COX) which metabolizes arachidonic acid to yield 

prostacyclin (PGI2). PGI2 can diffuse out of endothelial cells and into VSMCs triggering 

activation of cyclic adenosine monophosphate (cAMP), thus, causing vasodilation.56, 114 COX is 

also responsible for vasoconstriction, but through the production of vasoconstrictors such as 

thromboxane instead of vasodilators and under different conditions.116 Both NO- and COX-

related pathways are activated through increased intracellular calcium. 

Current evidence indicates that impaired endothelium-dependent dilation (due to 

endothelial dysfunction) is primarily caused by impairments in NO production and/or 

bioavailability secondary to excessive oxidative stress and inflammation.9, 10 The underlying 

mechanisms contributing to endothelial dysfunction are complex and not fully understood, and 

this review focuses on mechanisms related to oxidative stress, inflammation, and the gut 

microbiota. Regarding vascular oxidative stress, the main source of vascular reactive 

oxygen/nitrogen species (RONS) is NOX,117 while mitochondrial metabolism and dysfunction 

and xanthine oxidase 1 (XO-1) are also contributors.63, 118, 119 With aging and the presence of 

other CVD risk factors such as HTN, dyslipidemia, and metabolic syndrome, increased RONS 

production without adequate antioxidant defense (e.g. due to decreased or insufficient 
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antioxidant enzyme activity including superoxide dismutase (SOD) and heme oxygenase-1 (HO-

1)) promotes increased vascular oxidative stress.9, 63, 119-121 This can lead to eNOS uncoupling 

through oxidation of its essential cofactor BH4, rendering eNOS unable to produce NO and 

instead producing superoxide radicals, further promoting vascular oxidative stress. ROS also 

reacts directly with NO resulting in decreased NO bioavailability and increased formation of 

peroxynitrite (i.e. reactive nitrogen species (RNS)) which increases vascular dysfunction.56 ROS 

can also stimulate the release of pro-inflammatory molecules (e.g. C-reactive protein (CRP), 

tumor necrosis factor alpha (TNF-α), cyclooxygenase-2 (COX-2)), which can decrease NO 

production and bioavailability and enhance vasoconstrictor molecule production.9, 57, 63, 64, 114, 116, 

122 Inflammation also stimulates ROS production perpetuating the vicious cycle of oxidative 

stress and inflammation contributing to endothelial dysfunction.3, 9, 63 Monocyte adhesion to 

endothelial cells also leads to vascular inflammation and atherogenesis, and occurs with 

endothelial dysfunction.9, 123, 124 Likewise, oxidative stress and inflammation contribute to arterial 

stiffening through endothelium-related mechanisms mentioned above.6, 125 ROS also promote 

immune cells to release matrix metalloproteinases that are responsible for uncoiled collagen 

and elastin degradation in the vessel wall leading to vascular fibrosis and VSMC proliferation 

resulting in structural changes.125  

Accumulating evidence from epidemiological, animal, and human clinical studies indicate 

the gut microbiome is an important mediator of vascular function and CVD risk.11, 126-128 For 

instance, suppression of the gut microbiome with a broad-spectrum antibiotic cocktail in mice 

improved age-related vascular dysfunction (i.e. endothelial function and arterial stiffness), and 

vascular oxidative stress and inflammation.129 Also, transplantation of an obesity-associated 

human gut microbiota into germ-free mice led to impaired endothelium-dependent dilation and 

increased arterial stiffness.130 Though what is considered to be a “healthy” gut microbiome is 

complex and not completely understood, it is commonly accepted that a higher microbial 

diversity, higher abundance of certain health-promoting bacteria such as Lactobacillus and 
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Faecalibacterium prausnitzii, high proportion of Bacteroidetes relative to Firmicutes phyla (i.e. 

lower Firmicutes/Bacteroidetes ratio), resilience against external pressures, and higher 

abundance of bacteria that can metabolize complex carbohydrates has been shown to be 

represented in healthy individuals and those meeting the dietary guidelines.11, 131, 132 The gut 

microbiome is responsible for digesting and metabolizing food components such as 

(poly)phenols and fiber, regulating the immune system, maintaining intestinal homeostasis, 

protecting against diseases, and producing certain nutrients and bioavailable metabolites 

important for human health, among numerous other functions.11, 126, 133, 134 Gut microbial 

dysbiosis is a compositional change away from what is considered a “healthy” gut microbiome 

including the loss of beneficial bacteria, expansion of pathobionts, and loss of diversity.11 Gut 

microbial dysbiosis is linked with vascular dysfunction due to various mechanisms including, but 

not limited to, impaired intestinal barrier function resulting in entry of lipopolysaccharide (LPS; 

gram-negative bacterial wall component) into circulation and toll-like receptor (TLR) signaling 

which increases production of pro-inflammatory cytokines, free radicals, and trimethylamine N-

oxide (TMAO; microbial metabolite of choline) which can promote inflammation, platelet 

reactivity, and thrombosis.11, 126-128, 135  

Diet and nutrition are important determinants of oxidative stress, inflammation, and gut 

microbial composition and function. A typical Western Diet (e.g. high saturated-fat, high-refined 

carbohydrates, low fruits and vegetables) is linked to gut microbial dysbiosis, oxidative stress, 

inflammation, arterial stiffness, and endothelial dysfunction.11, 136, 137 Conversely, diets rich in 

(poly)phenols can beneficially modulate the gut microbiota, and therefore, may be a promising 

approach to decrease CVD risk.138  

 

NO-related mechanisms for improvements in vascular function with blueberries 

Evidence from cell culture studies  
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One study evaluated the impact of blueberry consumption on biomarkers related to NO. 

They demonstrated that treatment of human aortic endothelial cells (HAECs) with palmitate 

suppressed insulin-stimulated NO production but was restored by treatment with physiological 

levels of synthetic blueberry (poly)phenol metabolites (i.e. benzoic acid-4-sulfate, isovanillic 

acid-3-sulfate, vanillic acid-sulfate, hydroxy hippuric acid, and hippuric acid).139 No other 

physiologically relevant cell culture studies that examined blueberry (poly)phenols and/or their 

metabolites on mechanistic pathways related to NO were identified except for those evaluating 

impacts on oxidative stress and inflammation which are described in a later section. This 

highlights a gap in the literature, and future studies should aim to consider physiologically 

relevance when designing studies that account for digestion, absorption, and metabolism.  

 

Evidence from animal studies  

 Ten studies evaluated NO-related mechanisms associated with improvements in 

vascular function with blueberry consumption in animals (Table 2.1). With respect to endothelial 

function, studies have demonstrated blueberry (poly)phenol metabolites mediate beneficial 

effects.78, 81 For instance, in SD, hypertensive, and obese Zucker male rats, vasoconstriction 

(induced through eNOS inhibition with L-NMMA) was restored following blueberry 

supplementation compared to respective controls without inhibitors,79, 80, 82, 83, 91 while 

vasorelaxation was lower following blueberry consumption (also induced through eNOS 

inhibition with L-NMMA) compared to the controls,79, 82, 83, 91 indicating improvements in vascular 

function were mediated through the eNOS/NO pathway. To support that improved vascular 

function with blueberry consumption is mediated through the eNOS pathway, male 

spontaneously hypertensive rats were found to have increased vasoconstriction (induced 

through GC inhibition) and plasma cGMP following wild blueberry supplementation compared to 

the control.84 Furthermore, decreased plasma NO metabolite concentrations were observed in 

obese male rats after wild blueberry consumption compared to obese controls, while increased 
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NO metabolite concentrations were observed in lean rats after wild blueberry consumption 

compared to lean controls suggesting improved NO bioavailability.85, 91 Interestingly, 

overproduction of NO coupled with low NO bioavailability due in large part has been observed in 

pro-inflammatory and oxidative stress-driven conditions including obesity and metabolic 

syndrome likely due to adaptive compensation, suggesting that a reduction in NO could be 

beneficial in certain populations.90, 91 Furthermore, aortic gene expression of eNOS and 

inducible NOS (iNOS) and plasma NO concentrations were increased in obese Zucker rats 

compared to lean Zucker rats, and blueberry-fed obese Zucker rats had decreased iNOS gene 

expression (but not eNOS) compared to obese controls and increased NO concentrations 

compared to control lean Zucker rats.85, 91 Overall, these studies support that improvements in 

endothelial function are mediated through the eNOS/NO pathway.  

 

Evidence from human studies  

 Seven studies evaluated the impact of blueberry consumption on biomarkers related to 

NO. Of the human clinical trials that found improved vascular function after blueberry 

consumption, 1 study found significantly increased NO metabolite concentrations in 

postmenopausal women with above-normal blood pressure following 8 weeks of daily 

consumption of 22 g freeze-dried highbush blueberry powder mixed in water (Table 2.3).113 

Similarly, another study found significantly increased plasma NO metabolite concentrations after 

consuming 240 mL of wild blueberry juice for 7 days in adults at risk for type 2 diabetes, even 

though RHI did not significantly improve (Table 2.3).97 Lastly, plasma cGMP concentrations 

were increased after consuming 26 g/day of freeze-dried highbush blueberry powder for 6 

months in adults with metabolic syndrome, while NO metabolite concentrations were unchanged 

(Table 2.3).99 Finally, 4 studies measured NO metabolites in relation to vascular function, 

however, found no statistical differences in NO metabolite concentrations after blueberry 

consumption.50, 92, 96, 111 Together, these findings suggest that improvements in endothelial 
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function in humans may be through the eNOS/NO-pathway. However, further research is 

needed to understand the extent to which improvements in endothelial function are mediated by 

NO and the underlying mechanisms related to NO production/bioavailability, particularly in 

diverse populations that include healthy individuals and those at risk for and/or have chronic 

diseases that influence the eNOS/NO pathway. 

 

Effects of blueberries on vascular oxidative stress 

Evidence from cell culture studies 

  Three cell culture studies examined the effects of physiologically relevant levels of 

blueberry (poly)phenols and/or their metabolites commonly found in human plasma after 

blueberry consumption on endothelial cell-derived oxidative stress. One study performed with 

healthy human umbilical venous endothelial cells (HUVECs) found that synthetic blueberry 

(poly)phenol metabolites (i.e. malvidin-3-glucoside (Mv-3-glc) and malvidin-3-galactoside (Mv-3-

gal)) independently and combined reduced ROS-producing enzyme XO-1 protein expression 

and ROS production, and increased antioxidant defense enzyme protein expression of SOD 

and HO-1 compared to control.119 Another study observed that treatment of HAECs with 

palmitate increased NOX4 mRNA expression and ROS production but was attenuated by the 

addition of synthetic blueberry (poly)phenol metabolites (i.e. benzoic acid-4-sulfate, isovanillic 

acid-3-sulfate, vanillic acid-sulfate, hydroxy hippuric acid, and hippuric acid).139 In a different 

study, the impact of 3 different blueberry (poly)phenol metabolite mixtures on antioxidant 

defense (i.e. nuclear factor erythroid 2-related factor (Nrf2) and cellular HO-1 protein 

expression) in HUVECs treated with sub-lethal dosages of hydrogen peroxide (H2O2) was 

evaluated.140 For that study, (poly)phenol metabolites were first measured over a 24-h period 

following consumption of a single dose of blueberry juice by 3 healthy humans, and found that 

12 metabolites were increased compared to baseline and served as the basis for the metabolite 

mixtures used (i.e. (1) early mixture/metabolites found in plasma with a Tmax ≤ 2 h including 2-
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hydroxyhippuric acid, 4-hydroxyhippuric acid, syringic acid, protocatechuic acid, vanillic acid, 

trans-ferulic acid, p-coumaric acid); (2) late mixture/compounds found in plasma with a Tmax ≥ 4 

h including protocatechuic acid, gentisic acid, vanillic acid, trans-ferulic acid, p-coumaric acid, 

dihydroferulic acid, dihydrocaffeic acid, dihydro-m-coumaric acid, homovanillic acid; and (3) 

whole mixture containing all of the early and late mixtures metabolites).140 Results showed that 

pretreatment with the whole mixture of blueberry (poly)phenol metabolites upregulated Nrf2-

regulated antioxidant response proteins including HO-1 and the glutamate-cysteine ligase 

modifier subunit in HUVECs exposed to 2.5 µM H2O2 compared to H2O2 control.140 These 

studies suggest that blueberries may reduce endothelial cell-derived oxidative stress through 

modulation of ROS-producing and antioxidant defense enzymes.  

 

Evidence from animal studies 

One study examined blueberry consumption on oxidative stress as related to vascular 

function and showed adding 3.8% w/w freeze-dried blueberry powder to the diets of diabetic 

db/db male mice for 10 weeks reduced NOX4 mRNA expression in vascular endothelial cells 

and aortic vessel compared to the diabetic control group (Table 2.1).19 No other studies in 

animals that evaluated vascular oxidative stress were identified, but future studies could support 

understanding oxidative stress-related mechanisms contributing to improvements in vascular 

function with blueberry consumption.  

 

Evidence from human studies 

Nine studies evaluated the effects of blueberry consumption on oxidative stress as 

related to vascular function. Acute consumption of 300 g whole highbush blueberries was found 

to decrease H2O2-induced DNA damage in peripheral blood mononuclear cells in healthy men 1 

h post blueberry consumption compared to control (Table 2.2).92 Another study observed 

decreased endogenous oxidized DNA bases and H2O2-induced DNA damage in peripheral 
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blood mononuclear cells from healthy males with at least 1 CVD risk factor after consuming 25 

g/day of freeze-dried wild blueberry powder for 6 weeks (Table 2.3).96 In a different study, 

decreases in neutrophil NOX activity were found 1-2 and 6 h post consumption of 34 g freeze-

dried wild blueberry powder in healthy males that were directly associated with improvements in 

FMD and predicted by plasma (poly)phenol metabolites (vanillic acid, hippuric acid, and 

homovanillic acid) (Table 2.2).45 A study in postmenopausal women with above-normal blood 

pressure, a study found that 4 weeks of consuming 22 g/day of freeze-dried highbush blueberry 

powder led to improvements in 8-hydroxy-2’-deoxyguanosine which is indicative of DNA 

damage, though levels increased back to baseline at 8 weeks (follow-up study to Johnson et al. 

(2015)), while other circulating biomarkers of oxidative stress and antioxidant defense were not 

affected by blueberry consumption.141 In adults with metabolic syndrome, a study found that 6 

weeks of consuming 45 g/day of freeze-dried highbush blueberry powder found decreased 

whole blood superoxide radicals and monocyte ROS (follow-up study to Stull et al. (2015)).142 

Finally, a recent study found that FMD/SRAUC increased after acute infusion of a 

supraphysiological dose of the antioxidant ascorbic acid (vitamin C) in postmenopausal women 

with above-normal blood pressure at baseline (indicating oxidative stress-mediated suppression 

of endothelial function), but not after 12 weeks of daily consumption of 22 g freeze-dried 

highbush blueberry powder (whereas differences stayed trending for the control group) (Table 

2.3).50 Additionally, the blueberry group had a reduction in the response to ascorbic acid from 

baseline to 12 weeks, whereas the placebo group had no change indicating that improvements 

in endothelial function were mediated by reductions in oxidative stress.50 Three other studies 

also measured biomarkers of oxidative stress after blueberry consumption in relation to vascular 

function, however, did not find improvements.96, 97, 112 Other human studies have evaluated 

biomarkers of inflammation and oxidative stress, but were not performed in the context of 

vascular function and were not included but have been evaluated through a systematic review 

that indicated results are mixed due to various factors.143 Nonetheless, circulating biomarkers do 
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not necessarily reflect vascular oxidative stress, highlighting the need to better understand the 

impact of blueberries on vascular oxidative relating to vascular function, as well as the 

mechanisms involved.     

 

Effects of blueberries on vascular inflammation 

Evidence from cell culture studies 

 Six cell culture studies examined the effects of physiologically relevant blueberry 

(poly)phenol metabolites commonly found in human plasma after blueberry consumption on 

endothelial-derived inflammation. Specifically, mv-3-glc, mv-3-gal, and mv-3-glc + mv-3-gal 

decreased supernatant levels of monocyte chemoattractant protein-1 (MCP-1), intercellular 

adhesion molecule-1 (ICAM-1), and vascular adhesion molecule-1 (VCAM-1), and decreased 

NFκB translocation and increased IκBα protein expression in HUVECs treated with TNF-α, while 

significant decreases in VCAM-1 protein expression in cell lysates were found after incubation 

of mv-3-glc + mv-3-gal in HUVECs treated with TNF-α.144 They also observed that cell gene 

expression of MCP-1 and ICAM-1 decreased in TNF-α induced dysfunctional HUVECs after 

incubating with mal-3-glc and mv-3-glc + mv-3-gal.144 In a different study, HUVECs were 

incubated with blueberry (poly)phenol metabolites including gallic acid, syringic acid, and 

protocatechuic acid (among other parent ACN and phenolic acids), and then monocytes (THP-

1) were added with TNF-α.145 Results showed that gallic acid reduced monocyte adhesion 

compared to HUVECs treated with TNF-α alone, while syringic acid increased adhesion.145 

Another study showed that incubation of a synthetic blueberry (poly)phenol metabolite mixture 

(i.e. benzoic acid-4-sulfate, isovanillic acid-3-sulfate, vanillic acid-sulfate, hydroxy hippuric acid, 

and hippuric acid), as well as a parent ACN mixture, and found the metabolite mixture 

attenuated palmitate-induced increases in relative mRNA expression of interleukin 8 (IL-8), 

ICAM-1, VCAM-1, and IκBα, as well as monocyte binding to HAECs.139 In type 2 diabetic 

HAECs, a study showed that monocyte (THP-1) adhesion and relative mRNA expressions of IL-
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8, VCAM-1, and E-selectin were significantly increased compared to healthy HAECs, but 

reduced with the addition of a blueberry (poly)phenol metabolite mixture (i.e. benzoic acid-4-

sulfate, isovanillic acid-3-sulfate, vanillic acid-sulfate, hydroxy hippuric acid, and hippuric 

acid).146 In a different study, monocyte (THP-1) adhesion to healthy HUVECs was stimulated 

with TNF-α followed by incubation with protocatechuic acid and gallic acid (among other parent 

ACNs and metabolites), which independently decreased monocyte adhesion to HUVECs, as 

well as soluble E-selectin in supernatant.147 Lastly, 3 different blueberry phenolic acid mixtures 

at physiological levels reflecting early (0-4 h), late (4-24 h), or whole (0-24 h) circulating 

metabolites post blueberry juice consumption (previously reported in Tang et al. (2018)) were 

used to assess the effects of blueberry (poly)phenol metabolites on monocyte binding and 

inflammation in TNF-α induced dysfunctional HUVECs.148 Results showed that 4 h pretreatment 

with the late mixture, but not early or whole mixtures, decreased monocyte adhesion to 

HUVECs without affecting endothelial cell surface expression of adhesion molecules.148 

Interestingly, they also observed that exclusion of syringic acid from early and whole mixtures 

led to reduced monocyte adhesion, while treatment with syringic acid alone had no effects on 

monocyte adhesion.148 Overall, these studies suggest that blueberry (poly)phenol metabolites 

exert anti-inflammatory effects in the vasculature that can attenuate processes involved in 

atherosclerosis.  

 

Evidence from animal studies 

Six studies were identified that examined blueberry consumption on inflammation as 

related to vascular function in animals (Table 2.1). Two studies in male spontaneously 

hypertensive rats found that inhibition of COX with mefenamic acid ex vivo with thoracic aortic 

rings decreased vasoconstriction after wild blueberry diet consumption compared to control,82, 83 

while another study observed a decrease in vasoconstriction with inhibition of PGI2 synthase 

after wild blueberry diet consumption compared to control.84 Furthermore, male spontaneously 
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hypertensive and obese Zucker rats were found to have increased plasma 6kPGF1α (COX 

pathway intermediate) following blueberry diet consumption in several studies demonstrating 

improvements in endothelial function.84, 85, 91 Lastly, aortic COX-2 gene and iNOS gene 

expression decreased in obese Zucker male rats after wild blueberry diet consumption 

compared to control.85, 91 Furthermore, obese male Zucker rats that consumed 8% w/w freeze-

dried wild blueberry powder for 8 weeks had decreased plasma concentrations of IL-6, TNF-α, 

and CRP compared to the obese control.85 Finally, a study found that adding 3.8% w/w freeze-

dried blueberry powder to the diets of diabetic db/db male mice for 10 weeks decreased serum 

inflammatory markers (MCP-1/JF, KC/IL-8), decreased aortic gene expression of Iκκβ, KC/IL-8, 

MCP-1/JE, ICAM-1, and VCAM-1, and decreased carotid endothelial cell gene expression of 

Iκκβ, KC/IL-8, MCP-1/JE, and VCAM-1 compared to control.19 Additionally, blueberry 

(poly)phenol-rich serum from db/db mice that consumed wild blueberries suppressed glucose 

and palmitate-induced monocyte binding to, and KC secretion from, mouse aortic endothelial 

cells compared to the db/db control.19 Together, these studies suggest that blueberries may 

improve vascular function through attenuation of inflammation in hypertension, obesity, 

metabolic syndrome, and diabetes. 

 

Evidence from human studies 

 Six studies evaluated the effects of blueberry consumption on inflammation as related to 

vascular function. In postmenopausal women with above-normal, a study found that 4 weeks of 

consuming 22 g/day freeze-dried highbush blueberry powder led to improvements in 8-hydroxy-

2’-deoxyguanosine which is indicative of DNA damage, though levels increased back to 

baseline at 8 weeks, while other circulating biomarkers of inflammation were unaffected (follow-

up study to Johnson et al. (2015)).141 A study performed in adults with metabolic syndrome 

found that 6 weeks of consuming 45 g/day freeze-dried highbush blueberry powder found 

decreased monocyte gene expression of TNF-α, IL-6, toll-like receptor 4, as well as serum 
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granulocyte macrophage colony-stimulating factor and increased myeloid dendritic cells (follow-

up study to Stull et al. (2015)).142 A study performed in healthy men found that 28 days of 

consuming 22 g/day of freeze-dried wild blueberry powder led to differential expression of 

numerous genes and microRNAs in peripheral blood mononuclear cells that are involved in 

immune regulation, inflammation, and cell adhesion, among other processes (Table 2.3).47 

Lastly, 3 studies also measured biomarkers of inflammation after blueberry consumption in 

relation to vascular function, however, did not find any statistical significant changes in such 

biomarkers.50, 96, 97  

 

Effects of blueberries on the gut microbiome 

Evidence from cell culture studies 

No relevant studies using cell culture models related to the gut microbiome and vascular 

function were identified. In vitro fermentation has allowed researchers to investigate the effects 

of blueberries on the gut microbiome and their potential impacts on human health, and though a 

limited number of studies have been performed, existing data suggest that blueberries 

beneficially modulate the gut microbiota.149-153 Whether such effects translate to beneficial 

effects on the vasculature remains unknown. 

 

Evidence from animal studies 

Only one study in animal models investigate the effects of blueberries on the gut 

microbiome and vascular health were identified (Table 2.1). In diabetic db/db male mice fed 

3.8% w/w freeze-dried wild blueberry powder for 10 weeks, a study observed trends in changes 

of microbial alpha diversity indices (Shannon and Simpson) for the blueberry group compared to 

the db/db control, and beta-diversity was significantly different at the phylum and genius level 

between groups.19 The blueberry supplementation also significantly increased Actinobacteria, 

Adlercreutzia, Bifidobacterium, and Dorea abundance compared to db/db control.19  
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Evidence from human studies 

Studies in humans investigating the effects of blueberries on the gut microbiome in 

relation to vascular function are limited as only 1 study was identified (Table 2.3). In older 

adults, consumption of 26 g/day of freeze-dried wild blueberry powder for 12 weeks did not 

significantly alter α or β diversity of the gut microbiome, but increased abundance of 

Ruminiclostridium 9 and Ruminiclostridium 5.49 They also observed a positive correlation 

between Cocoprocus and Family XIII AD03011 with FMD and a negative correlation between 

Parabacteroides and Ruminococus UCG.003 with FMD49; however, their overall results suggest 

that improvements in endothelial function were not mediated by the gut microbiome.49 Other 

studies have investigated the effects of blueberries on the composition of the gut microbiome 

but not in the context of vascular function. Briefly, studies in healthy adult men and young/old 

women indicate that chronic blueberry consumption for 6 weeks increase Bifidobacterium spp. 

and health-associated taxa.153-155 These data suggest that blueberry consumption may modulate 

the gut microbiota, but it is unclear as to the extent to which the gut microbiome mediates 

improvements in vascular function and is a major gap in the field.  

 

Conclusions 

Blueberries are rich in nutrients and (poly)phenols with demonstrated cardiovascular-

protective effects. They are a widely consumed fruit in the US, a major agricultural crop with 

year-round availability, and have high nutritional quality and acceptability by consumers, making 

them ideal for use in food-based strategies for promoting human health including cardiovascular 

health. Blueberries and their (poly)phenol metabolites have been shown to improve measures of 

vascular function in animals and humans. Evidence from animal studies indicate that blueberry 

consumption promotes vasorelaxation and reduces vasoconstriction. Evidence from randomized 

controlled trials indicates that blueberry consumption can enhance endothelial function acutely 

in men (healthy men and smokers), and chronically in healthy young and older adults, adults 
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with metabolic syndrome, and postmenopausal women with above-normal blood pressure. 

Overall, the data suggest that blueberries improve endothelial function to a greater extent in 

those with greater CVD risk factors which may also influence the dose needed to observe 

beneficial effects. Regarding arterial stiffness, the data are less conclusive as no studies 

assessing arterial stiffness have been performed in animals and limited randomized controlled 

trials have been performed in humans. However, existing data suggest chronic blueberry 

consumption for at least 6 weeks may improve certain measures of arterial stiffness, while a 

longer duration may be needed to observe reductions in aortic arterial stiffness. Results from 

cell, animal, and human studies suggest that blueberry consumption improves NO 

bioavailability, likely due to circulating (poly)phenol metabolites and their impact on oxidative 

stress, thus leading to changes in vascular function. Animal studies suggest a link between the 

gut microbiota and blueberry-induced improvements in vascular function, though this was not 

supported in a recent human study. Further research is needed to establish the dose-dependent 

and time-course clinical efficacy of blueberries to improve endothelial function and arterial 

stiffness in diverse human populations. Additionally, research aimed at understanding 

mechanisms contributing to improvements in vascular function is needed, particularly those that 

are translational and/or reverse translational in nature and can evaluate mechanisms for clinical 

responses in humans. Finally, translation of clinical research to the community/public in a 

manner that considers feasibility, health equity, community needs, barriers and drivers to 

consumption, among other factors while evaluating efficacy is needed to establish real-world 

impacts. 
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Tables 

 

Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

Norton et 
al. (2005) 
  
Maine, 
USA 

Sprague-
Dawley 
male rats 
(n = 30). 

Vaso-
constriction 
and vessel 
sensitivity in 
thoracic 
aorta rings. 

Freeze-
dried WBB 
powder 
added to 
diets at 8% 
w/w 
consumed 
for 13 
weeks.  
 
Three diet 
groups: 
control, 
WBB, and 
reverse 
(consumed 
control for 
13 weeks 
then 
switched to 
WBB diet 
for 8 
weeks).  

N/A ↓ vasoconstriction 
to Phe in BB and 
reverse diet groups 
compared to 
control. 
 
No significant 
effects on other 
vascular measures. 
 

Diets did not have 
effects on 
vasoconstriction 
nor vessel 
sensitvity in 
endothelium-
denuded rings. 

WBB 
improves 
vascular 
function 
through the 
endothelium. 

Kalea et al. 
(2009) 
 
Maine, 
USA 

Sprague-
Dawley 
male rats 
(n = 20). 

Vaso-
constriction, 
vaso-
relaxation, 
and vessel 
sensitivity in 

Freeze-
dried WBB 
powder 
added to 
diets at 8% 

N/A ↓ vasoconstriction 
to Phe in WBB diet 
group compared to 
control. 

↑ vasoconstriction 
in both groups 
after L-NMMA 
administration 
compared to no L-
NMMA, with WBB 

WBB 
improves 
vascular 
function 
through the 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

  thoracic 
aorta rings. 

w/w for 7 
weeks. 
 
Two diet 
groups: 
control and 
WBB. 

 ↑ vasorelaxation to 
Ach after WBB diet 
compared to 
control.  
 
↓ Vessel sensitivity 
to Phe and Ach in 
WBB group 
compared to 
control. 

group being higher 
than control. 
 
↓ vasorelaxation in 
both groups after 
L-NMMA 
administration 
compared to no L-
NMMA, with WBB 
group having less 
vasorelaxation 
than control.  
 
↓ vessel sensitivity 
to Ach in WBB 
group after L-
NMMA as well as 
MFA 
administration 
compared to 
control group after 
administration(s). 

eNOS/NO 
pathway. 

Kalea et al. 
(2010) 
 
Maine, 
USA 

Spon-
taneously 
hyper-
tensive 
male rats 
(n = 20).  

Vaso-
constriction, 
vaso-
relaxation, 
and vessel 
sensitivity in 
thoracic 
aorta rings. 

Freeze-
dried WBB 
powder 
added to 
diets at 8% 
w/w for 7 
weeks. 

N/A ↑ vasorelaxation to 
Ach in WBB group 
compared to 
control without 
impacting 
maximum 
vasorelaxation 
force. 
 

↑ vasoconstriction 
in WBB + L-NMMA 
compared to 
control + L-NMMA, 
as well as 
compared to WBB 
and control with no 
L-NMMA. 

WBB 
improves 
vascular 
function 
through the 
eNOS/NO 
and COX 
pathways. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

   Two diet 
groups: 
control and 
WBB. 

 ↑ vessel sensitivity 
to Ach in WBB 
group compared to 
control.  
 
No significant 
effects on other 
vascular measures. 

↓ vasoconstriction 
in both groups with 
MFA compared to 
no MFA, and WBB 
+ MFA had ↓ 
vasoconstriction 
compared to 
control + MFA. 
 
↓ vasorelaxation in 
both groups after 
L-NMMA 
administration 
compared to no L-
NMMA, with WBB 
+ L-NMMA group 
having greater 
vasorelaxation 
than control + L-
NMMA.   
 
↑ vasorelaxation in 
both groups with 
MFA 
administration, 
with control + MFA 
group having 
greater 
vasorelaxation 
than WBB + MFA. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      ↓ vessel sensitivity 
to Phe in WBB + 
L-NMMA as well 
as WBB + MFA 
compared to 
control + L-NMMA 
groups. 
 
↑ vessel sensitivity 
to Ach in WBB + 
L-NMMA 
compared to 
control + L-NMMA. 
 
↓ vessel sensitivity 
to Ach in WBB + 
MFA compared to 
control + MFA. 

 

Kristo et al. 
(2010) 
 
Maine, 
USA 

Spon-
taneously 
hyper-
tensive 
male rats 
(n = 40). 

Vaso-
constriction, 
vaso-
relaxation, 
and vessel 
sensitivity in 
thoracic 
aorta rings. 

Freeze-
dried WBB 
powder 
added to 
diets at 8% 
w/w for 8 
weeks.  
 
Two diet 
groups: 
control and 
WBB. 
 

21 ACNs 
detected in 
WBB powder. 
 
Peonidin-3-
glucoside and 
malvidin-3-
galactoside 
most 
abundant 
making up 
~13% of total 
ACN content 

↓ vasoconstriction 
to Phe in WBB 
group compared to 
control. 
 
↑ vasorelaxation in 
WBB group at 
lower Ach doses 
but ↓ at higher Ach 
doses compared to 
control. 

↑ vasoconstriction 
in both groups 
after L-NMMA 
administration 
compared to no L-
NMMA, but no 
difference 
between groups.   
 
↓ vasoconstriction 
in both groups 
after MFA 
administration 

WBB 
improves 
vascular 
function 
through the 
COX 
pathway. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

    (1.6 ± 0.2 
mg/100 mg). 

 compared to 
without MFA with 
↓ vasoconstriction 
in WBB + MFA 
compared to 
control + MFA 
 
↓ vasorelaxation 
and vessel 
sensitivity in both 
groups after L-
NMMA compared 
to no L-NMMA, 
with WBB + L-
NMMA greater 
vasorelaxation 
compared to 
control + L-NMMA 
and BB group 
vessel sensitivity 
lower than control 
with L-NMMA. 
 
↑ vasorelaxation in 
WBB + MFA 
compared to 
control + MFA. 
 
↓ vessel sensitivity 
in control + MFA 
compared to 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      control without 
MFA 
 
↑ vessel sensitivity 
in WBB + MFA 
compared to 
control + MFA. 

 

Del Bo et 
al. (2012) 
 
Maine, 
USA 

Sprague-
Dawley 
male rats 
(n = 40).  

Vaso-
constriction 
and vessel 
sensitivity in 
thoracic 
aorta rings. 

Freeze-
dried WBB 
powder 
added to 
diets at 8% 
w/w for 4 or 
7 weeks.  
 
Four diet 
groups: 
control 4-
week, WBB 
4-week, 
control 7-
week, and 
WBB  
7-week.  

21 ACNs 
detected in 
blueberry 
powder. 
 
Peonidin-3-
glucoside and 
malvidin-3-
galactoside 
most 
abundant of 
total ACNs 
(1.6 ± 0.2 
mg/100 mg), 
with about 
20.7 mg/day 
of ACNs 
consumed in 
WBB groups. 

↓ vasoconstriction 
to Phe for WBB 7-
week diet 
compared to 7-
week control and 4-
week WBB diets.  
 
↑ vessel sensitivity 
to Phe for WBB 4-
week diet 
compared to 4-
week control diet. 
 
↓ vessel sensitivity 
to Phe for WBB 7-
week diet 
compared to 7-
week control and 4-
week WBB diets. 

↑ vasoconstriction 
in all groups after 
L-NMMA 
administration 
compared to 
controls without L-
NMMA. 
 
↑ vasoconstriction 
for WBB 7-week 
diet with L-NMMA 
compared to 7-
week control with 
L-NMMA, WBB 7-
week without L-
NMMA, and WBB 
4-week with L-
NMMA. 
 
↓ vessel sensitivity 
in both 4-week diet 
groups after L-
NMMA compared 
to without 

WBB 
improves 
vascular 
function 
through 
eNOS/NO 
pathway. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      L-NMMA. 
 
↑ vessel sensitivity 
in both 7-week 
diets after L-
NMMA compared 
to without L-
NMMA 7-week 
diets, but ↓ 
compared to their 
4-week diet 
counterparts after 
L-NMMA. 

 

Kristo et al. 
(2013) 
 
Maine, 
USA 

Spon-
taneously 
hyper-
tensive 
male rats 
(n = 20). 

Vaso-
constriction 
and vessel 
sensitivity in 
thoracic 
aorta rings.  

Freeze-
dried WBB 
powder 
added to 
diets at 8% 
w/w for 8 
weeks.  
 
Two diet 
groups: 
control and 
WBB. 

Total 
phenolics 
(gallic acid 
equivalents) 
were 
identified at 
4.4% w/w, 
with 
chlorogenic 
acid most 
abundant 
(510 mg/100 
g). 
 
1.5% w/w 
ACNs 
concentration, 
with malvidin 

↓ vasoconstriction 
to Phe in WBB 
group compared to 
control. 
 
No significant 
effects on other 
vascular measures. 
 
 

↑ vasoconstriction 
in both groups 
after ODQ 
administration 
compared to no 
ODQ, with ↑ 
vasoconstriction in 
WBB + ODQ 
compared to 
control + ODQ. 
 
↓ vasoconstriction 
in both groups 
after TCP 
administration 
compared to no 
TCP but did not 
change 

WBB 
improves 
vascular 
function 
through NO-
sGC-cGMP 
signalling 
pathway. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

    3-galactoside 
and peonidin 
3-glucoside 
making up 
13% of ACNs 
content (1.6 ± 
0.2 mg/100 
mg). 

 association of 
WBB response 
curve to control. 
 
↓ vasoconstriction 
in WBB + TCP 
compared to 
control + TCP. 
 
↓ vasoconstriction 
in WBB + 
dazoxiben 
compared to 
control + 
dazoxiben; 
however, TXA2 
was not 
associated with 
WBB improving 
vascular function 
since ↓ 
vasoconstriction in 
WBB group was 
seen compared to 
control regardless 
of inhibitor 
administration. 
 
↑ plasma cGMP 
and 6kPGF1α 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      in WBB group 
compared to 
control. 

 

Rodriguez-
Mateos et 
al. (2013) 
 
Tokushima
, Japan 
and 
England, 
UK 

Wistar 
male rats 
(n = 32). 

Vaso-
constriction 
and vaso-
relaxation in 
aorta rings. 

Freeze-
dried 
highbush 
BB powder 
added to 
diets at 2% 
w/w for 10 
weeks.  
 
Four diet 
groups: 
control 
chow, 
control 
chow + BB, 
high-fat, and 
high-fat + 
BB. 
 

Flavonoids 
(mg/100g 
diet) in 2% 
blueberry 
diets: ACNs 
11·80, 
procyanidins 
8·46, 
procyanidin 
monomers 
0·63, and 
procyanidin 
dimers 1·78. 
Total 
flavonoids 
measured 
were 20·26 
mg/100g diet. 

↓ vasoconstriction 
to Phe in control 
chow + BB group 
compared to 
control chow and 
high-fat group.  
 
↓ vasoconstriction 
to Phe in high-fat + 
BB group 
compared to 
control chow and 
high-fat group.  
 
↑ vasorelaxation to 
Ach in high-fat + 
BB group 
compared to high-
fat group. 

Total flavonoid 
intake was ~3·85 
mg of total 
flavonoids. 
 
↓ SBP at 8 and 10 
weeks in control 
chow + BB group 
compared to 
control chow. 
 
↓ SBP in high-fat + 
BB group at 10 
weeks compared 
to high-fat control. 
 
 

Highbush BB 
improves 
vascular 
function 
through the 
endothelium. 

Vendrame 
et al. 
(2014) 
 
Maine, 
USA 

Obese 
Zucker 
male rats 
(n = 72). 

Vaso-
constriction, 
vaso-
relaxation, 
and vessel 
sensitivity in 
aorta rings. 

Freeze-
dried WBB 
powder 
added to 
diets at 8% 
w/w for 8 
weeks.  

Total ACNs 
was 1.5% 
w/w, with 
peonidin-3-
glucoside and 
malvidin-3-
galactoside 
most 
abundant. 

↑ vasoconstriction 
and ↓ 
vasorelaxation in 
obese + WBB 
group compared to 
obese control.  
 
↑ vasorelaxation in 
lean + WBB group 

↑ vasoconstriction 
in obese and lean 
control groups 
after MFA or L-
NMMA 
administration 
compared to 
controls without 
inhibitor, with 

WBB 
improves 
vascular 
function 
through COX 
and 
eNOS/NO 
pathways, 
with 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

   Four diet 
groups: 
lean, lean + 
WBB, 
obese, 
obese + 
WBB. 

 compared to lean 
control. 
 
↑ vessel sensitivty 
to Ach in lean + 
WBB and obese 
control compared 
to lean control. 
 
↓ vessel sensitivty 
to Ach in obese + 
WBB compared to 
obese control. 

obese + WBB + 
MFA ↑ 
vasoconstrcition 
compard to obese 
control + MFA and 
a further ↑ in 
vasoconstrcition in 
obese + WBB + L-
NMMA to the level 
of lean control. 
 
↓ vasorelaxation in 
obese + WBB + L-
NMMA compared 
to obese + L-
NMMA control.   
 
↑ vessel 
sesnistivity to Phe 
in both obese and 
lean + L-NMMA 
and MFA 
compared to 
obese and lean 
without inhibitor. 
 
↑ vessel 
sesnistivity in 
obese + WBB + L-
NMMA compared 
to obese + WBB 

eNOS/NO 
pathway 
seeming to be 
greater. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      and obese control 
+ L-NMMA. 
 
↑ vessel sensitivity 
in obese + WBB + 
MFA and obese 
control + MFA 
compared to 
obese + WBB and 
obese control, 
respectively. 
 
↓ plasma NO in 
obese + WBB 
compared to 
obese control.  
 
↑ plasma NO in 
lean + WBB and 
obese control 
compared to lean 
control.  
 
↑ aortic effluent 
6kPGF1α in obese 
+ WBB compared 
to obese control.  
 
↑ iNOS aorta gene 
expression in 
obese control and 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      ↓ in lean + WBB 
compared to lean 
control. 
 
↓ iNOS aorta gene 
expression in 
obese + WBB 
compared to 
obese control.  
 
↑ COX-2 aorta 
gene expression in 
obese control 
compared to lean 
control. 
 
↓ COX-2 aorta 
gene expression in 
obese + WBB 
group compared to 
obese control. 

 

Klimis-
Zacas et 
al. (2016) 
 
Maine, 
USA 

Obese 
Zucker 
male rats 
(n = 72). 

Vaso-
constriction 

and vaso-
relaxation in 
thoracic 
aorta rings. 

Freeze-
dried WBB 
powder 
added to 
diets at 8% 
w/w for 8 
weeks. 
 
Four diet 
groups: 

21 different 
ACNs were 
identified in 
WBB powder: 
 
Peonidin-3-
glucoside and 
malvidin-3-
galactoside 
most 

↓ vasoconstriction 
to Phe in obese 
control compared 
to lean control.  
 
↑ vasoconstriction 
to Phe in obese 
WBB compared to 
obese control. 

↓ IL-6, TNF-α, and 
CRP in obese 
WBB group 
compared to 
obese control.  
 
↓ NO in obese 
WBB group 
compared to 
obese control. 

WBB 
improves 
vascular 
function 
through 
eNOS/NO 
and COX 
pathways. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

   lean control, 
lean WBB, 
obese 
control, and 
obese WBB. 

abundant of 
total ACNs, 
and total 
ACNs content 
of WBB 
powder was 
1.5% w/w. 

↑ vasorelaxation to 
Ach in lean control 
compared to obese 
control.  

↑ NO in lean WBB 
groups compared 
to lean control.  
 
↑ 6kPGF1α in 
obese WBB group 
compared to 
obese control.  
 
↓ aorta gene 
expression of 
iNOS in obese and 
lean WBB group 
compared to their 
controls. 
 
↓ aorta gene 
expression of 
COX-2 in obese 
WBB group 
compared to 
control. 

 

Petersen et 
al. (2022) 
 
Utah, USA 

Diabetic 
db/db 
male 
mice (n = 
45). 

Vaso-
relaxation of 
mesenteric 
arteries. 

Freeze-
dried WBB 
powder 
added to 
diets at 
3.8% w/w 
for 10 
weeks.  

N/A ↑ Endothelium-
dependent 
vasorelaxation to 
Ach in WBB group 
compared to 
diabetic control.   

↓ ICAM-1 and 
VCAM-1 and 
monocyte binding 
to vessel in WBB 
group compared to 
diabetic control.  
 
↓ serum 
inflammatory 

WBB 
improves 
endothelium-
dependent 
vascular 
function 
through 
reduced 
NOX4 activity 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

   Three diet 
groups: 
control non-
diabetic 
mice, 
control 
diabetic 
mice, and 
diabetic 
mice + 
WBB. 

  chemokines, 
MCP1/JF and KC, 
in WBB group 
compared to 
diabetic control.  
 
↓ monocyte 
binding and KC 
secretion in mouse 
arterial endothelial 
cells incubated 
with serum from 
WBB group 
compared to 
diabetic control.  
 
↓ NOX4 and IκkB 
expression in 
arterial endothelial 
cells and aortic 
vessel in WBB 
group compared to 
diabetic control.  
 
Gut microbes 
significantly 
differed between 
all groups. Trends 
in microbiota alpha 
diversity indices 
(Shannon and 

(and likely 
reduced 
oxidative 
stress), and 
potentially 
through 
reduced 
inflammation, 
and changes 
in the 
microbiome. 
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Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      Simpson) in WBB 
group compared to 
diabetic control. 
Beta-diversity 
significantly 
different at the 
phylum and genius 
level between all 
groups. WBB 
supplementation 
significantly 
increased 
Actinobacteria 
abundance 
compared to 
diabetic control. 
WBB 
supplementation 
significantly 
increased 
Adlercreutzia, 
Bifidobacterium, 
and Dorea 
compared to 
diabetic control. 
WBB 
supplementation 
showed changes 
in predicted 
pathways in 
diabetic mice 

 



 

56 

 

Table 2.1. Research studies examining the impact of blueberry consumption on endothelial function in animal models. 

Reference 
& 

Location 

Animal 
Model 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Possible 
Mechanistic/ 

Pathway-related 
Results 

Mechanism/ 
Pathway 

Conclusions 

      compared to 
diabetic control. 

 

Abbreviations: Ach, acetylcholine (vasodilator); 6kPGF1α, 6-keto prostaglandin F1; ACNs, anthocyanin; BB, blueberry; CRP, C-
reactive protein; COX-2, cyclooxygenase 2; cGMP, cyclic guanosine monophosphate; eNOS, endothelial nitric oxide synthase; iNOS, 
inducible nitric oxide synthase; IκkB, inhibitor Kappa B kinase; ICAM-1, intercellular adhesion molecule 1; IL-6, interleukin 6; NOX4, 
NADPH oxidase 4; NO, nitric oxide; L-NMMA, L-NG-monomethyl-arginine (eNOS inhibitor); MFA, mefenamic acid (COX inhibitor); 
MCP-1, monocyte chemoattractant protein-1; N/A, not available; ODQ, 1H-[1,2,4]oxadiazolo[4,3-α]quinoxalin-1-one (sGC inhibitor); 
Phe, L-phenylephrine (vasoconstrictor); PDE5, phosphodiesterase-5; Phe, phenylephrine; PGI2, prostaglandin I2; SBP, systolic blood 
pressure; TXA2, thromboxane A2, TCP, tranylcypromine (PGI2 synthase inhibitor); TNF-α, tumor necrosis factor alpha; VCAM-1, 
vascular cell adhesion molecule 1; WBB, wild blueberry. 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

Del Bo et al. 
(2013) 
 
Milan, Italy 

Randomized, 
crossover, 
controlled 
trial (blinding 
not 
specified). 

Healthy males (n 
= 10). 
 
2Age: 20.8 ± 1.6 
y BMI 22.5 ± 2.1 
kg/m2; SBP 
119.5 ± 8.8 
mmHg; DBP 
76.5 ± 6.2 
mmHg. 
 
2BB group: SBP 
119.5 ± 8.8 
mmHg; DBP 
76.5 ± 6.2 
mmHg; RHI 1.96 
± 0.39. 
 
2Control group: 
SBP 122.5 ± 
10.4 mmHg; 
DBP 76.3 ± 4.8 
mmHg; RHI 1.94 
± 0.30. 

RHI. 
 
Measures 
taken at 
baseline and 
1 h after 
treatment 
consumption. 

300 g whole 
highbush BB 
partially 
thawed into a 
gelatinous 
mixture. 
Control jelly 
consisted of 
20 g gelatin + 
sugars to 
match BB 
mixed in 200 
mL hot water 
and cooled to 
solidify to 
match BB 
consistency. 
 
Each 
treatment 
period 
separated by 
10-day 
washout. 

727 mg total 
phenolic acids, 
348.3 mg 
ACNs, and 90.3 
mg chlorogenic 
acid. 

No 
significant 
effects on 
vascular 
measures.  

↓ H2O2-
induced DNA 
damage in 
participant’s 
PBMCs at 1 
h, not 2 or 24 
h, after BB 
consumption 
compared to 
control. 

Rodriguez-
Mateos et 
al. (2013) 
 
England, 
UK 

Randomized, 
double-blind, 
crossover, 
controlled 
trial. 

Healthy males (n 
= 10). 
 
1Age 27 ± 1.3 y; 
BMI 25 ± 0.8 
kg/m2; SBP 123 
± 2.3 mmHg; 

FMD, PWV, 
AIx, DVP-SI, 
and DVP-RI. 
 
Measures 
taken at 
baseline and 

34, 57 and 80 
g of freeze-
dried WBB 
powder mixed 
with 500 mL 
of low-nitrate 
water. 

34 g WBB 
powder 
contains 766 
mg total 
(poly)phenols, 
310 mg ACNs, 
137 mg 

↑ FMD 1 h 
after WBB 
consumption 
(all doses) 
compared to 
baseline and 
placebo. 

↑ plasma 
benzoic acid 
at baseline 
and 2 h after 
34 g WBB 
consumption 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

 Time-course 
trial. 

DBP 71 ± 2.1 
mmHg; FMD 7.1 
± 0.1%. 
 
134 g WBB 
group: FMD 7.0 
± 0.2%; PWV 5.9 
± 0.2 m/s; AIx 
2.3 ± 3.9%; 
DVP-SI 6.0 ± 0.4 
m/s; DVP-RI 67 
± 4%. 
 
157 g WBB 
group: FMD 7.2 
± 0.5%; PWV 5.9 
± 0.2 m/s; AIx 
2.3 ± 3.4%; 
DVP-SI 6.2 ± 0.4 
m/s; DVP-RI 78 
± 2%. 
 
180 g WBB 
group: FMD 7.0 
± 0.3%; PWV 5.8 
± 0.2 m/s; AIx 
1.4 ± 3.8%; 
DVP-SI 6.1 ± 0.2 
m/s; DVP-RI 70 
± 5%. 

2, 4, and 6 h 
after 
treatment 
consumption. 
 
FMD was 
also 
measured 1 
h after 
treatment 
consumption. 

Placebo drink 
was matched 
to the 57 g 
blueberry 
drink for 
macronutrient 
and 
micronutrient 
content. 
 
Washout 
period not 
specified. 

procyanidins, 
and 273 mg 
chlorogenic 
acid.  
 
57 g WBB 
powder 
contains 1278 
mg total 
(poly)phenols, 
517 mg ACNs, 
228 mg 
procyanidins, 
and 455 mg 
chlorogenic 
acid. 
 
80 g WBB 
powder 
contains1791 
mg total 
(poly)phenols, 
724 mg ACNs, 
320 mg 
procyanidins, 
and 637 mg 
chlorogenic 
acid. 

↑ FMD 2 h 
after 34 g 
and 57 g 
WBB 
consumption 
compared to 
baseline and 
placebo, 
while ↑ FMD 
at 2 h for 80 
g dose only 
compared to 
placebo.  
 
↑ FMD 6 h 
after WBB 
consumption 
for 34 g dose 
compared to 
baseline and 
placebo, 
while ↑ 
FMD at 6 h 
for 54 g dose 
compared 
only to 
placebo. 
         
No 
significant 
effects on 

compared to 
placebo.  
↑ in 6 plasma 
(poly)phenol 
metabolites at 
increase 1-2 h 
post 34 g 
WBB 
consumption 
and later 
increase of 8 
metabolites 6 
h post 34 g 
WBB 
consumption. 

↓ neutrophil 
NOX activity 
1-2 and 6 h 
after 34 g 
WBB 
consumption. 
 
Δ plasma 
vanillic acid, 
hippuric acid, 
and 
homovanillic 
acid predicted 
↓ in NOX 
activity. 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

  1Control group: 
FMD 7.1 ± 0.3%; 
PWV 5.9 ± 0.4 
m/s; AIx 3.1 ± 
5.9%; DVP-SI 
6.4 ± 0.2 m/s; 
DVP-RI 69 ± 7%. 

   other 
vascular 
measures. 

Signifcant 
correlation 
between Δ 
FMD and 
NOX activity 
after 34 g 
WBB 
consumption. 

Rodriguez-
Mateos et 
al. (2013) 
 
England, 
UK 

Randomized, 
double-blind, 
crossover, 6-
arm 
controlled 
trial. 
 
Dose-
dependent 
trial. 

Healthy males (n 
= 11). 
 
1Age 27 ± 1.0 y; 
BMI 22 ± 0.9 
kg/m2; SBP 120 
± 1.7 mmHg; 
DBP 65 ± 1.8 
mmHg; FMD 6.3 
± 0.2%.  

FMD. 
 
Measures 
taken at 
baseline and 
1 h after 
treatment 
consumption. 

14, 28, 34, 
57, and 80 g 
freeze-dried 
WBB powder 
mixed with 
500 mL of 
low-nitrate 
water. 
 
Placebo drink 
was matched 
to 57 g WBB 
drink for 
macronutrient 
and 
micronutrient 
content. 
 
Washout 
period not 
specified. 
 

14 g WBB 
powder 
contained 319 
mg total 
(poly)phenols, 
129 mg ACNs, 
57 mg 
procyanidins, 
and 114 mg 
chlorogenic 
acid.  
 
28 g WBB 
powder 
contained 639 
mg total 
(poly)phenols, 
258 mg ACNs, 
114 mg 
procyanidins, 
and 228 mg 
chlorogenic 
acid. 

↑ FMD at 1 h 
after WBB 
consumption 
up to 34 g 
WBB and 
plateaued 
thereafter for 
other doses. 

No other 
significant 
findings. 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

     34 g WBB 
powder 
contained 766 
mg total 
(poly)phenols, 
310 mg ACNs, 
137 mg 
procyanidins, 
and 273 mg 
chlorogenic 
acid.  
 
57 g WBB 
powder 
contained 1278 
mg total 
(poly)phenols, 
517 mg ACNs, 
228 mg 
procyanidins, 
and 455 mg 
chlorogenic 
acid. 
 
80 g WBB 
powder 
contained 1791 
mg total 
(poly)phenols, 
724 mg ACNs, 
320 mg 
procyanidins, 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

     and 637 mg 
chlorogenic 
acid. 

  

Rodriguez-
Mateos et 
al. (2014) 
 
England, 
UK 

Randomized, 
crossover, 
controlled 
trial. 

Healthy males (n 
= 10). 
 
1Age 27 ± 1 y; 
BMI 25 ± 0.8; 
SBP 124 ± 2.6 
mmHg; DBP 74 
± 2.5 mmHg; 
FMD 7.0 ± 0.1%.  

FMD. 
 
Measures 
taken at 
baseline, and 
1, 2, 4, and 6 
h after 
treatment 
consumption. 
 
 

Baked 
product using 
34 g freeze-
dried WBB 
powder or 34 
g 
unprocessed 
freeze-dried 
WBB powder 
drink or 
matched 
control baked 
product (bun). 
 
Each 
treatment 
period 
separated by 
1-week 
washout. 

Baked WBB 
product 
contained 196 ± 
7.7 mg ACNs, 
140 ± 7.4 
procyanidins, 
and 221± 10 
mg chlorogenic 
acid. 
 
Unprocessed 
WBB drink 
contained 339 ± 
6.1 mg ACNs, 
111 ± 4.1 
procyanidins, 
and 179 ± 1 mg 
chlorogenic 
acid. 

↑ FMD 1, 2, 
and 6 h after 
baked WBB 
product 
consumption 
compared to 
control bun 
with max 
increase at 2 
h. 
 
↑ FMD 1, 2, 
and 6 h after 
unprocessed 
WBB drink 
consumption 
compared to 
control bun 
with max 
increase at 1 
h (instead of 
2 h seen with 
baked 
product).  

At 1-2 h post 
bun 
consumption, 
plasma 
vanillic and 
ferulic acids 
predicted ↑ 
FMD, while 
vanillic and 
benzoic acids 
predicted ↑ 
FMD after 
unprocessed 
WBB drink 
consumption.  
 
At 4-6 h post 
unprocessed 
WBB drink 
consumption, 
plasma 
hippuric, 
hydroxy-
hippuric, and 
homovanillic 
acids 
predicted ↑ 
FMD after 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

       4-6 h 
unprocessed 
WBB drink 
consumption. 
 
Compared to 
Control Bun: 

At 1-2 h, ↑ in 
4 metabolites 
after baked 
WBB product 
and ↑in 6 
metabolites 
after 
unprocessed 
BB drink 
consumption. 
 
At 6 h, ↑ in 4 
metabolites 
after baked 
WBB product 
and increase 
in 8 
metabolites 
after 
unprocessed 
WBB drink 
consumption. 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

       Compared to 
Unprocessed 
WBB drink: 

↑ Cmax of 
plasma 3-
hydroxy-
phenylacetic 
acid after 
baked WBB 
product 
consumption 
and ↓  in 
plasma 
benzoic and 
hippuric 
acids. 
 
↓ AUC 0-6 h 
plasma 
benzoic, 
hippuric, 
salicyclic, and 
sinapic acids 
and ↑ AUC 0-
6 h plasma 
ferulic, 
hydroxy-
hippuric, and 
3-hydroxy-
phenylacetic 
acids after 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

       baked WBB 
product 
consumption. 

Del Bo et al. 
(2014) 
 
Milan, Italy 

Randomized 
crossover, 3-
arm, 
controlled 
trial (blinding 
not 
specified).  

Healthy male 
smokers, 
defined as ~15 
cigarettes/d (n = 
16). 
 
1Age 23.6 ± 0.7 
y; BMI 23.0 ± 0.5 
kg/m2; SBP 
116.0 ± 1.7 
mmHg; DBP 
76.1 ± 2.1 
mmHg; RHI 2.23 
± 0.07; F-RHI 
0.65 ± 0.07; dAIx 
-8.6 ± 2.0%; 
dAIX@75 bpm -
18.4 ± 2.2%.  

RHI, F-RHI, 
dAIx, and 
dAIx@75 
bpm. 
 
Measures 
were taken 
at baseline 
and 20 min 
after 
treatment 
consumption. 

300 g whole 
highbush BB 
+ smoking, 
control 
treatment 
(300 mL 
water with 
sugar) + 
smoking, or 
smoking 
alone with no 
BB or control 
treatment. 
 
Each 
treatment 
period 
separated by 
1-week 
washout. 

726.6 mg total 
phenolic acids, 
348.3 mg 
ACNs, and 90.3 
mg chlorogenic 
acid. 

↓ RHI, F-
RHI, dAIx, 
and dAIx@ 
75bpm after 
smoking. 
 
Highbush BB 
consumption 
counteracted 
impairments 
in RHI and F-
RHI.  
 
No 
significant 
effects on 
other 
vascular 
measures. 

BB 
significantly 
counteracted 
↑ SBP from 
smoking. 

Del Bo et al. 
(2017) 
 
Milan, Italy 

Randomized, 
crossover, 2-
arm 
controlled 
pilot trial 
(blinding not 
specified).  

Nonsmoking 
men with 
peripheral 
arterial 
dysfunction, 
defined as RHI < 
1.67 (n = 12). 

RHI, dAIx, 
and 
dAIx@75 
bpm. 
 
Measures 
were taken 
at baseline 

300 g whole 
highbush BB 
or control 
treatment 
(300 mL 
water with 
sugar). 

856 mg total 
phenolic acids, 
309 mg ACNs, 
and 30 mg 
chlorogenic 
acid. 

↑ RHI after 
highbush BB 
consumption 
in 
nonsmokers 
compared to 
control. 

No other 
significant 
findings.  
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

  1Age 24.2 ± 1.2 
y; BMI 22.5 ± 1.2 
kg/m2; SBP 
116.9 ± 3.2 
mmHg; DBP 
75.3 ± 2.9 
mmHg; RHI 1.41 
± 0.07; dAIx -
14.6 ± 2.7%; 
dAIX@75 bpm -
20.0 ± 5.8%. 

and 120 min 
after 
treatment 
consumption. 

Each 
treatment 
period 
separated by 
1-week 
washout. 

 No 
significant 
effects on 
other 
vascular 
measures. 

 

Del Bo et al. 
(2017) 
 
Milan, Italy 

Randomized, 
crossover, 3-
arm 
controlled 
pilot trial 
(blinding not 
specified). 

Smoking men 
with peripheral 
arterial 
dysfunction, 
defined as RHI < 
1.67 (n = 12). 
 
1Age 24.5 ± 1.9 
y; BMI 22.9 ± 1.1 
kg/m2; SBP 
118.2 ± 2.9 
mmHg; DBP 
75.7 ± 2.7 
mmHg; RHI 1.47 
± 0.05; dAIx -
12.7 ± 2.5%; 
dAIx@75 bpm -
18.2 ± 5.0%.  

RHI, dAIx, 
and 
dAIx@75 
bpm. 
 
Measures 
were taken 
at baseline 
and 120 min 
after 
treatment 
consumption. 
 
 

300 g whole 
highbush BB 
+ smoking, 
control 
treatment 
(300 mL 
water with 
sugar) + 
smoking, or 
smoking 
alone with no 
BB or control 
treatment. 
 
Each 
treatment 
period 
separated by 
1-week 
washout. 

856 mg total 
phenolic acids, 
309 mg ACNs, 
and 30 mg 
chlorogenic 
acid. 

↑ RHI in 
highbush BB 
+ smoking 
and control 
treatment + 
smoking 
groups 
compared to 
smoking 
alone. 
 
No 
significant 
effects on 
other 
vascular 
measures. 

No other 
significant 
findings. 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

Dodd et al. 
(2019) 
 
Berkshire, 
UK 

Randomized, 
crossover, 
controlled 
trial (blinding 
not 
specified). 

Older adults with 
cognitive decline 
(n = 18). 
 
2Age 68.72 ± 
3.30 y; BMI 
25.89 ± 4.46 
kg/m2; SBP 
135.02 ± 7.34 
mmHg; DBP 
78.55 ± 3.38 
mmHg. 

DVP 
(secondary 
outcome). 
 
Measures 
taken at 
baseline and 
1 h after 
treatment 
consumption. 
 
 

Freeze-dried 
highbush BB 
powder (~30 
g) and control 
powder mixed 
in 300 mL 
semi-
skimmed milk. 
 
Washout 
period not 
specified. 

507.79 mg 
ACNs and 
71.03 mg 
epicatechin 
oligomers. 

No 
significant 
effects on 
vascular 
measures. 

BB treatment 
trended 
towards 
attenuation of 
↑ SBP after 
control 
treatment. 

Rodriguez-
Mateos et 
al. (2019) 
 
England, 
UK 

Randomized, 
double-blind, 
crossover, 5-
arm 
controlled 
trial. 

Healthy males (n 
= 5). 
 
2Age 23 ± 3 y; 
BMI 24 ± 3 
kg/m2; SBP 124 
± 11 mmHg; 
DBP 71 ± 9 
mmHg. 

FMD. 
 
Measures 
taken at 
baseline and 
1, 2, and 6 h 
after 
treatment 
consumption. 
 
 

5 different 
drinks 
consisting of: 
1) 11 g 
freeze-dried 
WBB powder 
drink mixed 
with 500 mL 
of low-nitrate 
water, 2) 
control drink, 
3) control 
drink + fiber, 
4) control 
drink + 
minerals and 
vitamins, and 
5) 160 mg 
pure ACNs 

WBB drink: 150 
mg ACNs and 
64 mg 
chlorogenic 
acid. 
 
ACNs drink: 
160 mg ACNs. 

↑ FMD at 2 
and 6 h post 
WBB and 
ACNs drink 
consumption 
compared to 
control drink. 

Plasma ferulic 
acid-4-O-
sulfate, 
isoferulic 
acid-3-O-β-D-
glucuronide, 
dihydroferulic 
acid, 
dihydroferulic 
acid 4-O-β-D-
glucuronide, 
chlorogenic 
acid, vanillic 
acid, 
homovanillic 
acid, proto-
catechuic 
acid, syringic 
acid, 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

    drink. 
 
Each 
treatment 
period 
separated by 
1-week 
washout. 

  4-hydroxy-
benozic acid, 
4-methylgallic 
acid-3-O-
sulfate, 1-
methyl-
pyrogallol-O-
sulfate, 4-
hydroxy-
phenyl acetic 
acid, and 
quercetin 3-
O-β-D-
glucuronide 
all 
significantly 
correlated to 
2-h FMD in 
WBB group. 

Curtis et al. 
(2022) 
 
Anglia, UK 

Randomized, 
double-blind, 
parallel arm, 
controlled 
trial. 

Adults with 
metabolic 
syndrome (n = 
45). 
 
2Age 63.2 ± 8.8 
y; 2BMI 31.5 ± 
2.9 kg/m2; 3SBP 
136 (133,140) 
mmHg; 3DBP 
82.9 (81.0, 84.8) 
mmHg; 3FMD 

FMD, 
AIx@75 
bpm, and 
cfPWV. 
 
Measures 
were taken 
at baseline, 
and then at 
3, 6, and 24 
h after 
consumption. 

26 g freeze-
dried 
Highbush BB 
or 26 g 
placebo-
matched 
powder. 
 
Powder 
added to 500 
g energy-
dense 

879 mg total 
phenolic acids 
and 364 mg 
ACNs. 

No 
significant 
effects on 
vascular 
measures. 

↑ serum and 
urine ACNs 
metabolite 
concentration 
24 h after 
consumption, 
with greater ↑ 
serum 
concentration 
at 6 and 24 h, 
and greater ↑ 
urinary 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

  2.1 (1.6, 2.7)%; 
3AIx@75 bpm 
35.7 (33.7, 
37.7)%; 3PWV 
11.0 (10.5, 11.4) 
m/s. 

 emulsion 
meal and 50 g 
water into 
opaque 
shaker bottle 
and 
consumed by 
participant 
within 15 min. 

  concentration 
at 6-24 h 
compared to 
placebo.  
 
↑ postprandial 
plasma 
glucose 1 h 
and ↓ 
postprandial 
plasma 
glucose and 
insulin in BB 
group 3 h 
compared to 
placebo.  
 
↑ HDL at 90 
min and 6 h in 
BB group 
compared to 
placebo.  
 
↑ apo-A, XL-
HDLP, and L-
HDLP at 6 h 
as well as XL-
HDLP at 3 h 
in BB 
compared to 
placebo. 
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Table 2.2. Human clinical trials examining the impact of acute (≤ 24 h) blueberry consumption on vascular function.  

Reference 

& Location 

Study 

Design 

Participant 

Baseline 

Characteristics 

Vascular 

Measures 
Blueberry 
Treatment 

Blueberry 

(Poly)phenol 

Content 

Vascular 

Results 

Other 

Related 

Results 

       ↓ TC at 24 h 
in BB 
compared to 
placebo. 

1Data are presented as mean ± SEM; 2Data are presented as mean ± SD; 3Data are presented as mean (ranges). 
Abbreviations: ACNs, anthocyanins; Apo-A1, apolipoprotein A-1; AIx, augmentation index; AIx@75 bpm, AIx normalized to heart 
rate of 75 beats per minute; BB, blueberry; baPWV, brachial-ankle pulse wave velocity; BP, blood pressure; BMI, body mass index; 
cfPWV, carotid-femoral pulse wave velocity; Cmax, maximum concentration; DBP, diastolic blood pressure; dAIx, digital augmentation 
index; DVP-RI, digital volume pulse reflection index; DVP-SI, digital volume pulse stiffness index; FMD, flow-mediated dilation; F-
RHI, Framingham reactive hyperemia index; HDL-C, high density lipoprotein-cholesterol; N/A, not available; NO, nitric oxide; PBMC, 
peripheral blood mononuclear cells; PWA, pulse wave analysis; PWV, pulse wave velocity; RHI, reactive hyperemia index; SBP, 
systolic blood pressure; XL/L-HDLP, extra-large/large high density lipoprotein particles; TC, total cholesterol; WBB, wild blueberry. 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

Riso et al. 
(2013) 
 
Milan, Italy 

Randomized, 
crossover, 
controlled 
trial (blinding 
not 
specified). 

Healthy males 
with at least one 
CVD risk factor 
(n = 18). 
 
2Age 47.8 ± 9.7 
y; BMI 24.8 ± 2.6 
kg/m2; SBP 121 
± 16 mmHg, and 
DBP 79.4 ± 8.7 
mmHg; RHI 1.84 
± 0.46; FRHI 
0.32 ± 0.27; AIx 
5.22 ± 18.5; 
AIx@75 bpm 0.0 
± 17.4. 

RHI, F-RHI, 
AIx, and 
AIx@75 
bpm. 
 
Measures 
taken at 
baseline and 
after 6 weeks 
of treatment 
consumption. 
 

25 g freeze-
dried WBB 
powder or 
placebo 
powder 
containing 
similar sensory 
characteristics 
as WBB 
powder mixed 
with 250 mL of 
water and 
consumed 
daily for 6 
weeks. 
 
Each treatment 
period 
separated by 
6-week 
washout. 

WBB 
treatment 
contained 375 
mg ACNs and 
127.5 mg 
chlorogenic 
acid. 

No 
significant 
effects on 
vascular 
measures. 
 

↓ Endogenous 
oxidized DNA 
bases and 
H2O2-induced 
DNA damage in 
blood 
mononuclear 
cells in WBB 
group 
compared to 
placebo. 
 
 

McAnulty 
et al. 
(2014) 
 
North 
Carolina, 
USA 

Randomized, 
double-blind, 
parallel arm, 
controlled 
trial. 

Sedentary men 
and 
postmenopausal 
women (n = 25). 
 
2BB group (n = 
13): age 46.15 ± 
11.92 y; BMI 
27.8 ± 5.46 
kg/m2; SBP 
117.23 ± 7.85 

cfPWV and 
AIx. 
 
Measures 
taken at 
baseline and 
after 6 weeks 
of treatment 
consumption. 

19 g 
tifblue/rubel BB 
powder or 19 g 
placebo 
powder 
consumed 
2x/day (38 
g/day total) 
each night with 
evening meal 
for 6 weeks. 

N/A ↓ AIx in BB 
group 
compared to 
placebo. 
 
No 
significant 
effects on 
other 
vascular 
measures. 

↓ aortic systolic 
pressure in BB 
group 
compared to 
placebo. 
 
↓ DBP in pre-
hypertensive 
participants. 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

  mmHg; DBP 
74.61 ± 11.46 
mmHg; cfPWV 
8.4 ± 1.1 m·s2; 
AIx 18.91 ± 11 
m/s2. 
 
2Placebo group 
(n = 12): age 
39.92 ± 13.38 y; 
BMI 24.23 ± 3.44 
kg/m2; SBP 
113.53 ± 10.39 
mmHg; DBP 
70.15 ± 8.8 
mmHg; cfPWV 
8.8 ± 1.9 m·s2; 
AIx 23.2 ± 7.79 
m/s2. 

    ↑ NK cells in 
BB group 
compared to 
placebo. 

Johnson et 
al. (2015) 
 
Florida, 
USA 

Randomized, 
double-blind, 
placebo-
controlled, 
parallel arm, 
controlled 
trial. 

Postmenopausal 
women with 
elevated BP or 
stage-1 
hypertension (n 
= 40). 
 
2BB group (n = 
20): age 59.7 ± 
4.58 y; BMI 30.1 
± 5.94 kg/m2; 
SBP 138 ± 14 
mmHg; DBP 

baPWV and 
cfPWV. 
 
Measures 
taken at 
baseline, 4 
weeks, and 8 
weeks. 

11 g freeze-
dried highbush 
BB powder or 
11 g calorie-
matched 
placebo 
powder mixed 
in 1 cup (240 
mL) of water 
consumed 
2x/day (22 
g/day total) for 
8 weeks. 

BB treatment 
contained 
844.58 mg 
phenolics and 
469.48 mg 
ACNs. 

↓ baPWV in 
BB group 
compared to 
baseline and 
placebo.   
 
No 
significant 
effects on 
other 
vascular 
measures. 

↓ SBP and DBP 
in BB group 
compared to 
baseline and 
placebo. 
 
↑ plasma NO in 
BB group 
compared to 
baseline. 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

  80 ± 7 mmHg; 
baPWV 1,498 ± 
179 cm/s; 
cfPWV 1,234 ± 
201 cm/s. 
 
2Placebo group 
(n = 20): age 
57.3 ± 4.76 y; 
BMI 32.7 ± 6.54 
kg/m2; SBP 138 
± 15 mmHg; 
DBP 78 ± 8 
mmHg; baPWV 
1,464 ± 194 
cm/s; cfPWV 
1,233 ± 194 
cm/s. 

     

Stull et al. 
(2015) 
 
Louisiana, 
USA 

Randomized, 
double-blind, 
parallel arm, 
controlled 
trial.  

Adults with 
metabolic 
syndrome (n = 
44). 
 
1BB group (n = 
23): age 55 ± 2 
y; BMI 35.2 ± 0.8 
kg/m2; SBP 
125.7 ± 2.2 
mmHg; DBP 
82.7 ± 1.9 
mmHg; 

RHI. 
 
Measures 
were taken 
at baseline 
and after 6 
weeks of 
treatment 
consumption. 

45 g freeze-
dried highbush 
BB powder or 
placebo-
matched 
powder added 
in a smoothie 
containing 12 
oz yogurt and 
skim milk 
consumed 
2x/day (22.5g) 
for 6 weeks. 

BB treatment 
contained 
773.6 mg 
phenolics and 
290.3 mg 
ACNs. 

↑ RHI in BB 
group 
compared to 
control.  
 

No other 
significant 
results.  
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

  RHI 1.94 ± 0.11 
(n = 22 for RHI). 
 
1Placebo group 
(n = 21): age 59 
± 2 y; BMI 42.8 ± 
1.6 kg/m2; SBP 
125.0 ± 3.2 
mmHg; DBP 
77.5 ± 1.9 
mmHg; RHI 2.34 
± 0.16 (n = 18 
for RHI). 

     

Stote et al. 
(2017) 
 
New York, 
USA 

Randomized, 
crossover, 
single-blind, 
controlled 
trial. 

Adults at risk for 
type 2 diabetes 
(n = 19). 
 
2Age 53 ± 6.3 y; 
BMI 31.4 ± 2.9 
kg/m2; SBP 
126.6 ± 14.0 
mmHg; DBP 
81.7 ± 8.7 
mmHg. 

RHI. 
 
Measures 
were taken 
at baseline 
and after 7 
days of 
treatment 
consumption. 
 

120 mL WBB 
juice and 120 
mL placebo 
drink 
containing 
similar 
characteristics 
to blueberry 
drink without 
(poly)phenols 
consumed 
2x/day (240 
mL) for 7 days. 
 
Each treatment 
period 
separated by 
8-day washout. 

WBB 
treatment 
contained 
2,138 mg 
phenolics, 
and 314 mg 
ACNs. 

No 
significant 
effects on 
vascular 
measure. 

Trend ↓ SBP 
after WBB 
treatment. 
 
↑ plasma nitrate 
and nitrite 
concentrations 
after WBB 
treatment 
compared to 
placebo. 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

Curtis et al. 
(2019) 
 
Anglia, UK 
 
 

Randomized, 
double-blind, 
parallel arm, 
controlled 
trial. 

Adults with 
metabolic 
syndrome (n = 
115). 
 
2BB group (13 g) 
(n = 37): age 
62.6 ± 7.2 y; BMI 
31.2 ± 2.6 kg/m2; 
3SBP 134-138 
mmHg; 3DBP 
80.3-83.0 
mmHg. 
 
2BB group (26 g) 
(n = 39): age 
63.0 ± 5.9 y; BMI 
31.3 ± 3.4 kg/m2; 
3SBP 134-138 
mmHg; 3DBP 
79.6-82.2 
mmHg. 
 
2Placebo group 
(n = 39): age 
62.9 ± 8.1 y; BMI 
31.1 ± 3.0 kg/m2; 
3SBP 134-138 
mmHg; 3DBP 
79.9-82.5 
mmHg. 

FMD, AIx, 
and cfPWV. 
 
Measures 
taken at 
baseline and 
after 6 
months of 
treatment 
consumption. 
 
 

3 interventions: 
1) 26 g freeze-
dried highbush 
BB, 2) 13 g 
freeze-dried 
BB and 13 g 
placebo-
matched 
powder, and 3) 
26 g placebo-
matched 
powder 
consumed as 
drink/smoothie, 
or added to 
cereals/ 
yogurts, 
banana toast, 
or to salads as 
a dressing 
1x/day for 6 
months. 

26 g BB 
treatment 
contained 364 
mg ACNs and 
879 mg 
phenolics. 
 
13 g BB 
treatment 
contained 182 
mg ACNs and 
439.5 mg 
phenolics. 

↑ FMD after 
26 g BB 
consumption 
compared to 
13 g BB 
dose and 
placebo.  
 
↓ AIx after 
26 g BB 
consumption 
compared to 
13 g dose 
and placebo. 
 
No 
significant 
effects on 
other 
vascular 
measures. 

↑ mean plasma 
cGMP 
concentrations 
after 26 g BB 
treatment 
compared to 
placebo. 
 
↑ serum and 
24-h urine 
ACNS 
concentrations 
after BB 
treatment in a 
dose-
dependent 
manner. 
 
↑ HDL-C, 
ApoA1, and 
HDL-P in non-
statin users 
after 26 g BB 
consumption 
compared to 
placebo. 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

Rodriguez-
Mateos et 
al. (2019) 
 
England, 
UK 
 

Uncontrolled, 
single-arm 
pilot study 
(blinding not 
specified). 
 
  

Healthy males (n 
= 5). 
 
2Age 24 ± 2 y; 
BMI 24 ± 3 
kg/m2; SBP 122 
± 7 mmHg; DBP 
73 ± 8 mmHg. 
 

FMD. 
 
Measures 
taken at 
baseline and 
7, 14, 21, 
and 28 days 
after 
treatment 
consumption. 

11 g WBB 
powder 
consumed 
2x/day (22 g 
total) mixed 
with 500 mL 
water for 28 
days.  

WBB 
treatment 
contained 150 
mg ACNs, 49 
mg flavanol 
monomers, 
31 mg 
flavanol 
oligomers, 
and 64 mg 
chlorogenic 
acid. 
 

↑ FMD after 
1 week of 
WBB 
treatment 
with further 
improvement 
at 2 weeks 
and 
plateaued 
thereafter.  

No other related 
outcomes 
measured. 

Rodriguez-
Mateos et 
al. (2019) 
England, 
UK 

Randomized, 
double-blind, 
parallel 2-
arm, acute-
on-chronic, 
controlled 
trial. 

Healthy males (n 
= 40). 
 
2Age 33 ± 6 y; 
BMI 24 ± 3 
kg/m2; SBP 128 
± 10 mmHg; 
DBP 75 ± 9 
mmHg. 
 

FMD, 
cfPWV, and 
AIx. 
 
Measures 
taken at 
baseline and 
after 28 days 
of treatment 
consumption.  
 
For the 
acute-on-
chronic 
study, 
measures 
were taken 
at 0 and 2 h 
post 

11 g WBB 
powder or 
placebo-
matched 
powder 
consumed 
2x/day (22 g 
total) mixed 
with 500 mL 
water for 28 
days. 

WBB 
treatment 
contained 150 
mg ACNs, 49 
mg flavanol 
monomers, 
31 mg 
flavanol 
oligomers, 
and 64 mg 
chlorogenic 
acid. 
 

↑ FMD after 
28 days of 
WBB 
treatment 
compared to 
placebo.  
 
No further 
improvement 
in FMD after 
acute 
consumption 
of WBB 
treatment on 
28th day.  
 
No 
significant 
effects on 

↓ 24-h SBP in 
WBB group 
compared to 
placebo. 
 
21 plasma 
(poly)phenol 
metabolites 
significantly 
correlated to 
FMD increase 
after WBB 
consumption.  
 
357 genes 
upregulated 
and 251 genes 
downregulated 
in PBMCs after 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

   blueberry 
consumption 
on day 28 of 
intervention. 

  other 
vascular 
measures. 

28 days of WBB 
treatment. 
 
3 miRNA 
differentially 
expressed in 
PBMCs after 28 
days of WBB 
treatment. 

Wang et al. 
(2022) 
 
England, 
UK  

Randomized, 
crossover, 
controlled 
trial. 

Healthy adults (n 
= 37). 
 
2Age 25.86 ± 
6.81; BMI 23.15 
± 3.12. 
 
1Whole BB 
group (n = 37): 
SBP 108.727 ± 
1.411 mmHg; 
DBP 64.059 ± 
1.440 mmHg; 
cfPWV 7.630 ± 
0.153 m/s. 
 
1BB powder 
group (n = 37): 
SBP 110.278 ± 
1.711 mmHg; 
DBP 64.333 ± 
1.482 mmHg; 

cfPWV. 
 
Measures 
taken at 
baseline and 
after 1 week 
of treatment 
consumption. 
 
 

160 g fresh 
whole 
highbush BB, 
20 g freeze-
dried BB 
powder, and 
control capsule 
containing 
plant-derived 
fiber micro-
crystalline 
cellulose 
consumed 
1x/day for 1 
week. 
 
Each treatment 
period 
separated by 
1-week 
washout.  

Fresh 
highbush BB 
contained 
220.48 mg/d 
total 
(poly)phenols. 
 
Freeze-dried 
BB powder 
contained 
288.43 mg/d 
total 
(poly)phenols. 
 
 

No 
significant 
effects on 
vascular 
measure. 

No other 
significant 
results. 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

  cfPWV 7.993 ± 
0.258 m/s. 
 
1Placedo group 
(n = 37): SBP 
109.314 ± 1.691 
mmHg; DBP 
63.676 ± 1.395 
mmHg; cfPWV 
8.265 ± 0.209 
m/s. 

     

Woolf et al. 
(2023) 
 
Colorado, 
USA 

Randomized, 
double-blind, 
parallel arm, 
controlled 
trial. 

Postmenopausal 
women with 
elevated BP or 
stage-1 
hypertension (n 
= 43). 
 
1BB group (n = 
22): age 60 ± 1 
y; BMI 27.6 ± 1.0 
kg/m2; SBP 130 
± 1 mmHg; DBP 
80 ± 1 mmHg; 
FMD 3.84 ± 
1.02%; cfPWV 
7.9 ± 0.2 m/s; 
AIx 36 ± 1%; 
AIx@75 bpm 29 
±2%. 

FMD, 
FMD/SRAUC, 
cfPWV, AIx, 
and AIx@75 
bpm. 
 
Measures 
taken at 
baseline and 
after 12 
weeks of 
treatment 
consumption. 

11 g freeze-
dried Highbush 
BB powder or 
11 g placebo 
powder 
matched for 
calories mixed 
in 1 cup (240 
mL) of water 
consumed 
2x/day (22 
g/day total) for 
12 weeks. 

BB treatment 
contained 766 
mg total 
(poly)phenols 
and 224 mg 
ACNs. 

↑ 
FMD/SRAUC 
after 12 
weeks of BB 
consumption 
and the Δ 
from 
baseline to 
12 weeks in 
FMD/SRAUC ↑ 
compared to 
placebo 
group. 
 
FMD 
statistically 
non-
significant, 
but a 
clinically 
significant, 

Supra-
physiologic 
ascorbic acid 
infusion acutely 
↑ FMD/SRAUC in 
both groups at 
baseline but 
significant 
differences 
went away at 
12 weeks in the 
BB group while 
trending 
differences 
were still 
present for 
placebo group 
at 12 weeks, 
and the 
difference 
between 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

  1Placebo group 
(n = 21): age 
57.3 ± 4.76 y; 
BMI 27.8 ± 61.1 
kg/m2; SBP 128 
± 1 mmHg; DBP 
82 ± 1 mmHg; 
FMD 4.69 ± 
0.55%; cfPWV 
7.4 ± 0.2 m/s; 
AIx 37 ± 1%; 
AIx@75 bpm 31 
± 1%. 

   increase of 
1.34% after 
12 weeks of 
BB 
consumption 
compared to 
baseline. 
 
No 
significant 
effects on 
other 
vascular 
measures. 

ascorbic acid 
and saline 
FMD/SRAUC ↓ at 
12 weeks 
compared to 
baseline in the 
BB group but 
not for the 
placebo group. 
 
↑ sum of 
plasma 
(poly)phenol 
metabolites in 
BB group 
compared to 
baseline and 
placebo at 4, 8, 
and 12 weeks. 
Δ from baseline 
to 4 and 12 
weeks in sum of 
(poly)phenol 
metabolites ↑ in 
BB group 
compared to 
placebo. 
 
↑ plasma 
hippuric acid, 3-
hydroxy-
hippuric, 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

       vanillic acid-4-
sulfate, 
protocatechuic 
acid, and  
2,5-
dihydroxybenzo
ic acid in BB 
group. 
 
Δ in 8 plasma 
(poly)phenol 
metabolites 
from baseline to 
12 weeks 
derived from 
myrcetin, 
phenyl-
propanoic aicd, 
benzoic acid, 
cinnamic acid, 
and 
phenylacetic 
acid were 
correlated with 
Δ FMD/SRAUC 
from baseline to 
12 weeks in BB 
group, but not 
placebo. 
 
1 plasma 
(poly)phenol 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

       metabolite at 12 
weeks derived 
from benzoic 
acid was 
correlated to Δ 
in FMD/SRAUC 
from baseline to 
12 weeks in BB 
group. 
 
Δ p47phox from 
baseline to 12 
weeks was 
negatively 
correlated Δ 
FMD/SRAUC 
from baseline to 
12 weeks, and 
p-eNOS at 12 
weeks was 
positively 
correlated to Δ 
in FMD/SRAUC 
from baseline to 
12 weeks in BB 
group. 

Wood et al. 
(2023) 
 
England, 
UK 

Randomized, 
double-blind, 
parallel arm, 
controlled 
trial. 

Healthy older 
adults aged 65-
80 y (n = 61). 
 
2BB group (n = 
32): age 69.44 ± 

FMD, 
cfPWV, and 
AIx@75 
bpm. 

26 g freeze-
dried WBB 
powder or 26 g 
placebo-
matched 
powder mixed 

WBB 
treatment 
contained 302 
mg ACNs and 
202.1 mg 
cholorogenic 

↑ FMD after 
12 weeks of 
WBB 
compared to 
placebo. 

↓ 24-h SBP in 
WBB group 
compared to 
placebo at 12 
weeks. 
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Table 2.3. Human clinical trials examining the impact of chronic (> 24 h) blueberry consumption on vascular function.   
Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

  3.48 y; BMI 
24.57 ± 2.7 
kg/m2; SBP 
128.52 ± 11.63 
mmHg; DBP 
81.05 ± 7.86 
mmHg; FMD 
3.62 ± 1.53%; 
cfPWV 7.94 ± 
3.07 m/s; 
AIx@75 bpm 
27.8 ± 7.11%. 
 
2Placebo group 
(n = 29): age 
70.76 ± 3.81 y; 
BMI 23.16 ± 2.59 
kg/m2; SBP 
128.36 ± 10.01 
mmHg; DBP 
79.59 ± 5.59 
mmHg; FMD 
4.11 ± 1.14%; 
cfPWV 8.47 ± 
2.35 m/s; 
AIx@75 bpm 
29.4 ± 11.0%. 

Measures 
taken at 
baseline and 
after 12 
weeks of 
treatment 
consumption. 

in water 
consumed 
1x/day for 12 
weeks. 

acid. No 
significant 
effects on 
other 
vascular 
measures. 

↑ total 24-h 
urinary 
(poly)phenol 
excretion in the 
WBB group 
compared to 
placebo at 12 
weeks. 
 
↑ plasma 
pyrogallol-O-
sulfate, 2 
methyl-
pyrogallol-O-
sulfate, 4-
methylcatechol-
O-sulfate, 
isoferulic acid, 
and 4-
methylcatechol 
acid in WBB 
compared to 
placebo at 12 
weeks. 
 
↓ plasma 
phenylacetic 
acid and vanillic 
acid in plasma 
from WBB 
group 
compared to 
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Reference 

& 
Location 

Study 
Design 

Participant 
Baseline 

Characteristics 

Vascular 
Measures 

Blueberry 
Treatment 

Blueberry 
(Poly)phenol 

Content 

Vascular 
Results 

Other Related 
Results 

       to placebo 
group at 12 
weeks.  
 
Δ in 6 plasma 
(poly)phenol 
metabolites 
derived from 
cinnamic acid, 
benzoic acid, 
phenylacetic 
acid, and 
hippuric acid 
from baseline to 
12 weeks were 
correlated to Δ 
in FMD from 
baseline to 12 
weeks. 

1Data are presented as mean ± SEM; 2Data are presented as mean ± SD; 3Data are presented as ranges. 
Abbreviations: ACNs, anthocyanins; ApoA1, apolipoprotein A1; AIx, augmentation index; AIx@ 75bpm, AIx normalized to heart rate 
of 75 bpm; BB, blueberry; baPWV, brachial-ankle pulse wave velocity; BMI, body mass index; cfPWV, carotid-femoral pulse wave 
velocity; crPWV, carotid-radial pulse wave velocity; DBP, diastolic blood pressure; FMD, flow-mediated dilation; F-RHI, Framingham 
reactive hyperemia index; H2O2, hydrogen peroxide; HDL-C, high-density lipoprotein cholesterol; HDL, high-density lipoprotein 
particle concentration; NA, not available; NO, nitric oxide; p47phox, NADPH oxidase/p47; p-eNOS, phosphorylated endothelial nitric 
oxide synthase; PWV, pulse wave velocity; RHI, reactive hyperemia index; systolic blood pressure, SBP; wild blueberry, WBB. 
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CHAPTER 3: 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 CLINICAL TRIAL1  

 
 
 

Summary 

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 identify 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−1 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/SRAUC) 

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, cardiometabolic blood biomarkers, and plasma (poly)phenol metabolites were 

assessed at baseline and 4, 8, and 12 weeks, and venous endothelial cell protein expression 

                                                           

1 This is the peer review but unedited manuscript version of the following article: E. K. Woolf, J. D. 
Terwoord, N. S. Litwin, A. R. Vazquez, S. Y. Lee, N. Ghanem, K. A. Michell, B. T. Smith, L. E. Grabos, N. 
B. Ketelhut, N. P. Bachman, M. E. Smith, M. Le Sayec, S. Rao, C. L. Gentile, T. L. Weir, A. Rodriguez-
Mateos, D. R. Seals, F. A. Dinenno and S. A. Johnson, Food Funct, 2023, 14, 2621-2641. 
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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 × 10−4  ±  4.12 × 10−5 vs. +3.82 × 10−6  ±  1.59 × 10−5, p < 0.03, respectively). 

The FMD/SRAUC response to ascorbic acid infusion was lower (p < 0.05) at 12 weeks compared 

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 endothelial function through reduced 

oxidative stress in postmenopausal women with above-normal blood pressure. The clinical trial 

registry number is NCT03370991 (https://clinicaltrials.gov).  

 

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 

approximately 32% of all deaths worldwide.1, 2 Aging is the primary risk factor for CVD largely 

due to unfavorable changes to the vasculature, particularly the arteries. Vascular endothelial 

dysfunction is one major adverse change to the arteries characterized by impaired endothelium-

dependent dilation due to an imbalance in  endothelium-derived biologically active molecules.3 

The endothelium is crucial for cardiovascular health as it is responsible for maintaining vascular 

tone through producing nitric oxide (NO) and other vasoactive molecules.4, 5 NO is a key 

vasodilatory and vasoprotective molecule,6 and current knowledge indicates that reduced NO 

bioavailability secondary to excessive superoxide-driven oxidative stress is central to endothelial 

https://clinicaltrials.gov/
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dysfunction.3, 7-10 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 production instead of NO. ROS also react directly with NO 

which further promotes oxidative stress and endothelial dysfunction.11, 12  Furthermore, ROS can 

stimulate pro-inflammatory processes, which perpetuates oxidative stress through a vicious 

cycle and contributes to endothelial dysfunction.12-15 

Postmenopausal women experience accelerated adverse changes to cardiovascular 

health, including endothelial dysfunction, which is an independent risk factor and a predictor of 

CVD events in this population.16, 17 Indeed, reductions in endothelium-dependent dilation have 

been observed during the menopausal transition independent of age and other CVD risk 

factors.18-21 Estrogen exerts direct and indirect antioxidant and vasodilatory effects, and thus 

postmenopausal women experience oxidative stress-mediated endothelial dysfunction due to 

diminished estrogen production.22-24 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.25, 26 Menopause is associated with a 2-fold increase in hypertension, 

with approximately 75% of postmenopausal women estimated to have hypertension, which 

worsens endothelial function through mechanisms that include oxidative stress and 

inflammation.12, 27 Therefore, intervention strategies targeted at improving endothelial function 

through reduced oxidative stress and inflammation are important for CVD risk reduction in 

postmenopausal 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.28-30 (Poly)phenols are secondary plant metabolites characterized by their phenolic 

structures and hydroxyl moieties,31 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 such as berries.30, 32 (Poly)phenols and their circulating derivatives of 
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phase II enzyme and gut microbial metabolism (i.e. metabolites) can reduce oxidative stress 

and inflammation.33 For instance, (poly)phenol metabolites can directly interact with free radical-

generating enzymes and antioxidant enzymes leading to reductions in oxidative stress.34-41 

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 metabolic syndrome, and cigarette 

smoking men with or without peripheral arterial dysfunction.42, 43 We previously demonstrated 

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 brachial-ankle pulse 

wave velocity (PWV; a measure of arterial stiffness), and increased plasma concentrations of 

NO metabolites in postmenopausal women with above-normal blood pressure, suggestive of 

improvements in endothelial function.44 Other studies have also observed reductions in blood 

pressure and measures of arterial stiffness, but the results in this area are mixed.45  

While promising, the effects of blueberry consumption on endothelial function in 

postmenopausal women with above-normal blood pressure remains unknown. Furthermore, 

determining underlying mechanisms is crucial to establish blueberries as a dietary intervention 

for improving endothelial function, 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.46-48 However, evidence demonstrating that improved 

endothelial function is directly linked to reductions in oxidative stress following chronic blueberry 

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 function, 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 
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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 postmenopausal women with above-

normal blood pressure.  

 

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-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/m2, 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/week or > 3 drinks on any given occasion, respectively), and/or have allergies or 

contraindications 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 
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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 exclusion criteria by measuring seated blood pressure in triplicate, calculating BMI, 

examining blood parameters (blood lipid profiles, 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-controlled, 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 Figure 3.1. 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 blueberry (poly)phenol metabolites, 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, 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 supplements or prescription medication 

use was permitted within 24 h of the study visit. Participants were asked to maintain their usual 
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diet and physical activity patterns, and to keep fresh and frozen blueberry consumption to ≤ 2 

cups/week for the duration of the study (with the exception of the treatment intervention). 

 

Treatment intervention and compliance 

Eligible participants (n = 48) were randomly assigned to treatments 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 carbohydrate, < 

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 carbohydrate, < 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 anthocyanin analyses were 

performed by International Chemistry Testing (Hopkinton, MA, USA). Treatment powders were 

packaged in air-tight, opaque 11 g packets to further conceal treatment identity. Participants 

consumed 11 g of their assigned treatment 2x/day mixed in water in the morning and 

afternoon/evening, at least 6-8 h apart to decrease the risk for gastrointestinal distress, for 12 

weeks.  

Treatment compliance was assessed by asking study participants 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/week or less than ~86% treatment compliance on average and 

was calculated using the following equation: ([dosages consumed – missed dosages/dosages 

required]*100).  
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Endothelium–dependent and –independent dilation 

Brachial artery FMD (endothelium-dependent dilation, n = 32) and brachial artery 

diameter responses to sublingual nitroglycerin (NTG) administration (endothelium-independent 

dilation, n = 20) were determined in a subset of participants as described previously49-53 and 

analyzed using commercially available software packages (Brachial Analyzer for Research, 

Medical Imaging Applications, LLC, Coralville, IA, USA and DATAQ Instruments, OH, USA).   

Brachial artery diameter and mean blood velocity (MBV) were measured with a 12-MHz linear-

array ultrasound probe (Vivid7, GE Healthcare, Wauwatosa, WI, USA) clamped in place ~3-6 

cm proximal to the antecubital fossa with a < 60° insonation 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 sec), during 

occlusion (5 min), and post-occlusion (5 min). Shear rate (SR) was calculated for each cardiac 

cycle as 8 × MBV ÷ diameter, and the SR area under the curve (SRAUC) from cuff release to 

peak diameter was quantified as an index of the stimulus for FMD.54 FMD values are expressed 

as absolute (mm) and relative (%) change from baseline to peak diameter and corrected for 

shear rate (FMD/SRAUC) to account for inter-individual variability in shear stress.55-57 

To determine whether daily blueberry consumption improves endothelium-dependent 

dilation by suppressing oxidative 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 mass53, 58 

over a 20-min period, then brachial artery FMD was reassessed using the aforementioned 

procedures. 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.53, 58, 59 
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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. Baseline artery diameters were measured, 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 absolute (mm) and relative 

(%) change 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. 60, 61 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.51, 60 In short, a blood pressure cuff was placed on the upper thigh at the 

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. 
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Blood collection and biomarker analyses 

Venous blood was collected using a standard 23-gauge butterfly needle (BD Vacutainer, 

Becton, Dickson and Company, Franklin Lakes, NJ, USA) or an 18-gauge intravenous catheter 

(Introcan Safety, Braun Medical Inc., Bethlehem, PA, USA). Blood lipids (high-density 

lipoprotein cholesterol (HDL-C), LDL-C, total cholesterol (TC), and TG), hemoglobin A1c, 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), respectively 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 (μ-SPE) and measured by UPLC-Q-q-Q MS, as per the protocol of 

a validated method.62 Briefly, undiluted plasma samples were acidified with 4% phosphoric acid 

(v:v 1:1). This mix (total volume of 600 μL) was then loaded onto Oasis 96-well reversed-phase 

HLB (hydrophilic-lipophilic balanced) sorbent μ-SPE plates (Waters, Eschborn, Germany), 

washed with water and 0.2% acetic acid, and eluted using 90 μL 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 
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samples were then injected through a Raptor Biphenyl column 2.1 x 50 mm, 1.8µm (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 equilibration 

was applied to the run under a flow rate of 0.5 mL/min at 30°C. The identification of metabolites 

was performed by comparing retention times with authentic standards 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.53, 60, 63-67 Venous endothelial cell protein expression has been shown to 

correlate with arterial endothelial cell expression65 and therefore 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 (GuideRightTM, Abbott Medical, Plymouth, 

MN, USA) one at a time into the 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 

containing phosphate buffer saline solution for processing. Isolated endothelial cells were 

mounted on poly-L-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).60, 65-67 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 (NFκB) (Cell Signaling Technology, 

Inc., Danvers, MA, USA), and NADPH oxidase/p47 subunit (MilliporeSigma, Burlington, MA, 



 

106 

 

USA). Using a microscope (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 (HUVECs) 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 

(m2). Waist and hip circumferences were measured using a standard measuring tape and 

rounded to the nearest 0.5 cm, and ratios were calculated by dividing waist circumference by 

hip circumference. Body composition (fat mass, fat free mass, trunk fat, android fat, and gynoid 

fat) was assessed using dual-energy x-ray absorptiometry (DEXA) (Hologic, Mississauga, ON, 

Canada). Self-reported food intake on 3 separate days (2 weekdays and 1 weekend day) was 

collected prior to each study visit through the Automated Self-Administered 24-hr (ASA) Dietary 

Assessment Tool (National Institutes for Health, Bethesda, MD, USA) that calculated total 

calories (kcals) to assess energy intake throughout the study.68, 69 Physical activity patterns 

were assessed using a validated 7-day physical activity recall at each study visit to estimate 

energy expenditure (kcal/day).70, 71  
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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 

variables 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, USA) and log-

transformed 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 adjustment 

of the p-value was performed using a Tukey-Kramer's correction for multiple comparisons. 

Univariate analyses were performed with each potential confounder (i.e. 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 endothelial function (FMD/SRAUC) with plasma (poly)phenol 

metabolites, 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 Figure 3.2. A total of 505 potential participants contacted the laboratory 
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to express interest in participating in the study and were screened via telephone 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 participants 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 postmenopausal 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 participants dropped from the study due to 

sickness, medication change, antiseptic allergies, infection, or for unknown reasons, leaving 43 

participants who completed the 12-week study (blueberry n = 22 and placebo n = 21). The 

overall attrition 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 characteristics are presented in Table 3.1, and there were no differences (p > 0.05) 

between groups.  

 

Endothelium–dependent and –independent dilation 

Absolute FMD/SRAUC 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 (Figure 3.3A and 

Supplementary Table 3.1 in Appendix 1), and the change in FMD/SRAUC from baseline to 12 

weeks was higher (p < 0.03) than the placebo group (Figure 3.3C and Supplementary Table 

3.1 in Appendix 1). Though there were no statistically significant differences (p > 0.05), there 

was a ~1.34% unit increase in absolute FMD not normalized to SRAUC (35% higher) compared 

to baseline at 12 weeks in the blueberry group (Figure 3.3B and 3.3D and Supplementary 
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Table 3.1 in Appendix 1). Individual FMD changes from baseline to 12 weeks are presented in 

Supplementary Figure 3.1 in Appendix 1. Brachial artery endothelium-independent dilation to 

sublingual NTG did not change (p > 0.05) within or between groups (Supplementary Table 3.2 

in Appendix 1), confirming the improvements in endothelial function were endothelium-

dependent.   

To evaluate oxidative stress-mediated suppression of endothelial function and determine 

the impact of blueberries on its amelioration, endothelium-dependent dilation was assessed 

before and following intravenous infusion of the antioxidant ascorbic acid. At baseline (pre-

blueberry or -placebo consumption), ascorbic acid administration acutely increased (p < 0.05) 

FMD/SRAUC in both groups (Figure 3.4A and 3.4B). There was an increase (p < 0.01) in FMD 

not normalized to SRAUC in the blueberry group, with trending significance in the placebo group 

(p < 0.07) (Figure 3.4C and 3.4D, and Supplementary Table 3.3 in Appendix 1).     

After 12 weeks of daily blueberry consumption, ascorbic acid administration did not alter 

(p > 0.05) FMD/SRAUC or FMD not normalized to SRAUC (Figure 3.4A and 3.4C, and 

Supplementary Table 3.3 in Appendix 1). The placebo group had a strong trend for an 

increase (p < 0.08) in FMD/SRAUC at 12 weeks (Figure 3.4B and Supplementary Table 3.3 in 

Appendix 1), but not FMD not normalized to SRAUC (p > 0.05) (Figure 3.4C and 3.4D, and 

Supplementary Table 3.3 in Appendix 1). When assessed as the difference in the FMD/SRAUC 

response to ascorbic acid vs. saline, the blueberry group had a reduction in the FMD/SRAUC 

response (p < 0.04) and an increase in the SRAUC response (p < 0.0006) to ascorbic acid at 12 

weeks compared to baseline, while the placebo group had no change (p > 0.05) (Figure 3.4E 

and Supplementary Table 3.3 in Appendix 1).  

 

Hemodynamics and arterial stiffness 

There were no other significant differences (p > 0.05) within or between groups for 

hemodynamic and arterial stiffness measures except for a significant reduction in aortic pulse 
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pressure in the blueberry group at 4 weeks compared to baseline (p < 0.04) (Figure 3.5 and 

Supplementary Table 3.4 in Appendix 1). 

 

Blood biomarkers 

Blood biomarker results are presented in Table 3.2. Reductions (p < 0.05) in TG were 

observed at 12 weeks compared to baseline in the blueberry group, but while no changes (p > 

0.05) were noted in the placebo group or for the change from baseline to 12 weeks. 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.  

 

Plasma (poly)phenol metabolites 

A total of 88 plasma (poly)phenol metabolites were detected (Supplementary Table 3.5 

in Appendix 1) and the mean sums of (poly)phenol metabolites grouped according to class are 

presented in Figure 3.6C. In the blueberry group, the sum of plasma (poly)phenol metabolite 

concentrations (i.e. all detected plasma (poly)phenol metabolites) 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) (Figure 3.6A and 

Supplementary Table 3.5 in Appendix 1), and higher for the change from baseline to 4 (p < 

0.02) and 12 (p < 0.05) weeks than the placebo group (Figure 3.6A and 3.6B, and 

Supplementary Table 3.5 in Appendix 1).   

With regard to individual metabolites (Figure 3.6 and Supplemental Table 3.5 in 

Appendix 1), hippuric acid was increased at 4 (p < 0.0001), 8 (p < 0.0001), and 12 (p < 0.0001) 

weeks in the blueberry group compared to baseline, and compared to the placebo group at 4 
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weeks (p < 0.05), 8 weeks (p < 0.02), and 12 weeks (p < 0.003) (Figure 3.6D and 

Supplementary Table 3.5 in Appendix 1) and for the change from baseline to 4 (p < 0.008), 8 

(p < 0.03), and 12 (p < 0.007) weeks (Figure 3.6E). 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 

(Figure 3.6F and Supplementary Table 3.5 in Appendix 1) or for the change from baseline 

(Figure 3.6G). 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) (Figure 3.6H and 

Supplementary Table 3.5 in Appendix 1) and for the change from baseline to 4 weeks (p < 

0.03) (Figure 3.6I). The metabolite 3,4-dihydroxybenzoic acid (protocatechuic acid) was 

increased (p < 0.04) at 8 weeks compared to baseline following blueberry consumption (Figure 

3.6J and Supplementary Table 3.5 in Appendix 1) and was higher (p < 0.03) than the placebo 

group at 8 weeks (Figure 3.6K). 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 (Figure 3.6L and Supplementary Table 3.5 in Appendix 1), while 

no differences (p > 0.05) were noted for the change from baseline (Figure 3.6M). The 

metabolite 2,3-dihydroxybenzene-1-sulfate was increased at 4 (p < 0.02) and 8 (p < 0.002) 

weeks in the blueberry group compared to baseline (Supplementary Table 3.5 in Appendix 1), 

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 (Supplementary Table 3.5 in Appendix 1). 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 (Supplementary Table 3.5 in Appendix 1). The metabolite 2-hydroxy-3-(4’-
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hydroxyphenyl)propanoic acid was increased (p < 0.04) at 4 weeks compared to baseline in the 

blueberry group (Supplementary Table 3.5 in Appendix 1). The metabolite 3-(4ʹ-

methoxyphenyl)propanoic acid-3ʹ-glucuronide was increased (p < 0.007) at 8 weeks compared 

to baseline in the blueberry group (Supplementary Table 3.5 in Appendix 1). 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 (Supplementary 

Table 3.5 in Appendix 1).      

 

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

With the exception of flavonols (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 

significantly increased metabolites with FMD/SRAUC at 12 weeks in the blueberry group. For 

correlation analysis for the change from baseline to 12 weeks in the blueberry group (Figure 

3.7), 3 metabolites had moderate positive correlations with improvements in FMD/SRAUC, 

specifically myricetin (p < 0.05), 4-O-caffeoylquinic acid (p < 0.05), and 3-(4ʹ-

hydroxyphenyl)propanoic acid-3ʹ-glucuronide (p < 0.05). Five metabolites had moderate to 

moderately strong negative correlations with improvements in FMD/SRAUC (Figure 3.7), 

specifically 5-O-caffeoylquinic acid (p<0.003), 3ʹ-hydroxyphenylacetic acid (p < 0.0007), 3-(2ʹ,4ʹ-

dihydroxyphenyl)propanoic acid (p<0.03), 3-hydroxy-4-methoxybenzoic acid-5-sulfate (p < 

0.04), and 2-hydroxy-3-(4ʹ-hydroxyphenyl)propanoic acid (p < 0.009). In the placebo group, 5-O-

caffeoylquinic acid was positively correlated with the change in FMD/SRAUC (p < 0.004), while 3-

hydroxybenzoic acid (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/SRAUC (Figure 3.7). 

For correlation analysis between individual metabolites and FMD/SRAUC at 12 weeks 

(Figure 3.7), 3-hydroxybenzoic acid-4-sulfate was positively correlated in the blueberry group (p 

< 0.02). In the placebo group, 3,5-dihydroxybenzoic acid (p < 0.02), 3-hydroxybenzoic acid (p < 
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0.02), and 4-hydroxybenzoic acid (p < 0.02) were all negatively correlated with FMD/SRAUC, 

while only myricetin was positively correlated (p < 0.009) (Figure 3.7).  

 

Endothelial cell protein expression 

No differences (p > 0.05) were noted within or between groups at any time point for 

MnSOD, phosphorylated eNOS, phosphorylated NFκB, or p47phox (NADPH oxidase/p47 

subunit) (Figure 3.8 and Supplementary Table 3.6 in Appendix 1).   

 

Correlations between endothelium-dependent dilation and endothelial cell protein expression 

For the change from baseline to 12 weeks, FMD/SRAUC 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 correlation with phosphorylated NFκB (p 

< 0.08) in the placebo group but not blueberry (Figure 3.9). At 12 weeks, FMD/SRAUC had a 

moderately positive correlation with phosphorylated eNOS protein expression (p < 0.04) in the 

blueberry group but not placebo (Figure 3.9). No other correlations (p > 0.05) were observed.  

    

Anthropometrics, body composition, energy intake and expenditure 

Anthropometrics, body composition, energy intake and expenditure data are presented 

in Supplementary Table 3.7 in Appendix 1. 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 compared 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.  
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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 

significantly 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 its central role in CVD 

pathophysiology.72 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, 

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 suppression 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 with healthy 

adult men, adults with metabolic syndrome, and cigarette smoking men with or without 

peripheral arterial dysfunction.45, 73, 74 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 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 clinically significant increase of 1.34% was observed in the 

blueberry group compared to baseline. A 1% increase in FMD has been associated with a 

reduced risk for CVD and related events.52, 75 Importantly, we observed no changes in 
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endothelium-independent dilation, confirming that improvements in endothelial function 

observed were endothelium-dependent. 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.44, 76 

However, several investigators have observed no change in plasma NO metabolites following 

blueberry consumption.73, 77, 78 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.73 In that study, circulating concentrations of cyclic guanosine monophosphate (GMP) 

were increased even though there were not concomitant increases in plasma NO metabolites, 

suggesting that blueberries exert vasodilatory effects through a NO-mediated mechanism.73 

Rodriguez-Mateos et al.45 observed a 1.3% increase in FMD following 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 consumption can improve macrovascular/conduit artery endothelial 

function in high risk and healthy populations through an endothelium-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 randomized 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.79, 80 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),74, 76, 77 and inter-individual 
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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,77 and adults with metabolic syndrome after 

consuming 45 g of freeze-dried highbush blueberry powder daily for 6 weeks.74 In the case of 

FMD, values not corrected for shear stress may reflect conduit artery endothelial function as 

well as the magnitude of the hyperemic stimulus. To reduce variability and increase the utility of 

FMD as a measure of endothelial function, normalization of FMD to SRAUC has been validated in 

numerous research studies and has been recommended for use in research.56-58 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 equivalent to about 1 cup (or 148 g) of fresh blueberries improved 

endothelial function in postmenopausal women with above-normal blood pressure is a clinically 

significant finding indicative of CVD risk reduction. Progressive impairments in endothelial 

function have been observed across the menopausal transition, and impairments in endothelial 

function are predictive of CVD development.16, 52, 75, 81 Furthermore, sex differences exist for 

physiological responses to interventions aimed at improving endothelial function such that not 

all interventions in this population have been successful.82-85 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.86-88 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 oxidative 

stress. Our findings suggest that daily blueberry consumption may be an effective food-based 

intervention for reducing CVD risk in a high-risk population of estrogen-deficient 

postmenopausal women. Research aimed at understanding factors contributing to inter-

individual variability in clinical endothelial function responses is needed, as well as ways to 

improve clinical responses to blueberry consumption. 
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Postmenopausal women have been demonstrated to have oxidative stress-mediated 

suppression of endothelium-dependent dilation23, 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 improvements 

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 suppression of endothelial function 

that is improved by 12 weeks of daily blueberry consumption. The mechanisms contributing to 

improvements in oxidative stress-mediated suppression of 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 possible 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/SRAUC 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 group, and 

inversely associated with phosphorylated NFκB 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 activation and/or NADPH oxidase and NFκB 

deactivation, but requires further investigation in humans. Rodriguez-Mateos et al.89 previously 

demonstrated acute blueberry consumption reduced neutrophil NADPH oxidase activity which 

was associated with increased FMD in healthy men. In diabetic db/db mice, Petersen et al.90 

showed that blueberry consumption for 10 weeks improved endothelial function through 
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reductions in 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.91 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;92 however, values 

returned to baseline levels at 8 weeks and other blood biomarkers of oxidative stress and 

antioxidant defense were unchanged. Basu et al.93 observed reductions in blood biomarkers of 

oxidative stress following 8 weeks of 50 g daily blueberry 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.74, 78, 94 As previously highlighted,92 

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 oxidative 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 findings in the field. Indeed, daily 

consumption of 45 g/day of freeze-dried blueberry powder for 6 weeks in adults with metabolic 

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-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 

function and cardiovascular risk. 
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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 

blueberry 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 diastolic 

blood pressure in postmenopausal women with above-normal blood pressure.44 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.44, 45, 73, 74, 76, 77, 95-97 The 

reason(s) contributing to the discrepancies between our studies cannot be determined at this 

time. However, one possible contributing factor is the difference in the study population as the 

present study was performed in Colorado vs. Florida previously,44 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-hr 

ambulatory blood pressure monitoring and/or home-based blood pressure monitoring. Due to 

inconsistencies between office and out-of-office blood pressure and the “white coat” effect, it is 

increasingly being recommended that multiple methods be used.98-100 Overall, the body of 

evidence suggest 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 antihypertensive effects of blueberries, particularly large randomized 

controlled trials that incorporate multiple methods for comprehensive 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 predictor of CVD events independent of blood pressure. 
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  Arterial stiffness, as measured through PWV and AIx, has been shown to be a risk factor 

for CVD and predictive of hypertension progression.44, 101-103 There were no improvements in 

measures of arterial stiffness in the present study. We previously found that systemic/peripheral 

arterial stiffness assessed as brachial-femoral PWV decreased by ~1 m/s2 following daily 

consumption of 22 g freeze-dried highbush blueberry powder for 8 weeks in postmenopausal 

women with above-normal blood pressure,44 though no changes were observed in carotid-

femoral/aortic PWV, suggesting that the current findings are not unexpected. Previously, 

AIx@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,73 and in sedentary men and postmenopausal women who consumed 38 g of freeze-

dried highbush blueberry powder daily for 6 weeks,95 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 improvements 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 

produced by gut microbial and 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 

endothelial function, but many of the increases in individual metabolites noted in our study (e.g. 

hippuric acid, 3-methoxybenzoic acid-4-sulfate, dihydroxybenzoic acids) are in line with those 

observed in previously performed chronic intervention trials with blueberries.45, 73, 104 

(Poly)phenols and their metabolites have been shown to modulate endothelial function through 

mechanisms related to eNOS expression and coupling/uncoupling, NO bioavailability, oxidative 
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stress, and inflammation.29, 30, 32 With respect to blueberries, anthocyanin metabolites have been 

demonstrated to be major mediators of improvements in endothelial function, though other 

blueberry-derived compounds play a role. (Poly)phenols also serve as prebiotics and the gut 

microbiota is responsible for metabolizing many (poly)phenols to form bioavailable and bioactive 

metabolites, suggesting 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 

microbiome is being increasingly linked to CVD as a central mediator, though exact 

mechanisms are complex. Evidence in animal models and limited human studies indicate 

blueberries modulate the gut microbiota, and emerging evidence suggests beneficial effects on 

endothelial function may be mediated by the gut microbiota.90 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 

supports 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 suppression 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 highlights 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 
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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 generalizability 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 blueberry consumption improved 

endothelial function in postmenopausal women with above-normal blood pressure, and that 

improvements were through reductions in oxidative stress. The underlying mechanisms 

contributing to these results 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 

contributing 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, considering 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 antihypertensive effects of blueberries, and factors that can be modified and/or 

implemented to improve efficacy.  
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Figures and Tables 

 

Figure 3.1. Study design and timeline for the 12-week clinical trial.  
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Figure 3.2. CONSORT diagram for the 12-week clinical trial. 
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Table 3.1. 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 (yr) 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) 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/m2) 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 %). No differences between groups. Abbreviations: BMI, body mass 
index; BP, blood pressure; DBP, diastolic blood pressure; FSH, follicle-stimulating hormone; 
HgbA1c, hemoglobin A1c; 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. 
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Figure 3.3. (A) Flow-mediated dilation (FMD) normalized to shear rate area under the curve 
(FMD/SRAUC); (B) FMD%; (C) FMD/SRAUC change from baseline to 12 weeks; (D) FMD% 
change from baseline to 12 weeks. Data are mean ± SEM. *Different (p < 0.05) compared to 
baseline within group. **Different (p < 0.05) between groups. 
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Figure 3.4. (A) FMD/SRAUC during intravenous saline and vitamin C infusion at baseline and 
after 12 weeks of blueberry consumption; (B) FMD/SRAUC during intravenous saline and vitamin 
C infusion at baseline and after 12 weeks of placebo consumption; (C) FMD% during 
intravenous saline and vitamin C infusion at baseline and after 12 weeks of blueberry 
consumption; (D) FMD% during intravenous saline and vitamin C infusion at baseline and after 
12 weeks of placebo consumption; and (E) FMD/SRAUC difference between ascorbic acid (AA) 
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 < 0.10) than saline infusion on the same day. **Difference (p < 0.05) between time 
points within group.  
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Figure 3.5. 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 (AIx) at all time points for blueberry and placebo groups; (D) augmentation 
index normalized to 75 beats per minute (AIx@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. 
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Table 3.2. Blood biomarker concentrations in 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.  
 Blueberry (n = 22) Placebo (n = 21) 

TG (mg/dL)   
   Baseline  121±12 114 ± 14 
   12 Weeks 100 ± 10* 114 ± 18 
   ∆ 0 to 12 Weeks -21 ± 9 0 ± 9 
TC (mg/dL)   
   Baseline  214 ± 5 217 ± 5 
   12 Weeks 198 ± 5 201 ± 7 
   ∆ 0 to 12 Weeks -17 ± 4 -16 ± 4 
HDL-C (mg/dL)   
   Baseline  58 ± 3 57 ± 3 
   12 Weeks 59 ± 4 54 ± 3 
   ∆ 0 to 12 Weeks 1 ± 3** -3 ± 2 
LDL-C (mg/dL)   
   Baseline  132 ± 5 137 ± 4 
   12 Weeks 119 ± 6* 125 ± 5* 
   ∆ 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 
   ∆ 0 to 12 Weeks -0.19 ± 0.14 -0.07 ± 0.10 
HgbA1c (%)   
   Baseline  5.5 ± 0.1 5.5 ± 0.1 
   12 Weeks 5.5 ± 0.1 5.5 ± 0.1 
   ∆ 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 
   ∆ 0 to 4 Weeks 10.10 ± 23.29 50.94 ± 34.97 
   ∆ 0 to 8 Weeks -1.39 ± 21.31 58.58 ± 15.15 
   ∆ 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 
   ∆ 0 to 4 Weeks 399.33 ± 201.69 548.12 ± 192.96 
   ∆ 0 to 8 Weeks 238.92 ± 225.18 495.45 ± 160.61 
   ∆ 0 to 12 Weeks 230.86 ± 107.00 287.28 ± 435.23 
Nitrate/nitrite (µM)   
   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 
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Table 3.2. Blood biomarker concentrations in 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.  
 Blueberry (n = 22) Placebo (n = 21) 

Nitrate/nitrite (µM)   
   ∆ 0 to 4 Weeks -1.61 ± 1.09 1.04 ± 1.42 
   ∆ 0 to 8 Weeks -1.64 ± 1.18 -0.51 ± 1.40 
   ∆ 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: HgbA1c, hemoglobin A1c; 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. 
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Figure 3.6. (A) sum of (poly)phenol metabolites; (B) change from baseline to 4, 8, and 12 
weeks for the sum of (poly)phenol metabolites following blueberry or placebo consumption; (C) 
mean sum of (poly)phenol metabolites according to class at baseline, 4, 8, and 12 weeks 
following blueberry or placebo consumption (values are mean); (D) hippuric acid concentrations 
across all time points; (E) hippuric acid change from baseline to 4, 8, and 12 weeks, (F) 
3’hydroxyhippuric acid concentrations across all time points; (G) 3’hydroxyhippuric acid 
concentrations change from baseline to 4, 8, and 12 weeks; (H) 3-methoxybenzoic acid-4-
sulfate (vanillic acid-4-sulfate) concentrations across all time points; (I) 3-methoxybenzoic acid-
4-sulfate (vanillic acid-4-sulfate) change from baseline to 4, 8, and 12 weeks; (J) 3,4-
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dihydroxybenzoic acid (protocatechuic acid) concentrations across all time points; (K) 3,4-
dihydroxybenzoic acid (protocatechuic acid) change from baseline to 4, 8, and 12 weeks; (L) 
2,5-Dihydroxybenzoic acid concentrations across all time points; and (M) 2,5-Dihydroxybenzoic 
acid change from baseline, 4, 8, and 12 weeks. Data are mean ± SEM. *Different (p < 0.05) 
compared to baseline within group. Different letters indicate differences (p < 0.05) between 
groups at that time point. 
 
 
 

 
Figure 3.7. 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). 
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Figure 3.8. 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-NFκB). Data are expressed as 
arbitrary units (AU). Data are mean ± SEM. No differences (p > 0.05) were observed.  
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Figure 3.9. 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). 
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CHAPTER 4: POTENTIAL FACTORS CONTRIBUTING TO THE INTERINDIVIDUAL 

VARIABILITY IN ENDOTHELIAL FUNCTION RESPONSE TO CHRONIC BLUEBERRY 

CONSUMPTION IN POSTMENOPAUSAL WOMEN WITH ABOVE-NORMAL BLOOD 

PRESSURE  

 
 
 

Summary 

Evidence indicates oxidative stress and inflammation are major contributors to 

endothelial dysfunction which is central to cardiovascular disease (CVD) development. 

Blueberries are a promising dietary intervention for CVD risk prevention, as they are rich in 

nutrients and polyphenols and have demonstrated CVD-protective effects. We demonstrated 

that consuming 22 g/day of freeze-dried highbush blueberry powder for 12 weeks by 

postmenopausal women with above-normal blood pressure improved endothelial function 

(assessed as brachial artery flow-mediated dilation (FMD)) through reductions in oxidative 

stress, but there was interindividual variability in the direction and magnitude of the FMD 

response to blueberry consumption due to unknown factors. The aim of this secondary analysis 

was to examine potential factors contributing to the efficacy of blueberry consumption to 

improve FMD. Data collected for the blueberry group (n = 17) was used to assess the impact of 

study participant characteristics on FMD between responders (n = 8) and non-responders (n = 

9). Responders were defined as having a ≥ +1% change in FMD from baseline to 12 weeks. At 

screening, responders had lower high-density lipoprotein cholesterol (p = 0.008), and higher 

levels of low-density lipoprotein cholesterol (p = 0.027) and estradiol (p = 0.002), the latter of 

which was positively correlated with the change in FMD from baseline to 12 weeks (p = 0.002). 

At baseline, responders had lower FMD (1.80% responder vs 5.65% non-responder, p = 0.031), 

and higher oxidative stress-mediated impaired FMD (p = 0.023) and intracellular adhesion 

molecule-1 concentrations (p = 0.010) compared to non-responders. Responders improved 
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more in FMD than non-responders (+4.26% vs -1.25%, p < 0.001) from baseline to 12 weeks. At 

12 weeks, phosphorylated endothelial nitric oxide synthase expression was higher for 

responders compared to non-responders (p = 0.019). Plasma nitrate concentrations were lower 

at 4 (p = 0.048) and 12 (p = 0.028) weeks for responders compared to non-responders. The 

sum of plasma (poly)phenol metabolites for responders increased at 4 (p = 0.002) and 12 (p = 

0.036) compared to baseline and increased for non-responders at 4 (p < 0.001), 8 (p = 0.006), 

and 12 (p = 0.005) weeks compared to baseline. Furthermore, differences in 5 individual 

(poly)phenol metabolite concentrations were noted between groups at various time points (p < 

0.05). These findings suggest that responders differed in screening/baseline characteristics, 

such that those with greater impairments in cardiovascular health had worsened endothelial 

function and higher oxidative stress but greater responses to blueberry consumption.   

 

Introduction 

 In the United States, 1 out of every 5 deaths is caused by cardiovascular disease 

(CVD).1 Endothelial dysfunction, which is characterized by impaired endothelium-dependent 

dilation, is increasingly being recognized as an early indicator of CVD risk as it precedes and 

predicts CVD and related events.2-6 Endothelial cells are located at the inner most lining of blood 

vessels (i.e. endothelium) and produce vasoactive molecules, such as nitric oxide (NO), to 

regulate vascular tone and blood flow.4, 7 NO is a vasodilator with anti-thrombotic, anti-

coagulant, and anti-inflammatory properties, therefore, being a crucial molecule for overall 

vascular health.3, 4, 7 Endothelial dysfunction occurs when NO production and/or bioavailability is 

impaired, causing diminished vasodilation and increased vasoconstriction of the blood vessels, 

which is largely driven by oxidative stress and inflammation.2, 3, 7-9 Specifically, oxidative stress 

impairs NO production and bioavailability through uncoupling of endothelial nitric oxide synthase 

(eNOS) resulting in production of superoxide radicals instead of NO, which can interact with 

bioavailable NO to form peroxynitrite further promoting oxidative stress.7, 10 Inflammation 
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increases ROS production as well, thus, perpetuating the cycle and contributing to endothelial 

dysfunction.9-11 

 Postmenopausal women have been shown to have progressive impairments in 

endothelium-dependent dilation across the menopausal transition12, 13 and oxidative stress-

mediated suppression of endothelial function.8, 14 Estrogen functions as an antioxidant by 

scavenging free radicals and exerts direct effects on the vasculature by binding to estrogen 

receptors on endothelial cells stimulating NO production through the eNOS-NO pathway, among 

other functions.8, 15, 16 Postmenopausal women are also at risk for above-normal blood pressure, 

dyslipidemia, and excess body fat or obesity, which have been independently associated with 

increased oxidative stress and endothelial dysfunction.3, 17-25 Therefore, interventions that 

improve endothelial function through reductions in oxidative stress and/or inflammation are 

needed for postmenopausal women.  

Diet and nutrition can aid in CVD risk reduction, as consumption of plant-rich diets have 

been shown to reduce the risk for cardiovascular mortality and development of CVD by 8.1% 

and 10.2%, respectively,26, 27 which may be due in large part to their phytochemical contents.26 

Specifically, (poly)phenols are secondary plant metabolites classified as flavonoids (e.g. 

anthocyanins) and non-flavonoids (e.g. phenolic acids).28 Flavonoids are the most diverse and 

largest group of (poly)phenols and are found in high concentrations in fruits, and evidence 

indicates their consumption can reduce oxidative stress and inflammation.29-32 Blueberries are 

rich in nutrients (e.g. vitamins, minerals, fiber) and non-nutrient compounds like (poly)phenols 

(e.g. anthocyanins, phenolic acids, pterostilbene).33, 34 The popularity of blueberries and year-

round availability, coupled with their demonstrated health benefits, indicate they can be an 

effective food-based strategy for preserving endothelial function.35 Research shows that chronic 

blueberry consumption can improve endothelial function in healthy males, older adults, adults 

with metabolic syndrome, and postmenopausal women with above-normal blood pressure.14, 36-

39 Specifically, we recently demonstrated that daily consumption of 22 g freeze-dried highbush 
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blueberry powder for 12 weeks improved endothelial function measured via flow-mediated 

dilation (FMD) normalized for shear stress in postmenopausal women with above-normal blood 

pressure through reductions of oxidative stress in a randomized, double blind, placebo-

controlled, parallel-arm clinical trial.14 These findings are clinically meaningful and provide the 

first evidence for direct improvements in endothelial function through oxidative stress. However, 

our study highlighted interindividual variability in the direction and magnitude of FMD responses 

(range from -4.4% to +8.2% FMD) indicating treatment responders and non-responders.14 Other 

researchers have also reported variability in endothelial function responses to chronic blueberry 

intervention,37, 39-41 though reasons for such variability were not explored. Evaluation of factors 

driving efficacy of dietary blueberry consumption for improving endothelial function can facilitate 

effective interventions and individualized recommendations. 

Precision nutrition (i.e. personalized nutrition), the notion that “one size does not fit all”, 

has been a topic of interest to scientists and practitioners for decades, as it is well-known 

individuals respond differently to dietary interventions due to the complexity of human 

physiology and metabolism.42-44 This is a relatively more recent concept that aims to develop 

individual nutrition recommendations based on various factors such as biological variables and 

clinical outcomes, and has emerged as a national priority.43, 45 Traditional interventional-based 

research assessing group response provides fundamental information on whether a dietary 

intervention or treatment is effective at maintaining health and prevention of disease on a large 

scale. However, there is a need for research to focus on individual responses to such 

interventions as individuals vary in the magnitude and/or direction in clinical outcomes, including 

plant-based/polyphenol-rich dietary interventions.14, 37, 40-42, 44 The purpose to this study was to 

explore factors contributing to endothelial function responses to 12 weeks of daily blueberry 

consumption in postmenopausal women with above-normal blood pressure in a secondary 

analysis of our previously published clinical trial.14 This study will provide insight into factors 

driving efficacy of using blueberries as a dietary intervention for reducing CVD risk in 
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postmenopausal women supporting effective and individualized interventions. We hypothesized 

that overall disease status (i.e. higher blood lipids, BMI, oxidative stress) at baseline would 

impact the magnitude of response to the intervention blueberry.  

  

Methods 

Study design, participants, and recruitment 

A comprehensive and detailed explanation of the study design, participant 

inclusion/exclusion criteria, and recruitment for the clinical trial has been reported.14 In short, 

postmenopausal women aged 45 to 65 years with above-normal blood pressure (120-139 

mmHg systolic and/or 80-89 mmHg diastolic) were recruited from the greater area of Fort 

Collins, Colorado. After initial phone screening, participants were invited to an onsite visit to sign 

informed consent and confirm eligibility. Forty-eight participants were enrolled in a randomized, 

double-blind, parallel-arm, placebo-controlled clinical trial assessing daily blueberry 

consumption on vascular function and blood pressure in postmenopausal women with above-

normal blood pressure, and were randomly assigned to consume either 22 g of freeze-dried 

highbush blueberry powder or an isocaloric placebo powder daily for 12 weeks. Thirty-two 

participants completed the endothelial function assessments, and of those, 17 were in the 

blueberry treatment group and are the participants included in this secondary analysis. 

Participants completed 4 study visits (each separated by 4 weeks), and each visit was 

conducted between the hours of 6:00 and 11:00 am, and with participants in a fasted state 

besides water for at least 8 h. Endothelial function and blood pressure were measured in the 

supine position, at room temperature, and with dimmed lighting. Participants were asked to 

maintain their current diet and physical activity patterns throughout the duration of the study.  

 

 

 



 

149 

 

Blueberry intervention  

Participants (n = 17) consumed 22 g of freeze-dried highbush blueberry powder daily for 

12 weeks, with each dose containing 726 mg total (poly)phenols and 224 mg total 

anthocyanins.14 Treatments were packaged in opaque air-tight packets and consumed with 8 oz 

of water 2x/day, 11 g in the morning and 11 g in the evening 6-8 h apart to reduce possible 

gastrointestinal distress. The blueberry powder was provided by the US Highbush Blueberry 

Council and nutrient analyses were performed by Medallion Laboratories (Minneapolis, MN, 

USA). Overall compliance with the blueberry intervention was reported to be 97%.14  

 

Endothelial function assessment  

Endothelium-dependent dilation was measured via brachial artery FMD at baseline and 

12 weeks.14 Values for FMD were expressed as the change from baseline to peak diameter 

([baseline diameter - peak diameter ÷ baseline diameter] x 100 = FMD %). FMD was also 

normalized to shear rate (SR) area under the curve (FMD/SRAUC) to account for interindividual 

variability in shear stress (SR for each cardiac cycle = 8 x mean blood velocity ÷ diameter).  

Results from the clinical trial showed that FMD/SRAUC increased at 12 weeks compared 

to baseline (p < 0.01), and the change from baseline to 12 weeks was higher than placebo 

(+1.09e-4 unit increase for blueberry vs +3.82e-6 unit increased for placebo, p < 0.03).14 There 

was a statistically non-significant, but clinically significant, increase in FMD at 12 weeks 

compared to baseline in the blueberry group (1.36% unit increase, p > 0.05).14 Therefore, FMD 

and FMD/SRAUC data were used to determine differences in outcomes between responders and 

non-responders in the current study. Responders (n = 8) were defined as having ≥ +1% 

increase in FMD from baseline to 12 weeks, as a +1% increase in FMD has been shown to 

decrease CVD risk and/or events,14, 46, 47 and “non-responders” (n = 9) are those with < +1% 

change in FMD from baseline to 12 weeks. 
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To assess whether blueberry consumption improved endothelium-dependent dilation 

through reductions in oxidative stress, brachial artery FMD was also measured before and after 

20 min infusion of a supraphysiological dose of the antioxidant ascorbic acid (0.06 g/kg fat-free 

mass).14 Results showed that 1) postmenopausal women had oxidative stress-mediated 

impairments in endothelial function and 2) improvements in endothelial function after blueberry 

consumption were due to reductions in oxidative stress.14  

 

Blood collection and biomarkers 

 Blood was collected from an antecubital vein and separated for plasma, which was 

analyzed for estrogen (screening only), lipids, glucose control, and biomarkers of cardiovascular 

health as previously described.14 Triglycerides (TG), total cholesterol (TC), high-density 

lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and hemoglobin 

A1c (HbA1c) were measured at screening and 12 weeks. Intercellular adhesion molecule-1 

(ICAM-1), vascular adhesion molecule-1 (VCAM-1), nitrate/nitrite, and plasma (poly)phenol 

metabolites were measured at baseline and 4, 8, and 12 weeks.14 Results showed that 1) TG 

concentrations decreased in the blueberry group at 12 weeks compared to baseline (-21 mg/dL, 

p < 0.02), 2) the change from baseline to 12 weeks for HDL-C was higher in the blueberry group 

compared to placebo (+1 vs -3 mg/dL, respectively, p < 0.05), and 3) LDL-C was reduced at 12 

weeks compared to baseline within both groups (-13 mg/dL, p < 0.02 for blueberry and -12 

mg/dL, p < 0.008 for placebo).14 Furthermore, VCAM-1 was increased in the placebo group at 4 

(+548.12 ng/mL, p < 0.004) and 8 weeks (+495.45 ng/dL, p < 0.008) compared to baseline, but 

no differences in ICAM-1 between or within groups were found (p > 0.05).14 Lastly, there were 

no significant differences for nitrate/nitrite (NO metabolites) between or within groups at any 

time point (p > 0.05),14 but data were evaluated in this secondary analysis due to the important 

role NO has on endothelial function.   
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Plasma (poly)phenol metabolites 

(Poly)phenol metabolites were assessed in participant’s plasma at baseline, and 4, 8, 

and 12 weeks via UPLC-Q-q-Q MS as previously described.14 Results showed the sum of 

plasma (poly)phenol metabolites in the blueberry group increased at 4 (250,053 nmol/L, p < 

0.0001), 8 (303,053 nmol/L, p < 0.0001), and 12 weeks (227,971 nmol/L, p < 0.0001) compared 

to baseline (125,798 nmol/L) and placebo at each time point.14 Furthermore, the change from 

baseline to 4 (+124,255 nmol/L in blueberry vs +37,568 nmol/L in placebo, p < 0.02) and 12 

weeks (+102,172 nmol/L in blueberry vs +11,433 nmol/L in placebo, p < 0.05) for the sum of 

plasma (poly)phenol metabolites was higher than the placebo group.14 Regarding individual 

metabolites, hippuric acid, 3-hydroxyhippuric acid, vanillic acid-4-sulfate, protocatechuic acid, 

and 2,5-dihydroxybenzoic acid were increased in plasma at 4, 8, and/or 12 weeks compared to 

baseline in the blueberry group (all p < 0.05).14 Therefore, data for the sum of plasma 

(poly)phenol metabolites and the 5 individual (poly)phenol metabolites that were significantly 

increased were used in the current study.  

 

Endothelial cell biopsy and protein quantification 

 To explore possible mechanisms in which blueberries improve endothelial function in the 

clinical trial, venous endothelial cells were biopsied from participants (n = 13 for the blueberry 

group) and protein expression related to NO production/bioavailability was assessed 

(phosphorylated eNOS (p-eNOS), NADPH oxidase/p47 subunit (NOX), manganese superoxide 

dismutase (MnSOD), and nuclear-factor kappa B (NFĸB)) at baseline and 12 weeks as 

previously described.14 No significant differences in protein expression were found in the clinical 

trial (p > 0.05);14 however, there was an inverse correlation between the change in p47phos 

(NOX) from baseline to 12 weeks and the change in FMD/SRAUC from baseline to 12 weeks in 

the blueberry group (r = -0.61, p < 0.04).14 Furthermore, there was a positive correlation 
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between p-eNOS protein expression at 12 weeks and the change in FMD/SRAUC from baseline 

to 12 weeks in the blueberry group (r = 0.60, p < 0.04).14  

 

Arterial stiffness, blood pressure, fat mass, anthropometrics, and energy expenditure  

Arterial stiffness (aortic pulse wave velocity and augmentation index) and fat mass were 

measured at baseline, while supine brachial blood pressure, weight, waist and hip 

circumferences (WC and HC, respectively), body mass index (BMI), and energy expenditure 

were measured at each time point.14 There were no significant differences in fat mass, arterial 

stiffness, blood pressure, anthropometrics, or energy expenditure (p > 0.05) in the clinical trial.14 

However, these factors were included in the secondary analysis since they are implicated in 

CVD risk and may impact responses in endothelial function. 

 

Healthy eating index (HEI) 

  Participants self-reported dietary intake for 3 days (2 weekdays and 1 weekend day) 

prior to each visit online using Automatic Self-Administered 24-h dietary assessment tool 

(National Institutes for Health, Bethesda, MD, USA) as previously described.14 The HEI is a 

scoring system used to determine overall diet quality, dietary component quality (i.e. fruit 

intake), and alignment with the Dietary Guidelines for Americans (DGA).48, 49 For the current 

study, HEI scores for individual diet components (e.g. whole fruits, whole grains, etc.) and 

overall diet were calculated (1 - 100%) for each participant across the duration of the study 

using a pre-determined statistical code (National Institute for Health, National Cancer Institute, 

Bethesda, MD, USA) using SAS v 9.4 (SAS Institute Inc., Cary, NC, USA). A higher total HEI 

score percentage indicates higher alignment with DGA.48 
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Statistical analyses 

  Missing data were imputed using within group means (responders vs non-responders) 

at that time point. Normality was checked by analyzing the histograms and using Shapiro-Wilk 

test. Data did not meet normality, and therefore, were log (or cube root for change from 

baseline) transformed prior to statistical tests, in which normality then improved. A repeated 

measures general linear model (mixed ANOVA) was used to evaluate differences between 

groups, with time and group as main effects and time*group as an interaction effect. Bonferroni 

pairwise comparisons was used to determine significant differences within and between groups 

across the time points. Mann Whitney U test was utilized to determine differences between 

groups at a single time point or to assess the differences in the change from baseline to 12 

weeks of an outcome between groups. Spearman’s test was used to examine correlations 

between an outcome variable at baseline/12 weeks and the change in FMD and FMD/SRAUC 

from baseline to 12 weeks between groups. SPSS v28.0.1.0 was used for all statistical tests 

(SPSS Inc., Chicago, IL, USA). Data are presented as mean ± standard error of the mean 

(SEM). A p-value of 0.05 was used to determine statistical significance and 0.10 was used to 

determine trending statistical significance.  

 

Results 

Endothelial function  

 There was an effect of time and time*group for FMD (p = 0.035 and p = 0.008, 

respectively) and FMD/SRAUC (p = 0.010 and p = 0.010, respectively) between responders and 

non-responders. FMD was lower at baseline for responders compared to non-responders (p = 

0.031), with trending differences for FMD/SRAUC (p = 0.052) (Figure 4.1A and 4.1B, and 

Supplementary Table 4.1 in Appendix 2). At 12 weeks, FMD and FMD/SRAUC were higher 

compared to baseline for responders (p = 0.002 and p = 0.001, respectively), while no changes 

were observed for non-responders (p > 0.05) (Figure 4.1A and 4.1B, and Supplementary 
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Table 4.1 in Appendix 2). Furthermore, at 12 weeks, there were trending differences between 

groups for FMD/SRAUC (p = 0.056), but no differences between groups for FMD (p > 0.05) 

(Figure 4.1A and 4.1B, and Supplementary Table 4.1 in Appendix 2). Lastly, the change in 

FMD and FMD/SRAUC from baseline to 12 weeks was higher for responders compared to non-

responders (p < 0.001 and p = 0.005, respectively) (Figure 4.1C and 4.1D, and Supplementary 

Table 4.1 in Appendix 2).  

 Regarding oxidative stress-mediated impairments in endothelial function at baseline, 

responders had higher FMD and FMD/SRAUC following acute administration of a 

supraphysiological dose of ascorbic acid compared to saline (p = 0.035 and p = 0.020, 

respectively) (Figure 4.2A and 4.2D, and Supplementary Table 4.2 in Appendix 2), while non-

responders did not (p > 0.05) (Figure 4.2B and 4.2E, and Supplementary Table 4.2 in 

Appendix 2). Furthermore, the differences between FMD following ascorbic acid and saline 

administration at baseline were higher for responders compared to non-responders (p = 0.023) 

(Figure 4.2C and Supplementary Table 4.2 in Appendix 2), while no statistically significant 

differences were observed for FMD/SRAUC between groups at baseline (Figure 4.2F and 

Supplementary Table 4.2 in Appendix 2). However, the difference in FMD/SRAUC (but not 

FMD, p > 0.05) following ascorbic acid vs saline administration was lower at 12 weeks 

compared to baseline for responders (p = 0.026), while there was no significant change for non-

responders (p > 0.05) (Figure 4.2C and 4.2F and Supplementary Table 4.2 in Appendix 2).  

 

Screening characteristics  

 Screening characteristics between responders and non-responders are reported in 

Table 4.1. Estradiol was higher (p = 0.002), HDL-C was lower (p = 0.008), and LDL-C was 

higher (p = 0.027) for responders than non-responders. No statistically significant differences 

were noted for other characteristics (p > 0.05).  
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Spearman’s correlations for screening characteristics with the change in FMD and 

FMD/SRAUC from baseline to 12 weeks are presented in Figure 4.3. Age had a strong positive 

correlation with the change in FMD from baseline to 12 weeks for responders (p = 0.043) 

(Figure 4.3A). For non-responders, years postmenopausal had a strong positive correlation 

with the change in FMD (p = 0.014), and diastolic blood pressure had a strong negative 

correlation with the change in FMD (p = 0.003) (Figure 4.3A). Estradiol was strongly positively 

correlated with the change in FMD from baseline to 12 weeks for responders (p = 0.002), but 

not for non-responders or for FMD/SRAUC for responders or non-responders (Figure 4.3A-E). 

Besides a trend for a positive moderate correlation between years postmenopausal and the 

change in FMD/SRAUC from baseline to 12 weeks (p = 0.097) for responders, there were no 

other statistically significant correlations between screening variables and the change in 

FMD/SRAUC from baseline to 12 weeks for responders or non-responders (Figure 4.3A).  

 

Blood biomarkers  

 There was an effect of time (p = 0.002) for TG, with lower TG at 12 weeks compared to 

baseline for non-responders (p = 0.008) and a strong trend for lower TG at 12 weeks compared 

to baseline for responders (p = 0.051) (Figure 4.4A and Supplementary Table 4.3 in 

Appendix 2). An effect of time was also found for TC (p < 0.001), where TC at 12 weeks was 

lower in both responders (p < 0.001) and non-responders (p = 0.002) compared to baseline 

(Figure 4.4B and Supplementary Table 4.3 in Appendix 2). There was an effect of group for 

HDL-C (p = 0.021), with lower HDL-C at baseline for responders compared to non-responders 

(p = 0.011) and a trend for lower HDL-C at 12 weeks for responders compared non-responders 

(p = 0.087) (Figure 4.4C and Supplementary Table 4.3 in Appendix 2). For LDL-C, there was 

an effect of time (p = 0.016) and a trending effect of group*time (p = 0.094) (Supplementary 

Table 4.3 in Appendix 2). Responders had lower LDL-C at 12 weeks compared to baseline (p 
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= 0.007) and higher LDL-C at baseline compared to non-responders (p = 0.032) (Figure 4.4D 

and Supplementary Table 4.3 in Appendix 2).  

There were no within or between group differences in VCAM-1 at any time point (Figure 

4.5A and Supplementary Table 4.3 in Appendix 2); however, there was an effect of 

group*time for ICAM-1 (p = 0.015) which was higher at baseline (p = 0.010), lower at 8 weeks (p 

= 0.019, and a trend for higher levels of at 12 weeks (p = 0.094) in responders compared to 

non-responders, and concentrations were lower for responders at 8 weeks than baseline (p = 

0.049) (Figure 4.5B and Supplementary Table 4.3 in Appendix 2). Lastly for ICAM-1, there 

was an effect of group (p = 0.008) and a trending effect of time (p = 0.079) for the change from 

baseline to 4, 8, and 12 weeks, such that the change from baseline to 4 (p = 0.046) and 8 

weeks (p = 0.001) was lower for responders than non-responders, and the change from 

baseline to 12 weeks was lower than the change from baseline to 8 weeks for responders (p = 

0.034) (Supplementary Table 4.3 in Appendix 2). Regarding nitrate/nitrite, there was an effect 

of group (p = 0.025), where concentrations were lower at 4 and 12 weeks for responders than 

non-responders (p = 0.048 and p = 0.028, respectively) (Figure 4.5C and Supplementary 

Table 4.3 in Appendix 2).  

Spearman’s correlations for blood biomarkers with FMD and FMD/SRAUC are presented 

in Supplementary Figure 4.1 in Appendix 2. There were strong positive correlations for TG 

and HbA1c at 12 weeks between the change in FMD/SRAUC from baseline to 12 weeks for non-

responders (p = 0.036 and p = 0.026, respectively). The change from baseline to 12 weeks in 

HbA1c was strongly positively correlated to the change from baseline to 12 weeks in 

FMD/SRAUC for non-responders (p = 0.008). At 12 weeks, VCAM-1 was positively strongly 

correlated with the change from baseline to 12 weeks in FMD for responders (p = 0.002), while 

a trend for a negative moderate correlation was noted for non-responders (p = 0.099). At 12 

weeks, there was also a trend for a positive moderate correlation between ICAM-1 and the 

change in FMD/SRAUC from baseline to 12 weeks for responders (p = 0.062). 
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Plasma (poly)phenol metabolites  

There was an effect of time for the sum of plasma (poly)phenol metabolites (p < 0.001) 

where the sum of plasma (poly)phenol metabolites was higher at 4 and 12 weeks compared to 

baseline for responders (p = 0.002 and p = 0.036, respectively), and higher at 4, 8, and 12 

weeks compared to baseline for non-responders (p < 0.001, p = 0.006, and p = 0.005, 

respectively) (Figure 4.6A and Supplementary Table 4.4 in Appendix 2). There was a trend 

for a lower sum of plasma (poly)phenol metabolites at 8 weeks for responders compared to non-

responders (p = 0.092) (Figure 4.6A and Supplementary Table 4.4 in Appendix 2). Lastly, 

there was an effect of time (p = 0.007) for the changes from baseline to 4, 8, and 12 weeks in 

the sum of (poly)phenol metabolites where there was a trend for a lower change from baseline 

to 12 weeks for the sum of (poly)phenol metabolites compared to the change from baseline to 4 

weeks for responders (p = 0.062) (Supplementary Table 4.4 in Appendix 2). 

Regarding the 5 individual plasma (poly)phenol metabolites that were evaluated, there 

was an effect of time for all metabolites including hippuric acid (p < 0.001), 3-hydroxyhippuric 

acid (p = 0.007), vanillic acid-4-sulfate (p = 0.015), protocatechuic acid (p = 0.049), and 2,5-

dihydroxybenzoic acid (p = 0.048), while an effect of time*group for protocatechuic acid was 

also noted (p = 0.049) (Supplementary Table 4.4 in Appendix 2). Hippuric acid was higher at 

4 (p = 0.007), 8 (p = 0.007), and 12 weeks (p = 0.015) compared to baseline for non-

responders, with a trend for higher concentrations at 4 weeks compared to baseline for 

responders (p = 0.090) (Figure 4.6B and Supplementary Table 4.4 in Appendix 2). 

Responders had higher levels of 3-hydroxyhippuric acid at 4 weeks compared to non-

responders (p = 0.031) and a trend for higher levels at 4 weeks compared to baseline (p = 

0.071), while non-responders had higher levels at 8 weeks compared to baseline (p = 0.047) 

and a trend for higher levels at 4 and 12 weeks compared to baseline (p = 0.054 and p = 0.090, 

respectively) (Figure 4.6C and Supplementary Table 4.4 in Appendix 2). For vanillic acid-4-

sulfate at 4 weeks, responders had a trend for higher concentrations compared baseline (p = 
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0.073) and to non-responders (p = 0.079) (Figure 4.6D and Supplementary Table 4.4 in 

Appendix 2). At 8 weeks, there was a trend for higher concentrations of protocatechuic acid for 

non-responders compared to responders (p = 0.060), but higher compared to baseline for non-

responders (p = 0.010) (Figure 4.6E and Supplementary Table 4.4 in Appendix 2). Lastly, 

there was a trend for higher concentrations of 2,5-dihydroxybenzoic acid at 8 weeks for non-

responders compared to responders (p = 0.068). (Figure 4.6F and Supplementary Table 4.4 

in Appendix 2).  

When assessing the change of individual metabolites from baseline to 4-, 8-, and 12-

week time points (data presented in Supplementary Table 4.4 in Appendix 2), an effect of 

time for hippuric acid (p = 0.021) observed, though pairwise comparisons showed no significant 

differences between or within groups. There was an effect of time*group for changes in 3-

hydroxyhippuric acid (p = 0.008), with the change from baseline to 4 weeks being greater than 

the change from baseline to 8 weeks for responders (p = 0.023). There was a trend for an effect 

of time*group for changes in vanillic acid-4-sulfate (p = 0.083) and an effect of time*group for 

changes in 2,5-dihydroxybenzoic acid (p = 0.037), though pairwise comparisons showed no 

significant differences between or within groups. Lastly, there was a trend for an effect of group 

for protocatechuic acid (p = 0.082), where the change from baseline to 4 weeks was higher for 

non-responders compared to responders (p = 0.039). 

Spearman’s correlations for the sum of plasma (poly)phenol metabolites and individual 

(poly)phenol metabolites with FMD and FMD/SRAUC are presented in Table 4.2. The change in 

the sum of plasma (poly)phenol metabolites from baseline to 12 weeks was positively strongly 

correlated with the change in FMD from baseline to 12 weeks for responders (p = 0.047) and 

negatively moderately correlated to the change in FMD/SRAUC from baseline to 12 weeks for 

non-responders (p = 0.042). Regarding individual metabolites in plasma, 3-hydroxyhippuric acid 

was inversely strongly correlated at baseline (p = 0.020) and 12 weeks (p = 0.004) to the 

change in FMD from baseline to 12 weeks for non-responders, while there was a trend for an 
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inverse moderate correlation between the change in 3-hydroxyhippuric acid from baseline to 12 

weeks to the change in FMD from baseline to 12 weeks for non-responders (p = 0.058). 

Furthermore, there was an inverse strong correlation between the change in 3-hydroxyhippuric 

acid from baseline to 12 weeks and the change in FMD/SRAUC from baseline to 12 weeks for 

non-responders (p = 0.036). There was also a trend for an inverse moderate correlation 

between protocatechuic acid at 12 weeks and the change in FMD from baseline to 12 weeks for 

responders (p = 0.086). Lastly, the change in 2,5-dihydroxybenzoic acid from baseline to 12 

weeks was positively strongly correlated to the change in FMD from baseline to 12 weeks for 

responders (p = 0.021), and inversely correlated with the change in FMD/SRAUC for non-

responders (p = 0.036). 

 

Endothelial cell protein expression  

 No differences in endothelial cell protein expression were observed between responders 

and non-responders at baseline (Figure 4.7 and Supplementary Table 4.5 in Appendix 2). At 

12 weeks, there was an effect of group for p-eNOS protein expression (p = 0.019), with 

responders having higher p-eNOS protein expression at 12 weeks compared to non-responders 

(p = 0.014) (Figure 4.7B and Supplementary Table 4.5 in Appendix 2). Furthermore, there 

was a trending effect of group for p-NFκB (p = 0.075), however, there were no significant 

pairwise comparisons (Supplementary Table 4.5 in Appendix 2).  

Spearman’s correlations for endothelial cell protein expression are presented in Table 

4.3. Baseline p-eNOS protein expression was strongly inversely correlated with the change in 

FMD from baseline to 12 weeks for responders (p = 0.004). Baseline p-NFκB protein expression 

was strongly positively correlated to the change in FMD/SRAUC from baseline to 12 weeks for 

responders (p = 0.028). Lastly, baseline p47phox (NOX) protein expression was strongly 

positively correlated with the change in FMD/SRAUC from baseline to 12 weeks for non-

responders (p = 0.037).  
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Arterial stiffness, blood pressure, fat mass, anthropometrics, and energy expenditure  

 Arterial stiffness, blood pressure, fat mass, anthropometric, and energy expenditure 

characteristics between responders and non-responders are presented in Table 4.4. There was 

a trending effect of group for diastolic blood pressure (p = 0.051), with diastolic blood pressure 

higher for responders compared to non-responders at 12 weeks (p = 0.013). There were no 

main effects for fat mass (p > 0.05), though pairwise comparisons indicated a trend at 12 weeks 

for responders to have a higher fat mass than non-responders (p = 0.078). No differences were 

observed for arterial stiffness, anthropometrics, or energy expenditure (p > 0.05). 

 Spearman’s correlations for arterial stiffness, blood pressure, fat mass, anthropometric, 

and energy expenditure with the change in FMD and FMD/SRAUC from baseline to 12 weeks are 

presented in Supplementary Figure 4.2 in Appendix 2. For non-responders, there was a trend 

for a moderate correlation between augmentation index normalized to 75 beats per minute at 12 

weeks and the change in FMD from baseline to 12 weeks (p = 0.061), and at baseline with the 

change in FMD/SRAUC from baseline to 12 weeks (p = 0.067). At baseline and 12 weeks, 

diastolic blood pressure was strongly inversely correlated with the change in FMD from baseline 

to 12 weeks for non-responders (p = 0.015 and p = 0.004, respectively), and baseline diastolic 

blood pressure was strongly inversely correlated with the change in FMD/SRAUC from baseline 

to 12 weeks for non-responders (p < 0.001). Furthermore, a strong positive correlation was 

found between the change in diastolic blood pressure from baseline to 12 weeks and the 

change in FMD/SRAUC from baseline to 12 weeks for non-responders (p = 0.003). There was a 

trend for a moderately strong inverse correlation between WC:HC at 12 weeks and the change 

in FMD/SRAUC from baseline to 12 weeks for responders (p = 0.058). Lastly, there was a trend 

for a moderate correlation between energy expenditure at baseline and the change in FMD from 

baseline to 12 weeks (p = 0.099), but a strong positive correlation between the change in 

energy expenditure from baseline to 12 weeks and the change in FMD from baseline to 12 

weeks for non-responders (p = 0.016). 
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HEI 

 HEI scores are presented in Table 4.5. There were no significant differences in the HEI 

individual and total scores between responders and non-responders.  

Spearman’s correlations for the HEI with FMD and FMD/SRAUC are presented in Figure 

4.8. For the change in FMD from baseline to 12 weeks for responders, there were inverse 

strong correlations with HEI scores for fatty acids (p = 0.007), saturated fats (p = 0.050), and 

total HEI score (p = 0.037) and a trend for an inverse strong correlation with the total protein 

foods score (p = 0.062). For the change in FMD from baseline to 12 weeks for non-responders, 

there were inverse strong correlations with HEI scores of total fruit (p = 0.021), whole fruit (p = 

0.041), sodium (p = 0.042), and total HEI (p = 0.013), and a trend for inverse moderate 

correlations with scores of total vegetables (p = 0.061) and green and beans (p = 0.059). For 

the change in FMD/SRAUC from baseline to 12 weeks, there were inverse strong correlations 

with total vegetables score for responders (p = 0.048) and fatty acids score for non-responders 

(p = 0.031). 

 

Discussion 

We previously demonstrated in a randomized, double-blind, placebo-controlled clinical 

trial that postmenopausal women with above-normal blood pressure who consumed 22 g of 

freeze-dried highbush blueberry powder daily for 12 weeks had improvements in endothelial 

function that were mediated by reductions in oxidative stress.14 We also observed that 

individuals responded differently in terms of the direction and magnitude of the change.14 

Results from the current study show that the blueberry intervention was ~50% effective at 

improving FMD to clinically significant levels (i.e. ≥ 1% increase in FMD from baseline to 12 

weeks). One possible reason for differences in efficacy is the degree of endothelial dysfunction 

present at baseline, as responders had more endothelial dysfunction compared to non-

responders (1.80% FMD for responders vs 5.56% for non-responders). Even though there are 
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currently no standard reference ranges for normal endothelial function or endothelial dysfunction 

measured via FMD, it has been suggested that for a generally healthy population, ‘optimal’ 

endothelial function is having a FMD score between 6.5% and 8.8%, impaired function from 

3.8% to 6.1%, and < 3.8% is considered pathological.50 Based on these proposed standards, 

endothelial function at baseline for responders in our study was in the pathological range while 

non-responders were in the upper limits for impaired endothelial function. This hypothesis that 

those with worse baseline endothelial function responded better to blueberry intervention is 

supported by previous work done in postmenopausal women supplemented with the 

(poly)phenol resveratrol where participants with worse bone health at baseline had better 

improvements in bone after the (poly)phenol intervention.51 Furthermore, it was shown in a 

meta-analysis that (poly)phenol-based interventions improved FMD to a greater extent in 

participants with chronic disease compared to healthy individuals.44 Future studies are needed 

to understand efficacy of blueberries to improve endothelial function and reduce CVD risk 

across populations with different degrees of endothelial (dys)function. 

One plausible explanation for why responders had greater endothelial dysfunction at 

baseline could be due to having more vascular oxidative stress. Infusion of a supraphysiological 

dose of the antioxidant ascorbic acid (i.e. vitamin C) acutely significantly improved responders’ 

FMD and FMD/SRAUC at baseline to the ‘optimal’ endothelial function range of 6.93% compared 

to 1.80%. In non-responders, ascorbic acid infusion only acutely improved FMD from 5.65% 

(saline FMD) to 6.84% at baseline and was not statistically significant. This suggests that non-

responders had less oxidative stress-mediated impairments in endothelial function compared to 

responders. The mechanisms contributing to greater baseline vascular oxidative stress in 

responders is currently unclear as there were no significant differences between groups at 

baseline in biopsied venous endothelial enzyme expression that relate to oxidative stress (i.e. 

eNOS, MnSOD, or NOX), and other mechanisms or indicators of oxidative stress were not 

measured. Interestingly, endothelial baseline p-eNOS expression was inversely correlated with 
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the change in FMD from baseline to 12 weeks in responders. This could indicate that less 

expression of p-eNOS at baseline was associated with greater change in FMD after treatment, 

which may be related to oxidative stress. Furthermore, HDL-C was significantly lower and LDL-

C was significantly higher in responders compared to non-responders at the screening visit. 

Even though not a direct mechanism for endothelial dysfunction, abnormal blood lipids have 

been associated with increased production of ROS in the endothelium and impaired endothelial 

function.52 Lastly, baseline ICAM-1, a response to inflammatory stimuli,53 was significantly 

higher for responders compared to non-responders, while p-NFκB was positively correlated with 

the change in FMD from baseline to 12 weeks for responders. This indicates that responders 

might have had more inflammation at baseline, thus, could be a contributing factor for increased 

oxidative stress since inflammation is known to provoke oxidative stress. Collectively, these 

findings indicate that responders had more oxidative stress-mediated suppression of endothelial 

function at baseline, and suggest that baseline factors related to dyslipidemia and inflammation 

may be contributing factors. Additionally, these findings suggest that those with greater 

impairments in cardiometabolic health may have greater improvements in endothelial function 

and vascular oxidative stress with blueberry consumption, but does not exclude that blueberries 

may exert other health benefits in non-responders. 

Regarding endothelial function response to the blueberry intervention, responders 

significantly improved their FMD by 4.26% after consuming 22 g of freeze-dried highbush 

blueberry powder for 12 weeks, while non-responders had no change. FMD improvements in 

responders were due to reductions in vascular oxidative stress as evidenced by FMD and 

FMD/SRAUC significantly increasing after infusion of a supraphysiologic dose of ascorbic acid at 

baseline but not at 12 weeks, as well as the fact that the difference between ascorbic acid and 

saline FMD/SRAUC was significantly reduced at 12 weeks compared to baseline for responders 

(but not for non-responders). Reductions in vascular oxidative stress at 12 weeks could have 

contributed to higher p-eNOS expression at 12 weeks in responders compared to non-
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responders. This is supported by ex vivo research showing that physiological levels of blueberry 

(poly)phenol metabolites reduced endothelial oxidative stress while increasing eNOS activity.54-

56 Furthermore, there were differential responses in plasma NO metabolites (i.e. nitrate/nitrite) 

concentrations between responders and non-responders throughout the 12-week blueberry 

intervention, such that responders had lower concentrations. Measuring NO intermediates (i.e. 

nitrate and nitrite) can provide insight into plasma NO concentrations, but NO is known to have 

a short half-life and interacts with superoxide radicals rapidly in vivo promoting nitrate formation 

(Thakor 2010).57 Interestingly, plasma nitrite was below the threshold of detection in the clinical 

trial,14 therefore, such concentrations are more reflective of plasma nitrate. It is possible that 

reductions in nitrate concentrations in responders compared to non-responders is due to 

reductions in oxidative stress. This finding is supported by a previous study that when ascorbic 

acid was infused into blood circulation, it lowered plasma nitrate levels.57 Furthermore, severely 

obese children with traditional metabolic risk factors had significantly elevated plasma nitrate 

concentrations compared to non-obese children and levels were significantly positively 

correlated to biomarkers of inflammation and oxidative stress.58 Additionally, studies with animal 

models of obesity and metabolic syndrome have demonstrated that NO concentrations and 

endothelium-dependent vasodilator responses are higher compared to those that are healthy, 

likely due to a compensatory adaptation to preserve blood flow in the presence of oxidative 

stress and inflammation.59-61 Collectively, the findings from this study suggests that responders 

to blueberry consumption improved their endothelial function through reductions in oxidative 

stress which could be mechanistically related to higher p-eNOS expression and/or reductions in 

plasma nitrate concentrations but requires further investigation.  

Another factor contributing to efficacy of blueberries to improve endothelial function in 

responders is that responders had higher estradiol concentrations at screening compared to 

non-responders. In fact, estradiol was positively correlated with the change in FMD from 

baseline to 12 weeks for responders but not for non-responders, or for FMD/SRAUC. This is 
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supported by data from studies with exercise interventions indicating efficacy was dependent on 

estrogen replacement in postmenopausal women.62, 63 Participants in our study were confirmed 

to be postmenopausal through assessment of estradiol and follicle-stimulating hormone and 

there were no differences between groups for age or years postmenopausal, and thus, it is 

unclear as to why responders had higher estradiol concentrations. In postmenopausal women, 

estrogen can be produced by adipose tissue;64 however, there were no significant differences in 

fat mass or BMI between groups at baseline. Despite this, responders did have non-significantly 

but numerically higher BMI, fat mass, waist circumference, and hip circumference, indicating 

that subtle differences in body composition could be a contributing factor. Furthermore, the gut 

microbiome is implicated in the enterohepatic recirculation of estrogens as conjugated 

estrogens are either excreted in feces, or they are deconjugated by gut microbiota with β-

glucosidase or sulfatase enzymes which allows them to re-enter circulation.65 Thus, the gut 

microbiome may also be a contributing factor for increased estradiol but requires investigation.  

The sum of plasma (poly)phenol metabolites significantly increased in both groups from 

baseline to 12 weeks confirming compliance with blueberry intervention. This finding is 

supported by a recent study demonstrating changes in plasma (poly)phenol metabolites 

predicted whether participants were in the placebo or blueberry intervention using machine 

learning algorithms.39 Interestingly, though (poly)phenolic concentrations were not different 

between responders and non-responders at 12 weeks with the exception for a trend in 

differences for 3-hydroxyhippuric acid between groups, several trending significant differences 

between groups were observed for (poly)phenol metabolites at other time points (i.e. 4 or 8 

weeks), such that they were higher in non-responders than responders (besides vanillic acid-4-

sulfate being lower for non-responders than responders). It cannot be determined at this time 

how these findings translate to effects on endothelial function at earlier time points than 12 

weeks as FMD was not measured. However, we hypothesize that (poly)phenols might be taken 

up by endothelial cells and/or other cells and tissues at a faster rate in responders compared to 
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non-responders due to responders having more vascular oxidative stress. Cell studies have 

demonstrated that flavonoids (i.e. flavanones and isoflavones) are taken up and metabolized by 

endothelial cells.66, 67 Whether increased oxidative stress, uptake by endothelial cells (or other 

cells and tissues), or other unknown factors are responsible for lower plasma (poly)phenol 

concentrations in responders than non-responders in our study is not known. Furthermore, it 

remains unclear as to how circulating (poly)phenol metabolites are involved in improvements in 

endothelial function observed, and thus, future studies should aim to understand this 

relationship.   

Based on the results from the clinical trial, it was not surprising to find that arterial 

stiffness, blood pressure, anthropometrics, fat mass, or energy expenditure did not contribute to 

improvements in FMD for responders. Furthermore, it is currently unclear what the negative 

correlations between individual diet component HEI scores and the change in FMD and 

FMD/SRAUC from baseline to 12 weeks indicates. However, regardless of group, the total HEI 

score is significantly inversely correlated to the change in endothelial function from baseline to 

12 weeks, suggesting that a lower quality dietary pattern that is less aligned with the DGA might 

be associated with higher efficacy of blueberries to improve endothelial function in our study 

population. This is logical, as it has been shown that diets high refined carbohydrates and 

saturated fats (i.e. Westernized diet) contribute to more oxidative stress and endothelial 

dysfunction in humans.68, 69 It could be interesting for future studies examining blueberry 

intervention on cardiovascular health to assess how HEI impacts the efficacy of blueberries as a 

dietary intervention in high-risk populations.  

 To our knowledge, this is the first study to examine differences in efficacy of blueberries 

to improve endothelial function highlighting the novelty and strength of the study. This study was 

exploratory, but provides crucial insight into factors that may determine the clinical efficacy of 

blueberries as a food-based dietary intervention for postmenopausal women with above-normal 

blood pressure. Furthermore, data used in the current study are from a well-controlled and 
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robustly designed clinical trial using the gold standard of FMD to evaluate endothelial function, 

as well as a supraphysiologic dose of ascorbic acid to assess oxidative stress-mediated 

suppression of endothelial function and venous endothelial cell biopsy to assess possible 

mechanisms. Results produced from this study have the potential to provide insight for 

inclusion/exclusion criteria and study design for future studies assessing (poly)phenol or 

blueberry intervention(s) on endothelial function in postmenopausal women. Limitations to this 

study include small sample size, as only 17 participants from the clinical trial in the blueberry 

group completed endothelial function measurements, therefore, significant differences in various 

outcomes between groups (e.g. age, anthropometric/body composition measures) could have 

gone undetected. Another limitation is that the postmenopausal women included in these 

analyses were all non-Hispanic white and from Northern Colorado, therefore, generalizability is 

limited. Lastly, some of the findings in this study were based on correlations and correlation 

does not necessarily mean causation. Therefore, future studies could account for assessing 

interindividual variability within groups in their study design and power analyses in order to 

detect significant differences in clinical responses within an intervention group. 

 

Conclusions 

Collectively, results from this study suggest that responders had greater impairments in 

overall cardiometabolic health compared to non-responders. Furthermore, baseline factors such 

as endothelial function, oxidative stress-mediated suppression of endothelial function, among 

other factors like circulating estradiol, may contribute to increased efficacy of blueberries to 

improve endothelial function. Lastly, plasma nitrate concentrations and p-eNOS expression 

provide insight into potential mechanisms for endothelial function responses and should be 

explored in future studies. More research is needed to better understand the interindividual 

variability in endothelial function responses to chronic blueberry consumption in 

postmenopausal women with above-normal blood pressure, as well as in other populations. 
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Figures and Tables 

 
 

 
Figure 4.1. (A) Flow-mediated dilation (FMD) between responders (n = 8) and non-responders 
(n = 9) at baseline and 12 weeks; (B) FMD normalized to shear rate area under the curve 
(FMD/SRAUC) between responders and non-responders at baseline and 12 weeks; (C) change in 
FMD (%) from baseline to 12 weeks between responders and non-responders; and (D) change 
in FMD/SRAUC between responders and non-responders. Data are mean ± SEM. *Different 
within group compared to baseline (p < 0.05). **Different between groups at that time point (p < 
0.05). ##Trending different between groups at that time point (p < 0.06). 
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Figure 4.2. (A) Flow-mediated dilation (FMD) between saline and ascorbic acid for responders (n = 8) and (B) non-responders (n = 
9) at baseline and 12 weeks; (C) difference in saline and ascorbic acid for FMD between responders and non-responders at baseline 
and 12 weeks; (D) FMD normalized to shear rate area under the curve (FMD/SRAUC) between saline and ascorbic acid for 
responders and (E) non-responders at baseline and 12 weeks; and (F) difference in saline and ascorbic acid for FMD/SRAUC between 
responders and non-responders at baseline and 12 weeks. Data are mean ± SEM. *Different within group compared to baseline (p < 
0.05). **Different between groups at that time point (p < 0.05).
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Table 4.1. Screening characteristics for the 17 postmenopausal women who consumed 22 g 
freeze-dried highbush blueberry powder for 12 weeks and completed the endothelial function 
measurements. 
Variable Responder (n = 8) Non-responder (n = 9) 

Age (yr) 61 ± 1 60 ± 1 
Years after menopause 11 ± 3 8 ± 2 
Estradiol (pg/mL) 19.6 ± 0.9* 14.4 ± 0.9 
FSH (mIU/mL) 68.8 ± 7.1 69.4 ± 9.5 
Height (m) 1.6 ± 0.0 1.6 ± 0.0 
Weight (kg) 76.6 ± 5.6 70.2 ± 5.0 
BMI (kg/m2) 29.2 ± 1.8 26.0 ± 1.8 
Fat mass (%) 42.0 ± 1.7 39.6 ± 1.8 
WC (cm) 91 ± 3 86 ± 5 
HC (cm) 109 ± 4 105 ± 4 
WC:HC 0.84 ± 0.02 0.81 ± 0.02 
SBP (mmHg) 131 ± 2 129 ± 3 
DBP (mmHg) 79 ± 1 81 ± 2 
TG (mg/dL) 123 ± 15 122 ± 24 
TC (mg/dL) 217 ± 9 213 ± 6 
HDL-C (mg/dL) 48 ± 3* 66 ± 6 
LDL-C (mg/dL) 144 ± 7* 121 ± 6 
HbA1c (%) 5.6 ± 0.1 5.5 ± 0.1 
BP med use, n (%) 3 (37.5) 1 (11.1) 
Race/ethnicity, n (%)   
   Non-Hispanic white 8 (100) 9 (100) 

Data are mean ± SEM (or n (%)). *Different between groups (p < 0.05). Abbreviations: BMI, 
body mass index; BP, blood pressure; DBP, diastolic blood pressure; FSH, follicle-stimulating 
hormone; HgbA1c, hemoglobin A1c; 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. 
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Figure 4.3. (A) Correlations between screening characteristics and the change in flow-mediated dilation (FMD) and the change in 
FMD normalized to shear rate area under the curve (FMD/SRAUC) from baseline to 12 weeks; (B) correlation between estradiol and 
the change in FMD from baseline to 12 weeks for responders (n = 8) and (C) non-responders (n = 9); and (D) correlation between 
estradiol and the change in FMD normalized to shear rate area under the curve (FMD/SRAUC from bassline to 12 weeks for 
responders and (E) non-responders. Data are Spearman’s rho. *Significant correlation (p < 0.05). #Trending significant correlation (p 
< 0.10). Abbreviations: BMI, body mass index; BP, blood pressure; DBP, diastolic blood pressure; FSH, follicle-stimulating hormone; 
HgbA1c, hemoglobin A1c; 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. 
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Figure 4.4. (A) Triglyceride (TG) levels for responders (n = 8) and non-responders (n = 9) at 
baseline and 12 weeks; (B) total cholesterol (TC) levels for responders and non-responders at 
baseline and 12 weeks; (C) high-density lipoprotein cholesterol (HDL-C) levels for responders 
and non-responders at baseline and 12 weeks; and (D) low-density lipoprotein cholesterol (LDL-
C) levels for responders and non-responders at baseline and 12 weeks. Data are mean ± SEM. 
*Different within group (p < 0.05).**Different between groups at that time point (p < 0.05). 
##Trending different between groups at that time point (p < 0.09). 
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Figure 4.5. (A) Intercellular adhesion molecule 1 (ICAM-1) levels for responders (n = 8) and non-responders (n = 9) at baseline and 
4, 8, and 12 weeks; (B) vascular adhesion molecule 1 (VCAM-1) levels for responders and non-responders at baseline and 4, 8, and 
12 weeks; and (C) nitrate/nitrite levels for responders and non-responders at baseline and 4, 8, and 12 weeks. Data are mean ±  
SEM. *Different within group compared to baseline (p < 0.05).**Different between groups at that time point (p < 0.05). ##Trending 
different between groups at that time point (p < 0.10).  
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Figure 4.6. (A) Sum of plasma (poly)phenol metabolites concentrations for responders (n = 8) and non-responders (n = 9) at 
baseline and 4, 8, and 12 weeks; (B) plasma hippuric acid concentrations for responders and non-responders at baseline and 4, 8, 
and 12 weeks; (C) plasma 3-hydroxyhippuric acid concentrations for responders and non-responders at baseline and 4, 8, and 12 
weeks; (D) plasma vanillic acid concentrations for responders and non-responders at baseline and 4, 8, and 12 weeks; (E) plasma 
protocatechuic acid concentrations for responders and non-responders at baseline and 4, 8, and 12 weeks; and (F) plasma 2,5-
dihydroxybenzoic acid concentrations for responders and non-responders at baseline and 4, 8, and 12 weeks. Data are mean ± 
SEM. *Different within group compared to baseline (p < 0.05).**Different between groups at that time point (p < 0.05). #Trending 
different compared to baseline within groups (p < 0.10). ##Trending different between groups at that time point (p < 0.08).  
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Table 4.2. Correlations between plasma (poly)phenol metabolites and the change of FMD and FMD/SRAUC from baseline to 12 
weeks for the 17 postmenopausal women who consumed 22 g freeze-dried highbush blueberry powder for 12 weeks and completed 
the endothelial function measurements. 
 Δ FMD Δ FMD/SRAUC 

Compound (nmol/L) Responder (n = 8) Non-responder (n = 5) Responder (n = 8) Non-responder (n = 5) 

Sum of (poly)phenol metabolites     
   Baseline  -0.381 -0.267 -0.167 0.250 
   12 Weeks -0.048 -0.200 -0.119 -0.133 
   ∆ 0 to 12 Weeks 0.714* -0.200 0.214 -0.683* 
Hippuric Acid     
   Baseline  0.190 -0.233 -0.167 0.0367 
   12 Weeks 0.143 -0.217 -0.048 -0.100 
   ∆ 0 to 12 Weeks 0.524 -0.117 0.143 -0.467 
3-Hydroxyhippuric Acid     
   Baseline  -0.524 -0.750* 0.000 -0.267 
   12 Weeks -0.357 -0.850* -0.048 -0.467 
   ∆ 0 to 12 Weeks 0.381 -0.650# 0.143 -0.700* 
Vanillic Acid-4-Sulfate     
   Baseline  -0.327 -0.055 0.464 0.201 
   12 Weeks -0.287 -0.285 -0.036 -0.251 
   ∆ 0 to 12 Weeks 0.048 -0.233 -0.381 -0.150 
Protocatechuic Acid     
   Baseline  -0.048 -0.159 -0.452 0.310 
   12 Weeks -0.643# -0.067 -0.381 -0.417 
   ∆ 0 to 12 Weeks -0.548 0.017 -0.095 -0.400 
2,5-Dihydroxybenzoic Acid     
   Baseline  -0.310 0.083 0.000 0.617 
   12 Weeks 0.333 -0.117 -0.143 0.200 
   ∆ 0 to 12 Weeks 0.786* -0.367 -0.214 -0.700* 

Data are Spearman’s rho. *Significant correlation (p < 0.05). #Trending significant correlation (p < 0.09). Abbreviations: FMD, flow-
mediated dilation; FMD/SRAUC; flow-mediated dilation normalized to shear rate area under the curve. 
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Figure 4.7. Venous endothelial cell protein expression between responder (n = 8) and non-
responders (n = 9) at baseline and 12 weeks. (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-NFκB). Data are expressed as 
arbitrary units (AU). Data are mean ± SEM. *Different between groups at that time point (p < 
0.05). 
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Table 4.3. Correlations between venous endothelial cell protein expressions and the change of FMD and FMD/SRAUC from baseline 
to 12 weeks for the 12 postmenopausal women who consumed 22 g freeze-dried highbush blueberry powder for 12 weeks and 
completed endothelial cell biopsy. 
 Δ FMD Δ FMD/SRAUC 

 Responder (n = 8) Non-responder (n = 5) Responder (n = 8) Non-responder (n = 5) 

p47phox     
   Baseline  0.357 0.800 0.048 0.900* 
   12 Weeks -0.167 0.500 -0.405 0.600 
   ∆ 0 to 12 Weeks -0.690 -0.600 -0.524 -0.800 
p-eNOS     
   Baseline  -0.881* 0.100 -0.048 0.300 
   12 Weeks -0.119 -0.300 0.071 0.100 
   ∆ 0 to 12 Weeks 0.571 -0.600 0.214 -0.700 
MnSOD     
   Baseline  -0.238 0.000 0.048 0.300 
   12 Weeks -0.452 0.100 -0.071 0.200 
   ∆ 0 to 12 Weeks 0.310 0.000 0.476 -0.300 
p-NFκB p65 (Ser536)     
   Baseline  0.024 -0.100 0.762* 0.000 
   12 Weeks 0.381 0.700 0.071 0.600 
   ∆ 0 to 12 Weeks 0.405 0.500 -0.452 0.300 

Data are Spearman’s rho. *Significant correlation (p < 0.05). Abbreviations: FMD, flow-mediated dilation; FMD/SRAUC; flow-mediated 
dilation normalized to shear rate area under the curve; MnSOD, manganese superoxide dismutase; p-eNOS, phosphorylated 
endothelial cell nitric oxide synthase; p-NFκB, phosphorylated nuclear factor kappa B.
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Table 4.4. Arterial stiffness, blood pressure, anthropometrics, fat mass, and energy expenditure 
values for the 17 postmenopausal women who consumed 22 g freeze-dried highbush blueberry 
powder for 12 weeks and completed the endothelial function measurements. 
 Responder (n = 8) Non-Responder (n = 9) 

Aortic PWV (m/s)   
   Baseline  7.7 ± 0.4 8.0 ± 0.2 
   12 Weeks 7.4 ± 0.3 7.9 ± 0.2 
   ∆ 0 to 12 Weeks -0.3 ± 0.4 0.0 ± 0.3 
AIx (%)   
   Baseline  36 ± 2 36 ± 3  
   12 Weeks 34 ± 2 37 ± 2  
   ∆ 0 to 12 Weeks -2 ± 2 1 ± 3  
AIx@75 (%)   
   Baseline  30 ± 3  28 ± 6  
   12 Weeks 28 ± 2  29 ± 2 
   ∆ 0 to 12 Weeks -2 ± 2  1 ± 7 
Brachial SBP 
(mmHg) 

  

   Baseline  137 ± 4 133 ± 3 
   12 Weeks 138 ± 4 131 ± 2 
   ∆ 0 to 12 Weeks 1 ± 2 -2 ± 3 
Brachial DBP 
(mmHg) a   

   Baseline  81 ± 2 78 ± 2 
   12 Weeks 83 ± 2 76 ± 1** 
   ∆ 0 to 12 Weeks 1 ± 2 -2 ± 1 
Weight (kg)   
   Baseline  76.1 ± 5.6 69.1 ± 4.6 
   12 Weeks 76.3 ± 5.4 69.0 ± 4.8 
   ∆ 0 to 12 Weeks 0.2 ± 0.3 -0.1 ± 0.4 
BMI (kg/m2)   
   Baseline  29.1 ± 1.8 25.7 ± 1.6 
   12 Weeks 29.2 ± 1.7 25.7 ± 1.6 
   ∆ 0 to 12 Weeks 0.1 ± 0.1 0.0 ± 0.2 
WC (cm)   
   Baseline  95 ± 4 89 ± 4 
   12 Weeks 95 ± 4 86 ± 6 
   ∆ 0 to 12 Weeks 0 ± 2 -3 ± 3 
HC (cm)   
   Baseline  109 ± 4 106 ± 3 
   12 Weeks 110 ± 4 105 ± 3 
   ∆ 0 to 12 Weeks 1 ± 1 -2 ± 2 
WC:HC   
   Baseline  0.87 ± 0.02 0.84 ± 0.02 
   12 Weeks 0.86 ± 0.01 0.82 ± 0.03 
   ∆ 0 to 12 Weeks -0.01 ± 0.02 -0.02 ± 0.03 
Total Fat Mass (%)   
   Baseline  42.0 ± 1.7 39.6 ± 1.8 
   12 Weeks 42.1 ± 1.7 38.0 ± 1.2## 

   ∆ 0 to 12 Weeks 0.1 ± 0.3 -1.5 ± 1.2 
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Table 4.4. Arterial stiffness, blood pressure, anthropometrics, fat mass, and energy expenditure 
values for the 17 postmenopausal women who consumed 22 g freeze-dried highbush blueberry 
powder for 12 weeks and completed the endothelial function measurements. 
 Responder (n = 8) Non-Responder (n = 9) 

Average Daily 
Energy Expenditure 
(kcal) 

  

   Baseline  2694 ± 235 2411 ± 211 
   12 Weeks 2631 ± 190 2445 ± 191 
   ∆ 0 to 12 Weeks -64 ± 92 34 ± 28 

Data are mean ± SEM. aTrending main effect for group (p < 0.06). *Different compared to 
baseline within group (p < 0.05). **Different between groups at that time point (p < 0.05). 
##Trending different between groups at that time point (p < 0.08). Abbreviations: AIx, 
augmentation index; AIX@75, augmentation index normalized to 75 beats per minute; BMI, 
body mass index; DBP, diastolic blood pressure; HC, hip circumference; PWV, pulse wave 
velocity; SBP, systolic blood pressure; WC:HC, waist to hip circumference ratio. 
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Table 4.5. Healthy Eating Index (HEI) scores between groups for the 17 postmenopausal women who consumed 22 g freeze-dried 
highbush blueberry powder for 12 weeks and completed the endothelial function measurements. 

Data are mean ± SEM. No differences between groups (p > 0.05). Note: the higher the total HEI score is indicative of a healthier diet. 
48 Abbreviations: Equiv, equivalent; HEI, healthy eating index; kcal, kilocalories; MUFAs, monounsaturated fatty acids; PUFAs, 
polyunsaturated fatty acids; SFA, saturated fatty acids. 
 

 
Responder 

(n = 8) 

Non-
Responder 

(n = 9) 

Max 
Points48 Standard for Max Points48 

Standard for Minimum 
Points48 

Total Vegetables 3.8 ± 0.5 3.2 ± 0.6 5 ≥1.1 cup equiv. per 1,000 kcal  No vegetables 
Greens and Beans 2.7 ± 0.9 3.1 ± 0.8 5 ≥0.2 cup equiv. per 1,000 kcal No greens and beans 
Total Fruits 2.6 ± 0.8 2.8 ± 0.6 5 ≥0.8 cup equiv. per 1,000 kcal No fruits 
Whole Fruits 2.1 ± 0.8 3.5 ± 0.6 5 ≥0.4 cup equiv. per 1,000 kcal No whole fruits 
Whole Grains 2.6 ± 1.4 3.7 ± 1.1 10 ≥1.5 oz equiv. per 1,000 kcal No whole grains 
Dairy 5.6 ± 1.4 5.1 ± 0.7 10 ≥1.3 cup equiv. per 1,000 kcal  No dairy 
Total Protein Foods 4.3 ± 0.5 4.5 ± 0.5 5 ≥2.5 oz equiv. per 1,000 kcal No protein foods 
Seafood and Plant 
Protein 

3.7 ± 0.7 3.5 ± 0.7 
5 ≥0.8 oz equiv. per 1,000 kcal 

No seafood or plant proteins 

Fatty Acids 6.0 ± 1.5 6.8 ± 1.2 
10 (PUFAs + MUFAs)/SFAs ≥2.5 

PUFAs + MUFAs)/SFAs 
≤1.2 

Refined Grains 7.6 ± 0.8 6.8 ± 1.2 
10 ≤1.8 oz equiv. per 1,000 kcal ≥4.3 oz equiv. per 1,000 

kcal  
Sodium 5.8 ± 1.2 4.8 ± 1.3 10 ≤1.1 gram per 1,000 kcal ≥2.0 grams per 1,000 kcal 
Added Sugars 6.7 ± 0.7 7.4 ± 0.9 10 ≤6.5% of energy ≥26% of energy 
Saturated Fats 5.2 ± 1.6 5.6 ± 1.1 10 ≤8% of energy ≥16% of energy 
HEI Total Score 58.7 ± 4.9 60.8 ± 6.5 100 -- -- 
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Figure 4.8. Healthy eating index (HEI) scores correlated to the change in flow-mediated dilation 
(FMD) and the change in FMD normalized to shear rate area under the curve (FMD/SRAUC) from 
baseline to 12 weeks between responders (n = 8) and non-responders (n = 9). Data are 
Spearman’s Rho. *Significant correlation (p < 0.05). #Trending significant correlation (p < 0.07). 
Abbreviations: HEI, healthy eating index.
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CHAPTER 5: EXAMINING THE ATHEROPROTECTIVE EFFECTS OF (POLY)PHENOL 

METABOLITES IN HUMAN SERUM AFTER CHRONIC BLUEBERRY CONSUMPTION IN 

POSTMENOPAUSAL WOMEN WITH ABOVE-NORMAL BLOOD PRESSURE 

 
 
 

Summary 

 Blueberry (poly)phenol metabolites may reduce cardiovascular disease (CVD) risk by 

improving oxidative stress-mediated endothelial dysfunction, which is a central contributor to 

atherosclerotic CVD. Postmenopausal women develop endothelial dysfunction largely due to 

decreased estrogen production promoting oxidative stress and inflammation. In a randomized, 

double-blind, placebo-controlled, parallel-arm clinical trial, 22 g/day of freeze-dried blueberry 

powder consumption for 12 weeks improved endothelial function reductions of endothelial 

oxidative stress and increased plasma (poly)phenol metabolites in estrogen-deficient 

postmenopausal women with above-normal blood pressure; however, cellular mechanisms and 

broader implications for atherosclerosis are not known. The aim of this study was to use a 

reverse translational approach from humans to cells to evaluate cellular mechanisms 

responsible for clinical improvements in endothelial function and the anti-atherogenic potential 

of blueberries. Human blood serum samples with or without (poly)phenol metabolites (i.e. 

blueberry and placebo groups) were leveraged from our clinical trial at 12 weeks. Cultured 

human aortic endothelial cells (HAECs) were incubated with 15% human serum for 1 h followed 

by 200 µM hydrogen peroxide (H2O2) for 24 h. HAECs were incubated with THP-1 cells to 

assess monocyte binding affinity or assessed for insulin-stimulated nitric oxide (NO) production 

and peroxynitrite concentrations. There was a strong trend for increased monocyte binding to 

HAECs with 200 µM H2O2 (p = 0.057), but 200 µM H2O2 had no statistically significant effects on 

insulin-stimulated NO production or peroxynitrite concentrations (p > 0.05). Blueberry serum did 

not improve monocyte binding or insulin-stimulated NO production in dysfunctional HAECs (p > 
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0.05). Peroxynitrite concentrations were significantly higher in dysfunctional HAECs with the 

blueberry and placebo serum compared to the controls (p < 0.001). This is the first study to 

examine 1) the effects of 200 µM H2O2 on monocyte binding, NO production, and peroxynitrite 

concentrations in HAECs, and 2) whether 15% human serum containing (poly)phenol 

metabolites could attenuate adverse effects. Further research is needed to better establish this 

ex vivo cell culture model. 

 

Introduction 

About 50% of all deaths in westernized societies are due atherosclerotic cardiovascular 

disease (CVD), a condition causing narrowing and hardening of the arteries due to lipid 

accumulation.1 The first step of atherosclerosis is vascular endothelial dysfunction which is 

characterized impaired endothelium-dependent dilation. The endothelium is responsible for 

producing vasoactive substances, such as nitric oxide (NO), to maintain vascular tone and 

promote blood flow.2-4 Oxidative stress and inflammation are underlying mechanisms of 

endothelial dysfunction, due in part to adverse effects on NO production and bioavailability.5, 6 

Oxidative stress occurs when there is an imbalance between reactive oxygen/nitrogen species 

(ROS/RNS) production and clearance, and inhibits NO production and bioavailability through 

various mechanisms including endothelial nitric oxide synthase (eNOS) uncoupling resulting in 

formation of superoxide radicals instead of NO.3, 7 Superoxide radicals react with available NO 

causing formation of the RNS peroxynitrite, further contributing to oxidative stress.3, 7 ROS also 

upregulate pro-inflammatory pathways triggering monocyte binding to the endothelium (among 

other processes), thus, promoting atherogenesis.8 However, NO is protective against such 

monocyte-endothelial cell interactions and exerts other vascular-protective effects, rendering it 

an essential molecule for atherosclerotic CVD prevention.9, 10   

Non-modifiable (e.g. age and menopause) and modifiable (e.g. high blood pressure) risk 

factors contribute to atherosclerosis, though aging is the primary risk factor for CVD. With aging 
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there is a decline in physiological and functional processes that contribute to ROS/RNS 

accumulation.11, 12 Increased ROS is one mechanism contributing to endothelial dysfunction and 

increased monocyte adhesion in older adults compared to younger counterparts.13 Furthermore, 

accumulating evidence indicates estrogen-deficient postmenopausal women have oxidative 

stress-mediated suppression of endothelial function.14-17 Estrogen acts as an antioxidant by 

scavenging ROS and can bind to estrogen receptors on endothelial cells triggering NO 

production.16, 18, 19 Additionally, high blood pressure which increases with age and menopause, 

is considered the most common modifiable risk factor for CVD and contributes to oxidative 

stress and endothelial dysfunction.3, 20-23 Effective lifestyle approaches for increasing NO 

production/bioavailability and decreasing oxidative stress to improve endothelial function are 

needed for atherosclerotic CVD prevention in aging individuals, particularly postmenopausal 

women with elevated or high blood pressure (i.e. above-normal blood pressure). 

Consuming diets rich in foods that contain (poly)phenols have been shown to regress 

atherosclerosis, improve modifiable risk factors (e.g. high blood pressure and cholesterol), and 

reduce CVD events in humans.24-27 Adding blueberries to the diet is of particular interest due to 

their high (poly)phenol content, namely anthocyanins and phenolic acids.28 We recently 

demonstrated in a double-blind, parallel-arm, placebo-controlled clinical trial that consuming 22 

g of freeze-dried highbush blueberry powder daily for 12 weeks significantly improved 

endothelial function in postmenopausal women with above-normal blood pressure through 

reductions in oxidative stress. Furthermore, we observed increases in plasma (poly)phenol 

metabolite concentrations, many of which were anthocyanin and gut microbial metabolites.17 

However, the direct endothelial cell-related mechanisms contributing to improved endothelial 

function after chronic blueberry consumption within this study population is currently unknown. 

Additionally, the atheroprotective effects of blueberry consumption beyond improvements in 

endothelial function are not known in humans.  
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Blueberry-derived (poly)phenols have low bioavailability implicating their circulating 

metabolites derived from phase I and II metabolism and gut microbial metabolism for their 

atheroprotective effects.29 Ex vivo studies have demonstrated that physiologically relevant 

concentrations of synthetic blueberry-derived anthocyanin metabolites increased insulin-

stimulated NO production, and decreased ROS production and monocyte binding to 

dysfunctional (i.e. stimulated with palmitate, TNF-α) human-derived endothelial cells.30, 31 

However, whether these results are translatable to oxidative stress-induced dysfunctional 

human endothelial cells, as well as for blueberry (poly)phenol metabolites found circulating in 

human serum after consumption has yet to be explored. Therefore, the objective of this study 

was to establish an ex vivo cell culture model of oxidative stress-induced endothelial dysfunction 

using human aortic endothelial cells (HAECs), hydrogen peroxide (H2O2), and human blood 

serum for examining mechanisms for improved endothelial function and potential 

atheroprotective effects of blueberry consumption. We hypothesized that (poly)phenol 

metabolites found in human serum after 12 weeks of daily blueberry consumption would inhibit 

monocyte binding to dysfunctional HAECs, as well as increase insulin-stimulated NO production 

and decrease peroxynitrite concentrations. 

 

Methods 

Materials and chemicals  

HAECs, endothelial basal medium-2 (EBM-2), and endothelial growth medium-2 

SingleQuot kit supplements and growth factors were purchased from Lonza (Allendale, NJ, 

USA). RPMI medium 1640,  HyClone® Trypan Blue Solution, phosphate buffer solution (PBS), 

0.22 µm membrane filter, and fetal bovine serum (FBS) were purchased from ThermoFisher 

Scientific (Waltham, MA, USA); TrypLETM Express and calcein-AM were from Life 

Technologies Corporation (Grand Island, NY, USA); Humulin from Lilly USA, LLC (Indianapolis, 

IN, USA); human monocyte THP-1 cells from American Type Culture Collection (Manassas, VA, 
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USA); 4-amino-5-methylamino-2’,7’-difluororescein diacetate (DAF-FM) from Invitrogen 

(Carlsbad, CA, USA); dimethyl sulfoxide (DMSO) and H2O2 from Sigma-Aldrich (St. Louis, MO, 

USA); and peroxynitrite assay kit from Abcam (Cambridge, MA, USA).  

 

Cell culture 

HAECs and THP1 cells were cultured as previously described.30 Briefly, HAECs were 

cultured in EBM-2 medium supplemented with EGM-2 growth supplements and 2% heat-

inactivated FBS. HAECs were passaged at 80-90% confluence, and experiments were 

conducted at passage 6. THP-1 cells were cultured in RPMI medium 1640 with 10% FBS. All 

cells were cultured in a 37°C 5% CO2 environment and were grown according to the supplier’s 

protocols.  

 

Human serum containing blueberry metabolites 

Human blood serum collected 12 weeks post consumption of 22 g of freeze-dried 

highbush blueberry powder or isocaloric placebo powder daily by postmenopausal women with 

above-normal blood pressure was leveraged for the current study.17 Serum samples were 

incubated in a water bath at 55°C for 30 min for heat inactivation to destroy the complement 

activity in the serum. Then, serum samples were sterilized using a 0.22 µm membrane filter 

before using for the experiment. 

 

Rationale for using H2O2 to represent oxidative stress-induced endothelial dysfunction 

H2O2 is produced by various cells in the human body mainly by reacting with superoxide 

radicals.32 At pathological levels, H2O2 contributes to oxidative stress and endothelial 

dysfunction by uncoupling of eNOS and promoting peroxynitrite formation.33 Ex vivo research 

has used H2O2 to induce oxidative stress-mediated dysfunction in HAECs.34, 35 Specifically, 200 

µM H2O2 incubated with HAECs for 24 h increased intracellular ROS production.34 Furthermore, 
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1,000 µM H2O2 incubation for 4 h significantly increased THP-1 (monocyte) binding to HAECs 

and increased intracellular ROS.35 In human umbilical venous endothelial cells (HUVECs), 

incubation of 100 µM H2O2 for 1 h and 500 µM H2O2 for 4 h significantly decreased NO 

supernatant concentrations.36, 37 Collectively, these studies indicate H2O2 increases oxidative 

stress and can be used to induce endothelial dysfunction in vitro/ex vivo. Therefore, we chose to 

use H2O2 to induce oxidative stress endothelial dysfunction in HAECs to represent the 

population of postmenopausal women with oxidative stress-mediated suppression of endothelial 

function in our clinical trial.  

 

Incubating HAECs with serum samples and H2O2 

In a preliminary experiment, 200 µM, 300 µM, and 500 µM doses of H2O2 were 

incubated with HAECs for 24 h to determine an appropriate H2O2 concentration to induce 

dysfunction without affecting cell viability. Different concentrations of heat inactivated human 

serums (15%, 25%, and 50%) were also incubated with HAECs (separate from H2O2) for 24 h to 

assess cell viability. Based on these experiments and previous research, 200 µM of H2O2 and 

15% serum were used for the current study (data not shown).34, 38  

HAECs cultured in a 96-well plate were used for the experiment. Once 80-90% 

confluence was reached, HAECs were serum starved for 12 h and refreshed with a complete 

medium. HAECs were then incubated with 15% sterile heat inactivated human serum for 1 h, 

followed by incubation of 200 µM H2O2 for 24 h.34  

 

Monocyte binding to endothelial cells 

Calcein-AM-labeled THP-1 cells (1 x 105 cells/100 µl RPMI medium with 1% FBS/well) 

were used for the monocyte binding assay. HAECs were cultured in 96-well plates and treated 

with or without human serum for 1 h (FBS for control), and then with or without (control) H2O2 for 

24 h. The medium was then removed from HAECs, and calcein-AM-labeled THP-1 cells in the 



 

194 

 

RPMI medium (1 x 105 cells/ well) were added to HAECs and incubated for 30 min in 37°C 5% 

CO2. Medium was removed, and the HAECs were gently washed with 100 µL PBS (2 washes) 

to remove unbound monocytes. Then, 50 µL TrypLETM Express was added to the plates and 

cells were incubated for 5 min to extract HAECs and THP-1 cells from the plate. Collected cells 

were diluted with distilled water (1:2) as the fluorescent signal was too high to detect. The 

binding of monocytes to HAECs were measured by fluorescence using a fluorescent microplate 

reader (Synergy H1, BioTek Instruments, Inc., Winooski, VT, USA) with excitation and emission 

set to 496 and 520 nm, respectively.  

 

NO and peroxynitrite assays 

DAF-FM was used to detect insulin-stimulated NO production in HAECs as described by 

the manufacturer’s instructions and previously reported.30, 39 HAECs were cultured in 96-well 

plates and treated with or without human serum for 1 h (FBS for control), and then with or 

without (control) H2O2 for 24 h. The medium was removed, and HAECs were incubated with 100 

nM of insulin for 30 min in 37°C 5% CO2. Then, the medium was removed from the plate and 

replaced with serum-free EGM medium. DAF-FM (10 µM) was added to the cells and further 

incubated for 60 min. Medium was then removed and PBS was added to HAECs. After 30 min 

incubation, fluorescence was measured using a fluorescent microplate reader (Synergy H1, 

BioTek Instruments, Inc., Winooski, VT, USA) with excitation and emission set to 495 and 515 

nm, respectively.  

The peroxynitrite assay protocol was carried out according to Abcam’s procedures 

(Cambridge, MA, USA). Specifically, working solutions were made using sensor green, DMSO, 

and assay buffer protecting from light. A working solution was added to HAECs (cultured in 96-

well plates treated with or without human serum for 1 h (FBS for control), and then with or 

without (control) H2O2 for 24 h. Fluorescence was measured using a fluorescent microplate 
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reader (Synergy H1, BioTek Instruments, Inc., Winooski, VT, USA) with excitation and emission 

set to 490 and 530 nm, respectively. 

 

Statistical Analyses 

Missing data were imputed using within group means. Normality was checked using 

histograms and Shapiro-Wilk test. Data that did not meet normality were log transformed prior to 

statistical tests, in which normality then improved. One-way ANOVA and Tukey’s post hoc test 

was used to determine differences between groups, and data are presented as mean ± 

standard error (SEM). Since human serum was leveraged from the clinical trial, Spearman’s test 

was utilized to correlate primary outcomes (i.e. monocyte binding affinity, NO production, and 

peroxynitrite concentrations) to plasma lipids, adhesion molecules, nitrate/nitrite, estradiol, and 

(poly)phenol metabolites that were measured in plasma at 12 weeks to explore possible 

relationships to the current ex vivo study’s outcomes.17 Data for correlations are presented as 

Spearman’s Rho. SPSS v28.0.1.0 was used for all statistical analyses (SPSS Inc., Chicago, IL, 

USA). A p-value of 0.05 was used to determine significant differences and 0.10 was used to 

determine a trend for significant differences.  

 

Results 

Monocyte binding affinity  

 There was an effect between groups (p = 0.048) with a strong trend for higher monocyte 

binding to HAECs for control + H2O2 compared to control (p = 0.057) (Figure 5.1 and 

Supplementary Table 5.1 in Appendix 3). Furthermore, there was a trend for lower monocyte 

binding for control compared to blueberry + H2O2 (p = 0.074) and placebo + H2O2 (p = 0.077) 

(Figure 5.1 and Supplementary Table 5.1 in Appendix 3).  

No significant correlations were found between blood lipids/biomarkers and monocyte 

binding affinity to HAECs for either the blueberry or placebo serum (p > 0.05) (Table 5.1). 



 

196 

 

Similarly, no significant correlations were found between plasma (poly)phenol metabolites and 

monocyte binding affinity to HAECs for either group (p > 0.05) (Table 5.2).  

 

NO and peroxynitrite  

 An effect between groups was found for insulin-stimulated NO production (p < 0.001), 

with control having higher NO production compared to blueberry + insulin + H2O2 (p = 0.014) 

and a strong trend for higher NO production compared to placebo + insulin + H2O2 (p = 0.054) 

(Figure 5.2 and Supplementary Table 5.1 in Appendix 3). Control + insulin had higher NO 

production compared to blueberry + insulin + H2O2 and placebo + insulin + H2O2 (both p < 

0.001) (Figure 5.2 and Supplementary Table 5.1 in Appendix 3).  

A moderate positive correlation was found between plasma nitrate/nitrite concentration 

at 12 weeks and NO production in HAECs for blueberry + insulin + H2O2 (p = 0.010), as well as 

a moderate inverse correlation between plasma vanillic acid-4-sulfate concentrations at 12 

weeks and NO production in HAECs for blueberry + insulin + H2O2 (p = 0.033) (Table 5.1 and 

5.2). Lastly, there was a moderate positive correlation between plasma protocatechuic acid at 

12 weeks and NO production in HAECs for placebo + insulin + H2O2 (p = 0.032) (Table 5.2). 

 An effect between groups was also found for peroxynitrite concentrations (p < 0.001) 

with controls (with and without H2O2) having lower peroxynitrite concentrations compared to 

blueberry + H2O2 and placebo + H2O2 (both p < 0.001) (Figure 5.3 and Supplementary Table 

5.1 in Appendix 3). No significant correlations were found between blood lipids/biomarkers and 

peroxynitrite concentrations in HAECs for either the blueberry or placebo serum (p > 0.05) 

(Table 5.1). Similarly, no significant correlations were found between plasma (poly)phenol 

metabolites and peroxynitrite concentrations in HAECs for either the blueberry or placebo serum 

(p > 0.05) (Table 5.2). 
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Discussion 

To our knowledge, this is the first study to develop a protocol for evaluating the 

atheroprotective effects of (poly)phenol metabolites in human blood serum on H2O2-induced 

dysfunctional HAECs. Results showed a strong statistical trend for increased monocyte binding 

after incubating HAECs with 200 µM H2O2 for 24 h. A previous study showed that adding 1,000 

µM H2O2 to HAECs for 4 h significantly increased monocyte binding, therefore, it is possible that 

HAECs in the current study needed to be incubated with higher amounts of H2O2 for a shorter 

timeframe to see significant increases in monocyte binding.35 However, results from our 

preliminary experiment (data not shown) determined that incubating HAECs with 500 µM H2O2 

for 24 h killed cells, thus, could not be used for these experiments. Nonetheless, the strong 

trend for increased the monocyte binding to HAECs suggests the potential for using this ex vivo 

model to assess monocyte binding to oxidative stress-induced dysfunctional HAECs. We also 

found that 200 µM H2O2 did not significantly decrease insulin-stimulated NO production or 

increase peroxynitrite concentrations in HAECs. It has been shown that incubating with 200 µM 

H2O2 for 24 h and 100 µM H2O2 for 4 h increased intracellular ROS concentrations in HAECs, 

but those studies did not measure NO nor peroxynitrite production.34, 35 However, studies have 

shown that 100 µM H2O2 for 1 h and 500 µM H2O2 for 4 h significantly decreased NO 

concentrations in supernatant from HUVECs.36, 37 It should be noted that these aforementioned 

studies measuring the effects of H2O2 on NO concentrations did not stimulate the production of 

NO (e.g. with insulin) and future research could explore whether simulation of NO affects the 

outcomes. Surprisingly, it seems that ex vivo research has not measured peroxynitrite in HAECs 

after inducing dysfunction with H2O2, therefore, this was a highly exploratory experiment and 

should be tested again for repeatability.  

Regarding the effects of blueberry-derived (poly)phenol metabolites on the outcomes of 

the current study, there were no differences between groups on monocyte binding, insulin-

stimulated NO production, or peroxynitrite concentrations in dysfunctional HAECs. It has been 
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shown that palmitate-induced dysfunctional HAECs treated with physiological concentrations of 

synthetic blueberry-derived (poly)phenol metabolites for 6 h reduced monocyte (THP-1) binding 

and increased insulin-stimulated NO production.30 Another study showed reduced monocyte 

(peripheral blood mononuclear cells) binding to TNF-α-induced dysfunctional HUVECs 

incubated with physiological concentrations of blueberry-derived (poly)phenol metabolites for 4 

h.31 However, those studies did not assess monocyte binding affinity to H2O2-induced 

dysfunctional endothelial cells, which is a novel aspect of the present study. Furthermore, the 

findings of these previous studies suggest that a longer incubation time (i.e. HAECs with serum) 

may be needed for the (poly)phenol metabolites to enter endothelial cells to exert their effects. 

In support of this hypothesis, cell culture studies have demonstrated it takes 2 h for flavonoid 

metabolites to enter endothelial cells.40, 41 Future research incubating HAECs with serum 

containing (poly)phenol metabolites for varying amounts of time prior to inducing dysfunction 

with H2O2 is needed to evaluate this hypothesis and determine whether there are differences in 

monocyte binding affinity, NO production, and/or peroxynitrite concentrations in HAECs.  

Surprisingly, treatment with human blood serum (irrespective of blueberry or placebo 

consumption) and H2O2 in HAECs decreased insulin-stimulated NO production and increased 

peroxynitrite concentrations to a greater extent than H2O2 alone. These results suggest that the 

degree of oxidative stress (and potentially inflammation) might outweigh the protective effects 

blueberry-derived (poly)phenol metabolites in this ex vivo cell culture model. Extracellular ROS 

including superoxide and H2O2, can easily pass through cell membranes, and therefore, 

stimulate intracellular ROS production and pro-inflammatory pathways, ultimately leading to 

eNOS uncoupling and decreased NO production.3, 7, 8, 42-44 Our study population was shown to 

have oxidative stress-induced endothelial dysfunction, so it is plausible that elevated oxidative 

stress in human blood serum increased oxidative stress and decreased NO 

production/bioavailability in the cultured HAECs. However, this cannot be determined at this 

time since measures of oxidative stress were not assessed in the serum/plasma from the 
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clinical trial. Furthermore, it could be possible that incubation of HAECs with H2O2 and human 

blood serum could have interfered with insulin-NO signaling in the endothelial cell, and thus, 

decrease NO production. Regardless, future research is needed to evaluate the impact of using 

human serum from diverse populations (e.g. different health/disease states) on NO production 

and peroxynitrite concentrations in this ex vivo cell culture model.   

Regarding the strengths of the current study, we aimed to establish an ex vivo model to 

evaluate effects and mechanisms of 12 weeks of blueberry consumption by postmenopausal 

women with above-normal blood pressure on oxidative stress-mediated endothelial cell 

dysfunction and monocyte binding in HAECs.  Lower doses of H2O2 to induce endothelial 

dysfunction were used, as well as human serum containing blueberry-derived (poly)phenol 

metabolites in order to study clinically and physiologically relevant mechanisms. Results 

generated from this study provide novel insight for future research. The limitations to this study 

that have yet to be discussed are worth mentioning. First, Del Bo et al. (2016)45 found no effects 

on monocyte binding when HUVECs were treated with physiological levels of certain individual 

blueberry metabolites prior to inducing dysfunction with TNF-α but found decreased monocyte 

binding to HUVECs when dysfunction was establish prior to incubation with the metabolites (Del 

Bo 2019).46 This suggests that blueberry consumption might exert differential effects on the 

prevention and management of atherosclerosis; however, the current study was designed to 

evaluate the prevention of atherogenesis (i.e. monocyte binding), and thus, cannot be confirmed 

at this time. Next, we did not measure levels of (poly)phenols in serum, only in plasma; 

therefore, we relied on the values of plasma (poly)phenols to reflect serum values. Furthermore, 

since we used human serum, other factors found in serum (e.g. blood cholesterol, lipids, 

adhesion molecules, free radicals) could be contributing to the increased monocyte binding, 

lower NO production, and higher concentrations of peroxynitrite in HACEs incubated with 

serum. However, correlation analyses indicated no relationship with measured blood biomarkers 

from the clinical study with the current findings. Another limitation is that the timing of blueberry 
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consumption vs blood draw time was not standardized across participants, so it is possible that 

individuals had differential circulating concentrations of (poly)phenol metabolites which could 

have impacted the current results. Finally, this is an ex vivo cell culture study that may not 

reflect in vivo mechanisms in humans, and therefore, the results should be interpreted with 

caution. 

 

Conclusions 

 Overall, this ex vivo study provides crucial insight for future research aiming to explore 

the effects of oxidative stress on monocyte binding, NO production, and peroxynitrite 

concentrations in HAECs, and the impact of (poly)phenol-rich foods on attenuating adverse 

effects. Due to the non-statistically significant findings regarding the ex vivo model, future 

research could either test higher H2O2 concentrations and/or longer incubation times with H2O2 

to determine ideal concentrations and incubation timeframes to observe significant increases in 

monocyte binding and reductions in insulin-stimulated NO production. Reasons for why H2O2 

did not affect peroxynitrite levels in HAECs is currently unknown, as it has been demonstrated 

that H2O2 stimulates peroxynitrite production.33 Lastly, we hypothesize that 1) the amount of 

time serum was incubated in endothelial cells (1 h) might have been too short in order for 

(poly)phenols to penetrate into cells, 2) the use of human serum from a population with 

oxidative stress in combination with adding H2O2, and/or 3) incubation of HAECs with serum 

containing (poly)phenol metabolites prior to establishing H2O2-induced dysfunction, may have 

contributed to the current results. 
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Figures and Tables 

 
Figure 5.1. Monocyte binding affinity to human aortic endothelial cells (HAECs) treated with 
blueberry or placebo serum for 1 h and the hydrogen peroxide (H2O2) for 24 h. Data are 
presented as relative fluorescence to control (mean ± SEM). #Trending different compared to 
control (without H2O2) (p < 0.08). 
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Table 5.1. Monocyte (THP-1) binding, insulin-stimulated nitric oxide production, and peroxynitrite concentrations in human aortic 
endothelial cells correlated to plasma lipids and biomarkers from postmenopausal women with above-normal blood pressure who 
consumed 22 g freeze-dried highbush blueberry powder or placebo powder for 12 weeks in a randomized clinical trial. 
 

TG TC HDL-C LDL-C VCAM-1 ICAM-1 
Nitrate/ 
nitrite 

Estradiol 

Blueberry + H2O2 (n = 22)         
   Monocyte Binding -0.107 0.130 0.266 -0.045 0.133 -0.212 -0.021 0.284 
   Nitric Oxide^ 0.187 -0.272 -0.091 -0.249 -0.313 0.338 0.537* 0.138 
   Peroxynitrite 0.084 0.254 0.023 0.264 -0.161 0.095 0.312 0.108 
Placebo + H2O2 (n = 20)         
   Monocyte Binding -0.029 0.060 0.169 0.053 0.042 -0.053 0.108 -0.142 
   Nitric Oxide^ 0.212 -0.131 -0.193 -0.037 -0.113 -0.179 0.165 -0.039 
   Peroxynitrite 0.297 0.105 -0.264 0.091 0.171 0.038 0.094 0.027 

Data are Spearman’s Rho. *Significant correlation (p < 0.05). ^Indicates that insulin was also added to blueberry and placebo serum 
groups for nitric oxide experiment. Abbreviations: 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. 
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Table 5.2. Monocyte (THP-1) binding, insulin-stimulated nitric oxide production, and peroxynitrite concentrations in human aortic 
endothelial cells correlated to plasma (poly)phenol metabolites from postmenopausal women with above-normal blood pressure who 
consumed 22 g freeze-dried highbush blueberry powder or placebo powder for 12 weeks in a randomized clinical trial. 
 Sum of 

Metabolites 
Hippuric 

Acid 

3-Hydroxyhippuric 
Acid 

Vanillic Acid-4-
Sulfate 

Protocatechuic 
Acid 

2,5-Dihydroxy-
benzoic Acid 

Blueberry + H2O2 
(n = 22) 

      

   Monocyte 
Binding 

-0.135 -0.127 -0.008 0.057 0.165 -0.135 

   Nitric Oxide -0.003 0.020 -0.179 -0.475* -0.232 0.011 
   Peroxynitrite 0.083 0.104 0.149 0.118 0.030 0.086 
Placebo + H2O2  
(n = 20) 

      

   Monocyte 
Binding 

0.132 0.215 0.065 -0.004 -0.290 0.009 

   Nitric Oxide 0.186 -0.002 -0.056 -0.153 0.481* 0.144 
   Peroxynitrite -0.050 -0.170 0.104 0.095 0.056 0.251 

Data are Spearman’s Rho. *Significant correlation (p < 0.05). 
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Figure 5.2. Insulin-stimulated nitric oxide (NO) production in human aortic endothelial cells 
(HAECs) treated with blueberry or placebo serum for 1 h and the hydrogen peroxide (H2O2) for 
24 h. **Different from blueberry and placebo (p < 0.001). Data are presented as relative 
fluorescence to control (mean ± SEM). *Different from control (without H2O2) (p < 0.05). 
#Trending different from control (without H2O2) (p < 0.06).  
 
 
 

 
Figure 5.3. Peroxynitrite concentrations in human aortic endothelial cells (HAECs) treated with 
blueberry or placebo serum for 1 h and the hydrogen peroxide (H2O2) for 24 h. Data are 
presented as relative fluorescence to control (mean ± SEM). *Different from controls with and 
without H2O2 (p < 0.001). 
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CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS  
 
 
 

The first objective of this dissertation was to examine the efficacy of chronic blueberry 

consumption to improve endothelial function and blood pressure in estrogen-deficient 

postmenopausal women with above-normal blood pressure, with a specific focus on identifying 

mechanisms for improving endothelial function. Based on previous research,1-8 we hypothesized 

that daily consumption of 22 g of freeze-dried highbush blueberry powder for 12 weeks would 

improve endothelial function through reductions in oxidative stress, as well as blood pressure 

and other biomarkers of cardiometabolic health in postmenopausal women with above-normal 

blood pressure. The second objective of this dissertation was to identify factors that contributed 

to the efficacy of blueberries as a dietary intervention for improving endothelial function and we 

hypothesized that overall health/disease risk status at baseline would impact the direction and 

magnitude of the response to blueberry consumption. Lastly, the third objective of the 

dissertation was to explore cellular mechanisms responsible for endothelial function 

improvements and the anti-atherogenic potential of blueberries. We hypothesized that blueberry 

(poly)phenol metabolite-rich human serum collected after 12 weeks of daily blueberry 

consumption would inhibit monocyte binding to dysfunctional human aortic endothelial cells 

(HAECs), as well as increase insulin-stimulated NO production and decrease peroxynitrite 

concentrations. 

In agreement with our first hypothesis, we found that daily consumption of 22 g freeze-

dried highbush blueberry powder significantly improved flow-mediated dilation (FMD) 

normalized to shear rate area under the curve (FMD/SRAUC) by 96% through reductions in 

oxidative stress. We also found that blueberry consumption non-statistically significantly 

improved FMD (+1.34% units), but such improvements were clinically relevant. Blueberry 

consumption was also able to significantly increase the sum of plasma (poly)phenol metabolites 

and individual flavonoid and gut microbial (poly)phenol metabolites, confirming compliance with 
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the blueberry intervention and indicating an important role of the gut microbiome in blueberry 

(poly)phenol bioavailability. Furthermore, daily blueberry consumption for 12 weeks did not exert 

any major effects on blood pressure, arterial stiffness, endothelial cell protein expressions, or 

other biomarkers of cardiometabolic health. It is unknown why blood pressure did not improve in 

this population as we have previously demonstrated reductions in blood pressure following 8 

weeks of daily blueberry consumption.2 The body of evidence is mixed regarding chronic 

blueberry consumption for improving blood pressure;1-4, 9-14 however, the method of assessment 

(e.g. office vs 24-h blood pressure) might have impacted the results and future research is 

needed to explore this. However, this is supported by a recent study that found reductions in 24-

h ambulatory systolic blood pressure, but not office blood pressure, in healthy older adults after 

consuming 26 g of freeze-dried wild blueberry powder for 12 weeks.13 Furthermore, chronic 

blueberry consumption did not improve carotid to femoral pulse wave velocity (arterial stiffness) 

in this study population, though this is not surprising as research has yet to demonstrate 

improvements in this parameter with blueberry consumption.1-3, 11, 13, 14 It is possible that the 

duration of the study was not long enough to see changes in central arterial stiffness, which 

highlights a gap in the knowledge and the need for future research. Lastly, the direct 

mechanisms for improvements in endothelial function in our study are currently unknown since 

we did not observe any changes in endothelial cell protein expression after blueberry 

consumption and other mechanistic assessments were not performed. It is possible that small 

changes in protein expression were undetected and/or that the study was not powdered enough 

to observe significant changes, thus, future research is needed to evaluate mechanisms in 

humans. 

Regarding the second objective and hypothesis, we found that ~50% of participants that 

consumed 22 g of freeze-dried highbush blueberry powder daily for 12 weeks in the clinical trial 

were able to improve their FMD to clinical relevant levels of ≥ 1% (i.e. responders). We found 

that responders were in a worse disease risk state compared to non-responders, with 
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responders with having greater impairments in endothelial function, oxidative stress-mediated 

suppression of endothelial function, low-density lipoprotein cholesterol, and intercellular 

adhesion molecule-1, but lower high-density lipoprotein concentrations at baseline compared to 

non-responders. After 12 weeks of blueberry consumption, responders had reductions in 

oxidative stress-mediated suppression of endothelial function, lower plasma nitrate levels, and 

higher phosphorylated endothelial nitric oxide synthase protein expression compared to non-

responders supporting possible mechanisms for such reductions. Additionally, estradiol was 

significantly higher in responders compared to non-responders at baseline and correlated with 

the FMD change from baseline to 12 weeks for responders, indicating estradiol might be 

affecting response to treatment as seen in previous interventional studies with postmenopausal 

women and exercise.15, 16 Future research might be able to confirm this by testing blueberry 

consumption in pre- and postmenopausal women, and/or adding estrogen replacement with 

blueberry consumption to confirm this hypothesis. It is important to highlight that these results 

were determined based on a secondary analysis of data collected from the original clinical trial. 

Therefore, future research could further evaluate these findings in a study designed to test the 

effects of blueberry consumption on endothelial function in various health statuses of 

postmenopausal women   

Lastly, for our third objective and hypothesis, we did not find that blueberry (poly)phenol 

metabolite-rich human serum collected after 12 weeks of daily blueberry consumption prevented 

monocyte binding to HAECs. Furthermore, serum from the blueberry group in the clinical trial 

did not increase nitric oxide production nor decrease peroxynitrite concentrations in 

dysfunctional HAECs. Therefore, we cannot determine mechanisms by which blueberry 

consumption improved endothelial function and/or the broader atheroprotective effects of 

blueberries at this time. However, one possible reason for these null effects is that we used 

serum collected from a human population known to have increased oxidative stress and 

inflammation, and other cardiometabolic risk factors. Therefore, other factors in serum could 
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potentially have impacted the outcomes of this study warranting the need for future research 

regarding using human serum for ex vivo cell culture experiments. 

In conclusion, the results of these studies suggest that daily/chronic blueberry 

consumption is a promising dietary intervention for decreasing cardiovascular disease (CVD) 

risk in postmenopausal women with above-normal blood pressure, particularly though effects on 

endothelial function. We found that daily consumption of 22 g freeze-dried highbush blueberry 

powder for 12 weeks significantly improved endothelial function through reductions of oxidative 

stress in postmenopausal women with above-normal blood pressure. Furthermore, we 

determined that the disease risk/health status of the postmenopausal women in the clinical trial 

impacted the degree to which they responded to the intervention. The exact mechanisms 

responsible for blueberries improving endothelial function in postmenopausal women were not 

able to be determined through these research objectives of this dissertation. Future research is 

needed to fully understand the cardioprotective effects and associated mechanisms for using 

blueberries at a dietary intervention to reduce CVD risk. 
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APPENDIX 1: SUPPLEMENTARY DATA FOR CHAPTER 3 
 
 
 

Supplementary Figures and Tables 

 

Supplementary Table 3.1. Vascular endothelial function of 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. 
 Blueberry (n = 17) Placebo (n = 15) 

Baseline Diameter (mm)   
   Baseline  2.81 ± 0.10 2.78 ± 0.10 
   12 Weeks 2.87 ± 0.10# 2.78 ± 0.08 
   ∆ 0 to 12 Weeks 0.06 ± 0.03 0.00 ± 0.02 
Peak Diameter (mm)   
   Baseline  2.91 ± 0.10 2.91 ± 0.10 
   12 Weeks 3.01 ± 0.10* 2.90 ± 0.09 
   ∆ 0 to 12 Weeks 0.10 ± 0.04** -0.01 ± 0.03 
FMD (%)   
   Baseline  3.84 ± 1.02 4.69 ± 0.55 
   12 Weeks 5.18 ± 0.98 4.29 ± 0.55 
   ∆ 0 to 12 Weeks 1.34 ± 0.89 -0.41 ± 0.46 
SRAUC   
   Baseline  35992 ± 3140 37573 ± 4569 
   12 Weeks 26241 ± 3271# 32177 ± 3422 
   ∆ 0 to 12 Weeks -9741 ± 2157 -5395 ± 4692 
FMD/SRAUC   
   Baseline  1.13e-04 ± 3.03e-05 1.41e-04 ± 1.24e-05 
   12 Weeks 2.22e-04 ± 3.30e-05* 1.37e-04 ± 1.32e-05 
   ∆ 0 to 12 Weeks 1.09e-04 ± 4.12e-05a 3.82e-06 ± 1.59e05b 

Data are mean ± SEM. *Different (p < 0.05) than baseline. #Trend for different (p < 0.1) than 
baseline. Different letters indicate a difference (p < 0.05) between groups. Abbreviations: FMD, 
flow-mediated dilation; SRAUC, shear rate area under the curve.  
 



 

216 

 

 
Supplementary Figure 3.1. (A) Individual changes from baseline to 12 weeks for FMD 
normalized to shear rate area under the curve (FMD/SRAUC); and (B) FMD (not normalized to 
SRAUC). 
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Supplementary Table 3.2. Endothelium-independent dilation to sublingual nitroglycerin (NTG) 
in 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.  
 Blueberry (n = 11) Placebo (n = 9) 

Baseline Diameter (mm)    
   Baseline  2.71 ± 0.12 2.74 ± 0.15 
   12 Weeks 2.77 ± 0.12 2.71 ± 0.13 
   ∆ 0 to 12 Weeks 0.06 ± 0.04 -0.03 ± 0.05 
Peak Diameter (mm)    
   Baseline  3.60 ± 0.15 3.57 ± 0.15 
   12 Weeks 3.63 ± 0.15 3.55 ± 0.14 
   ∆ 0 to 12 Weeks 0.04 ± 0.06 -0.02 ± 0.05 
Dilation to NTG (%)    
   Baseline  33.16 ± 3.07 31.05 ± 4.86 
   12 Weeks 31.54 ± 4.86 31.43 ± 3.11 
   ∆ 0 to 12 Weeks -1.62 ± 1.13 0.38 ± 2.97 

Data are mean ± SEM. No significant differences. Abbreviations: FMD, flow-mediated dilation; 
NTG, nitroglycerin. 
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Supplementary Table 3.3. Vascular endothelial function responses to a supraphysiologic dose of ascorbic acid in 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. 
Blueberry Saline (n = 17) Ascorbic Acid (n = 17) Saline vs Ascorbic Acid Difference 

Baseline Diameter (mm)    
   Baseline 2.81 ± 0.10 2.72 ± 0.09# -0.08 ± 0.03 
   12 Weeks 2.87 ± 0.10 2.69 ± 0.09* -0.15 ± 0.03 
Peak Diameter (mm)    
   Baseline 2.91 ± 0.10 2.90 ± 0.09 -0.08 ± 0.03 
   12 Weeks 3.01 ± 0.10 2.84 ± 0.08* -0.15 ± 0.03^ 
FMD (%)    
   Baseline 3.84 ± 1.02 6.88 ± 1.41* 3.04 ± 1.11 
   12 Weeks 5.18 ± 0.98 6.07 ± 0.89 0.69 ± 0.62 
SRAUC/Peak    
   Baseline 35992 ± 3140 27538 ± 3402# -8454 ± 2980 
   12 Weeks 26241 ± 3271 31358 ± 3716 6107 ± 2020** 
FMD/SRAUC    
   Baseline 1.13e-04 ± 3.03e-05 3.42e-04 ± 1.16e-04* 2.29e-04 ± 3.61e-07 
   12 Weeks 2.22e-04 ± 3.30e-05 2.20e-04 ± 2.45e-05 -1.86e-05 ± 4.59e-05** 
Placebo Saline (n = 15) Ascorbic Acid (n = 15) Saline vs Ascorbic Acid Difference 

Baseline Diameter (mm)    
   Baseline 2.78 ± 0.10 2.66 ± 0.09* -0.12 ± 0.03 
   12 Weeks 2.78 ± 0.08 2.69 ± 0.07* -0.10 ± 0.02 
Peak Diameter (mm)    
   Baseline 2.91 ± 0.10 2.84 ± 0.08 -0.07 ± 0.03 
   12 Weeks 2.90 ± 0.09 2.83 ± 0.08 -0.08 ± 0.04 
FMD (%)    
   Baseline 4.69 ± 0.55 6.81 ± 1.41# 2.39 ± 0.82 
   12 Weeks 4.29 ± 0.55 5.29 ± 0.85 1.19 ± 0.97 
SRAUC/Peak    
   Baseline 37573 ± 4569 32238 ± 3859 -2357 ± 2518 
   12 Weeks 32177 ± 3422 30139 ± 3149 -1453 ± 1535 
FMD/SRAUC    
   Baseline 1.41e-04 ± 1.24e-05 2.32e-04 ± 2.16e-05* 9.04e-05 ± 2.00e-05 
   12 Weeks 1.37e-04 ± 1.32e-05 2.20e-04 ± 4.60e-05# 8.58e-05 ± 4.59e-05 
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Data are mean ± SEM. *Difference (p < 0.05) between saline and ascorbic acid infusion on the same day. #Trend for difference (p < 
0.10) between saline and ascorbic acid infusion on the same day. **Difference (p < 0.05) between baseline and 12 weeks for the 
difference between saline and ascorbic acid. ^Trend for difference (p < 0.10) between baseline and 12 weeks for the difference 
between saline and ascorbic acid. Abbreviations: FMD, flow-mediated dilation; SRAUC, shear rate area under the curve. 
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Supplementary Table 3.4. Hemodynamics and arterial stiffness values 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.  
 Blueberry (n = 22) Placebo (n = 21) 

Brachial SBP (mmHg)   
   Baseline  134 ± 3 131 ± 2 
   4 Weeks 129 ± 2 128 ± 3 
   8 Weeks  133 ± 2 132 ± 2 
   12 Weeks 134 ± 2 131 ± 2 
   ∆ 0 to 4 Weeks -5 ± 2 -3 ± 2 
   ∆ 0 to 8 Weeks 1 ± 4 -1 ± 3 
   ∆ 0 to 12 Weeks -1 ± 2 -1 ± 1 
Brachial DBP (mmHg)   
   Baseline  80 ± 2 78 ± 1 
   4 Weeks 77 ± 1 76 ± 1 
   8 Weeks  79 ± 1 78 ± 1 
   12 Weeks 79 ± 1 79 ± 2 
   ∆ 0 to 4 Weeks -2 ± 1 -1 ± 1 
   ∆ 0 to 8 Weeks -1 ± 2 0 ± 2 
   ∆ 0 to 12 Weeks -1 ± 1 1 ± 2 
AIx (%)   
   Baseline  36 ± 1 37 ± 1 
   4 Weeks 33 ± 2 38 ± 2 
   8 Weeks  36 ± 2 36 ± 2 
   12 Weeks 35 ± 1 38 ± 2 
   ∆ 0 to 4 Weeks -2 ± 1 1 ± 2 
   ∆ 0 to 8 Weeks 0 ± 2 -1 ± 2 
   ∆ 0 to 12 Weeks -1 ± 1 1 ± 1 
AIx@75 (%)   
   Baseline  29 ± 2 31 ± 1 
   4 Weeks 28 ± 2 32 ± 2 
   8 Weeks  29 ± 2 30 ± 2 
   12 Weeks 28 ± 1 32 ± 2 
   ∆ 0 to 4 Weeks -1 ± 2 1 ± 2 
   ∆ 0 to 8 Weeks 0 ± 2 -1 ± 2 
   ∆ 0 to 12 Weeks -1 ± 2 0 ± 2 
Aortic PWV (m/s)   
   Baseline  7.9 ± 0.2 7.4 ± 0.2 
   12 Weeks 7.8 ± 0.2 7.3 ± 0.1 
   ∆ 0 to 12 Weeks -0.2 ± 0.2 -0.3 ± 0.2 
Aortic SBP (mmHg)   
   Baseline  124 ± 2 122 ± 1 
   4 Weeks 120 ± 2 120 ± 2 
   8 Weeks  124 ± 2 123 ± 2 
   12 Weeks 124 ± 2 121 ± 2 
   ∆ 0 to 4 Weeks -4 ± 2 -2 ± 2 
   ∆ 0 to 8 Weeks -1 ± 2 2 ± 1 
   ∆ 0 to 12 Weeks -1 ± 2 0 ± 1 
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Supplementary Table 3.4. Hemodynamics and arterial stiffness values 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.  
 Blueberry (n = 22) Placebo (n = 21) 

Aortic DBP (mmHg)   
   Baseline  80 ± 2 79 ± 1 
   4 Weeks 79 ± 1 78 ± 1 
   8 Weeks  80 ± 1 79 ± 1 
   12 Weeks 80 ± 1 79 ± 1 
   ∆ 0 to 4 Weeks -1 ± 1 -2 ± 1 
   ∆ 0 to 8 Weeks 0 ± 1 0 ± 1 
   ∆ 0 to 12 Weeks -1 ± 1 1 ± 2 
Aortic MAP (mmHg)   
   Baseline  93 ± 3 95 ± 1 
   4 Weeks 94 ± 1 93 ± 1 
   8 Weeks  96 ± 1 95 ± 1 
   12 Weeks 95 ± 2 94 ± 1 
   ∆ 0 to 4 Weeks 1 ± 3 -1 ± 1 
   ∆ 0 to 8 Weeks 3 ± 2 0 ± 1 
   ∆ 0 to 12 Weeks 1 ± 2 0 ± 2 
Aortic Pulse Pressure   
   Baseline  47 ± 3 43 ± 1 
   4 Weeks 41 ± 1* 42 ± 2 
   8 Weeks  44 ± 1 44 ± 1 
   12 Weeks 43 ± 1 43 ± 2 
   ∆ 0 to 4 Weeks -6 ± 3 -1 ± 1 
   ∆ 0 to 8 Weeks -4 ± 3 1 ± 1 
   ∆ 0 to 12 Weeks -2 ± 2 0 ± 1 
HR (bpm)   
   Baseline  61 ± 2 61 ± 2 
   4 Weeks 63 ± 2 62 ± 2 
   8 Weeks  61 ± 2 61 ± 2 
   12 Weeks 61 ± 1 61 ± 1 
   ∆ 0 to 4 Weeks 2 ± 1 2 ± 2 
   ∆ 0 to 8 Weeks 1 ± 1 0 ± 1 
   ∆ 0 to 12 Weeks 0 ± 1 0 ± 2 
AP (mmHg)   
   Baseline 16 ± 1 16 ± 1 
   4 Weeks 14 ± 1 16 ± 1 
   8 Weeks  16 ± 1 16 ± 1 
   12 Weeks 16 ± 1 16 ± 1 
   ∆ 0 to 4 Weeks -2 ± 1 0 ± 1 
   ∆ 0 to 8 Weeks -1 ± 1 0 ± 1 
   ∆ 0 to 12 Weeks 0 ± 1 1 ± 1 

Data are mean ± SEM. *Different (p < 0.05) than baseline. Abbreviations: AIx, augmentation 
index; AIx@75, augmentation index normalized to 75 beats per minute; AP, aortic pressure; 
DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; PWV, pulse wave 
velocity; SBP, systolic blood pressure.
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Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

Flavan-3-ols         
(‒)-Epicatechin 36.88 ± 

6.64 
49.67 ± 

8.65 
47.53 ± 

7.8 
47.98 ± 
10.36 

31.09 ± 
4.95 

38.43 ± 
7.58 

45.33 ± 
7.92 

34.2 ± 
3.64 

(‒)-Epicatechin-3'-sulfate 42.69 ± 
3.08 

55.27 ± 
6.71 

53.26 ± 
8.4 

49.88 ± 
5.79 

40.64 ± 
3.99 

36.77 ± 
3.25 

46.73 ± 
4.86 

48.89 ± 
4.94 

3'-Methoxy-(‒)-
epicatechin 

721.17 ± 
22.46 

748.1 ± 
23.08 

775.6 ± 
31.07 

750.54 ± 
27.81 

729.67 ±  
23.79 

726.65 ± 
23.2 

725.66 ± 
32.31 

726.1 ± 
21.33 

4'-Methoxy-(‒)-
Epicatechin 

852.15 ± 
13.1 

859.79 ± 
9.09 

861.29 ± 
10.2 

847.84 ± 
11.27 

841.85 ± 
12.76 

858.29 ± 
11.99 

846.64 ± 
12.33 

861.72 ± 
10.46 

Procyanidin A2 67.13 ± 
3.77 

69.65 ± 
4.27 

70.82 ± 
2.78 

68.5 ± 
2.87 

64.44 ± 
2.06 

62.3 ± 
1.73 

63.65 ± 
2.06 

67.49 ± 
2.81 

Flavonols         
Quercetin 13.34 ± 

4.43 
22.83 ± 

7.57 
8.41 ± 
2.35 

9.56 ± 
2.42 

10.05 ± 
1.81 

13.11 ± 
2.24 

32.28 ± 
22.64 

11.68 ± 
2.09 

Kaempferol-3-
glucuronide 

3.41 ± 
0.25 

3.7 ± 0.27 3.55 ± 
0.31 

3.53 ± 
0.23 

3.34 ± 
0.25 

3.36 ± 
0.23 

3.21 ± 
0.23 

3.11 ± 
0.23 

Myricetin 139.4 ± 
22.31 

165.49 ± 
31.22* 

161.62 ± 
27.55 

151.61 ± 
23.05 

118.03 ±  
5.75 

97.27 ± 
5.21 

111.19 ± 
8.21 

120.31 ± 
6.54 

Morin 0.4 ± 0.28 10.02 ± 
9.26 

0 ± 0 2.41 ± 
2.41 

0 ± 0 0 ± 0 27.29 ± 
27.29 

0 ± 0 

Benzene diols & triols         
1,2-Dihydroxy-4-
methylbenzene 

1503.03 ±  
209.29 

2141.64 ±  
311.45 

2669.97 ±  
748.44 

2080.14 ±  
341.6 

1623.59 ±  
191.31 

1743.38 ±  
192.92 

2079.48 ±  
400.6 

1414.62 ±  
191.43 

2-Hydroxy-4-
methylbenzene-1-sulfate 

9486.53 ±  
998.76 

12470.44 
±  1645.82 

18864 ±  
7782.74 

12468.05 
±  2286.31 

10085.21 
±  1024.48 

10674.15 
±  898.46 

14468.87 
±  3955.65 

9026.89 ±  
1156.78 

2-Hydroxybenzene-1-
glucuronide 

38.71 ± 
15.44 

165.79 ± 
62.82 

239.86 ±  
131.97** 

68.58 ± 
19.57 

43.92 ±  
19.37 

37.36 ± 
13.01 

82.28 ± 
28.43 

48.78 ± 15 

2,3-Dihydroxybenzene-1-
sulfate 

113.37 ± 
20.24 

196.64 ± 
33.02** 

246.19 ± 
55.01** 

109.48 ± 
10.32 

105.71 ±  
17.73 

125.43 ±  
18.05 

149.08 ± 
21.16 

119.49 ± 
18.93 

2,6-Dihydroxybenzene-1-
sulfate 

799.51 ±  
327.99 

710.99 ± 
210.3 

726.28 ± 
172.32 

614.55 ±  
234.39 

408.08 ±  
147.5 

834.89 ±  
366.64 

404.23 ±  
224.21 

810.88 ±  
339.62 
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Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

2-Hydroxy-6-
methoxybenzene-1-
sulfate 

1641.94 ±  
564.57 

2197.32 ±  
538.16 

1859.06 ±  
376.75 

1922.74 ±  
499.91 

1084.92 ±  
312.23 

2192.85 ±  
842.35 

1174.1 ±  
541.28 

2493.69 ± 
1 204.12 

3-Hydroxy-2-
methoxybenzene-1-
sulfate   

214.56 ± 
72.41 

260.67 ± 
71.62 

266.09 ± 
59.66 

199.15 ± 
73.6 

235.7 ± 
101 

406.62 ±  
179.72 

296.71 ± 
71.75 

486.13 ±  
194.66 

Benzaldehydes         
3,4-
Dihydroxybenzaldehyde 

5.54 ± 
1.03 

5.63 ± 
0.88 

4.76 ± 
1.41 

5.29 ± 
0.98 

4.47 ± 
0.67 

6.25 ± 
0.69 

5.19 ± 
0.71 

4.9 ± 0.88 

4-Hydroxybenzaldehyde 419.3 ± 
32.75 

520.2 ± 
45.64# 

459.44 ± 
47.69 

427.5 ± 
37.37 

423.22 ±  
31.29 

499.83 ±  
33.59 

475.3 ± 
30.21 

415.6 ± 
37.09 

4-Hydroxy-3-
methoxybenzaldehyde 

1680.06 ±  
508.74 

2199.81 ±  
641.53 

2148.71 ±  
599.72 

1989.04 ±  
510.64 

2179.23 ±  
489.26 

1821.43 ±  
454.71 

1840.43 ±  
456.91 

2244.62 ±  
506.42 

Benzoic acids         
Benzoic acid 5178.54 ±  

1547.39 
5126.52 ± 
1 503.38 

5023.22 ±  
1784.53 

5584.88 ±  
1610.32 

6689.47 ±  
1499.65 

7825.33 ±  
1673.13 

7902.12 ±  
1799.75 

6565.77 ±  
1463.56 

2-Hydroxybenzoic acid 3391.51 ± 
1167.92 

3177.14 ± 
554.36 

3373.62 ± 
512.47 

2582.32 ± 
517.92 

3236.18 ± 
662.33 

3170.26 ± 
492.84 

4008.44 ± 
856.15 

3620.21 ± 
631.85 

3-Hydroxybenzoic acid 505.58 ±  
299.29 

389.87 ±  
240.57 

428.15 ±  
366.39 

563.87 ±  
396.23 

478.3 ±  
278.55 

240.47 ±  
127.98 

220.43 ±  
119.57 

519.4 ± 
278.55 

4-Hydroxybenzoic acid 312.48 ±  
187.13 

228.39 ±  
142.53 

219.51 ±  
194.55 

395.17 ±  
320.47 

235.96 ±  
160.77 

100.31 ±  
75.26 

127.97 ± 
70.75 

269.83 ±  
152.22 

2,3-Dihydroxybenzoic 
acid 

58.73 ± 
51.44 

206.69 ± 
163.52 

210.54 ± 
168.02 

25.38 ± 
16.29 

42.79 ± 
42.79 

37.19 ± 
37.19 

57.41 ± 
57.04 

35.63 ± 
35.63 

2,4-Dihydroxybenzoic 
acid 

2517.29 ± 
393.79 

3066.48 ± 
416.26 

2329.6 ± 
331.28 

2150.46 ± 
274.95 

2147.94 ± 
348.93 

2431.54 ± 
441.62 

2286.32 ± 
326.44 

2359.76 ± 
492.05 

2,5-Dihydroxybenzoic 
acid 

821.33 ± 
136.35 

1029.41 ± 
154.33 

1411.62 ± 
348.98** 

994.76 ± 
124.74* 

657.71 ± 
72.03 

810.89 ± 
88.17 

733.83 ± 
88.04 

575.6 ± 
92.99 

2,6-Dihydroxybenzoic 
acid 

1536.94 ± 
235.91 

1903.09 ± 
256.22 

1457.2 ± 
205.35 

1388.35 ± 
180.16 

1290.81 ± 
202.89 

1556.93 ± 
277.93 

1434.8 ± 
217.39 

1486.96 ± 
309.69 
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Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

3,4-Dihydroxybenzoic 
acid 

23 ± 1.74 28.93 ± 
3.29 

32.31 ± 
3.35 ± 

26.27 ± 
2.09 

21.71 ± 
1.34 

21.09 ± 
1.03 

22.05 ± 
1.89 

20.45 ± 
1.25 

3,5-Dihydroxybenzoic 
acid 

306.65 ± 
79.72 

426.56 ± 
125.21 

221.36 ± 
49.76 

302.26 ± 
80.02 

348.79 ± 
181.16 

210.1 ± 
73.47 

279.49 ± 
84.27 

329 ± 
115.11 

2,3,4-Trihydroxybenzoic 
acid 

15.94 ± 
1.78 

20.3 ± 
2.99 

17.69 ± 
3.3 

15.36 ± 
2.18 

14.81 ± 
2.19 

12.63 ± 
1.89 

12.8 ± 
2.51 

12.94 ± 
2.08 

2-Hydroxy-4-
methoxybenzoic acid 

0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

3-Hydroxybenzoic acid-
4-sulfate 

1.27 ± 
0.76 

14.65 ± 
6.73 

14.56 ± 
4.41 

6.36 ± 
2.01 

1.45 ± 
0.72 

4.4 ± 1.76 12.79 ± 
8.69 

3.53 ± 
1.82 

4-Hydroxybenzoic acid-
3-sulfate 

5 ± 1.99 30.53 ± 
12.77 

36.14 ± 
11.57 

13.52 ± 3 7.66 ± 
4.68 

8.43 ± 
4.23 

12.8 ± 
6.76 

6.94 ± 
4.37 

4-Hydroxybenzoic acid-
3-glucuronide 

1.75 ± 
0.58 

3.79 ± 
1.22 

3.49 ± 
1.33 

2.79 ± 
0.66 

1.78 ± 
0.56 

1.75 ± 
0.45 

3.93 ± 0.8 1.18 ± 
0.38 

4-Hydroxy-3,5-
dimethoxybenzoic acid 

133.53 ± 
26.07 

166.71 ± 
32.15 

197.43 ± 
50.67 

182.98 ± 
62.67 

152.88 ± 
30.05 

183.75 ± 
39.97 

206.01 ± 
53.22 

146.1 ± 
40.91 

3,4,5-trihydroxybenzene 
ethyl ester 

1.84 ± 
0.23 

2.05 ± 
0.41 

2.07 ± 
0.35 

2.2 ± 0.48 1.49 ± 
0.14 

1.54 ± 
0.16 

1.51 ± 
0.17 

1.56 ± 
0.12 

3,4,5-Trihydroxybenzoic 
acid 

1.27 ± 
0.33 

4.19 ± 
1.45 

7.4 ± 3.01 3.45 ± 
0.92 

0.42 ± 
0.18 

1.9 ± 0.79 0.72 ± 
0.31 

0.49 ± 
0.25 

3-Hydroxy-4-
methoxybenzoic acid-5-
sulfate 

270.04 ± 
91.16 

426.29 ± 
189.2* 

600.83 ± 
341.67* 

247.03 ± 
76.84 

76.54 ± 
17.01 

329.23 ± 
219.97 

83.04 ± 
31.31 

97.26 ± 
25.05 

4-Hydroxy-3-
methoxybenzoic acid 

128.48 ± 
51.83 

205.69 ± 
53.62 

84.13 ± 
23.84 

101.94 ± 
23.66 

69.86 ± 
22.56 

124.43 ± 
42.92 

189.21 ± 
102.55 

256.62 ± 
102.73 

3-Methoxybenzoic acid-
4-sulfate 

75.71 ± 
11.22 

230.85 ± 
66.42** 

166.41 ± 
28.06 ± 

118.51 ± 
12.83** 

95.42 ± 
23.64 

99.03 ± 
14.47 

100.89 ± 
12.06 

127.98 ± 
24.14 

4-Methoxybenzoic acid-
3-sulfate 

1763.96 ± 
352.28 

2358.16 ± 
403.46 

2578.72 ± 
419.56 

1881.87 ± 
324.71 

964.58 ± 
153.29 

1083.72 ± 
240.29 

1294.56 ± 
244.29 

1167.08 ± 
191.14 
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Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

Hippuric acids         
Hippuric acid 49902 ± 

8610.51 
159259.47 

± 
28909.72 ± 

205196.88 
± 

63762.99 ± 

144940.06 
± 

26003.74 ± 

35799.93 
± 5663.65 

65710.24 
± 

16822.04 

49620.56 
± 7689.91 

43238.38 
± 8244.16 

2ʹ-Hydroxyhippuric acid 701.57 ± 
269.32 

570.41 ± 
98.89 

622.04 ± 
93.71 

485.59 ± 
87.41 

543.16 ± 
96.02 

581.07 ± 
80.92 

813.35 ± 
221.01 

617.11 ± 
90.64 

3ʹ-Hydroxyhippuric acid 2971.78 ± 
593.58 

4889.13 ± 
693.06** 

6444.11 ± 
2049.88** 

4850.0 ± 
813.99# 

 

2309.01 ± 
683.59 

2877.84 ± 
588.33 

3772.13 ± 
783.73 

2946.18 ± 
602.41 

4ʹ-Hydroxyhippuric acid 1304.52 ± 
237.83 

1629.05 ± 
241.9 

1546.77 ± 
255.12 

1238.36 ± 
175.78 

1037.65 ± 
175.71 

1279.23 ± 
270.57 

1560.06 ± 
347.1 

1389.36 ± 
262.08 

alpha-hydroxyhippuric 
acid 

0 ± 0 0.45 ± 
0.36 

0.91 ± 
0.52 

0.91 ± 
0.77 

0.55 ± 
0.55 

0.48 ± 
0.29 

0 ± 0 0.51 ± 
0.51 

Cinnamic acids         
Cinnamic acid 10091.3 ± 

1482.13 
10145.56 
± 1216.63 

10411.21 
± 1721.25 

9740.43 ± 
1156.6 

9602.43 ± 
596.29 

10418.72 
± 691.51 

9076.48 ± 
655.47 

9747.2 ± 
590.51 

3ʹ,4ʹ-Dihydroxycinnamic 
acid 

792.65 ± 
87.41 

977.56 ± 
148.8 

902.58 ± 
115.48 

846.6 ± 
118.01 

898.03 ± 
80.29 

895.79 ± 
90.28 

859.5 ± 
68.1 

855.8 ± 
92.6 

3ʹ-Hydroxycinnamic acid-
4ʹ-sulfate 

0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

4ʹ-Hydroxycinnamic acid-
3ʹ-sulfate 

13.49 ± 
5.66 

65.83 ± 
40.94 

77.46 ± 
32.11 

18.65 ± 
6.32 

13.49 ± 5 30.46 ± 
14.16 

30.57 ± 
10.75 

22.26 ± 
12.56 

3ʹ-Hydroxycinnamic acid-
4ʹ-glucuronide 

112.95 ± 
25.39 

136.86 ± 
28.43 

129.67 ± 
28.68 

124.17 ± 
27.3 

124.54 ± 
14.56 

127.54 ± 
17.16 

129.42 ± 
15.72 

109.25 ± 
15.99 

4ʹ-Hydroxycinnamic acid-
3ʹ-glucuronide 

2.37 ± 
2.35 

3.36 ± 2.1 4.02 ± 
2.62 

0.86 ± 
0.86 

0.04 ± 
0.04 

2.69 ± 
1.57 

0.4 ± 0.36 1.89 ± 
1.42 

4ʹ-Hydroxy-3ʹ-
methoxycinnamic acid 

97.39 ± 
28.6 

210.94 ± 
85.77 

149.22 ± 
59.47 

164.37 ± 
73.03 

70.05 ± 
14.46 

93.66 ± 
21.84 

110.42 ± 
22.89 

120.92 ± 
42.74 

3ʹ-Methoxycinnamic acid-
4ʹ-sulfate 

29.07 ± 
29.07 

170.75 ± 
120.59 

111.45 ± 
60.8 

122.2 ± 
95.07 

0 ± 0 21.84 ± 
11.44 

23.52 ± 
14.85 

38.14 ± 
32.43 
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Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

3ʹ-Methoxycinnamic acid-
4ʹ-glucuronide 

31.43 ± 
9.42 

114.46 ± 
52.11 

132.42 ± 
39.03 

60.97 ± 
14.45 

54.39 ± 
14.6 

88.36 ± 
35.57 

76.67 ± 
14.94 

122.46 ± 
64.98 

3ʹ-Hydroxy-4ʹ-
methoxycinnamic acid 

194.07 ± 
17.1 

282.53 ± 
55.74 

264.15 ± 
46.58 

232.21 ± 
41.82 

174.21 ± 
14.93 

213.03 ± 
22.43 

221.46 ± 
20.03 

198.69 ± 
28.31 

4ʹ-Methoxycinnamic acid-
3ʹ-sulfate 

10.82 ± 
1.12 

23.59 ± 
5.48 

20.71 ± 
4.51 

27.48 ± 
8.54 

18.23 ± 
3.09 

18.99 ± 
3.35 

22.86 ± 
6.77 

20.72 ± 
5.37 

4ʹ-Methoxycinnamic acid-
3ʹ-glucuronide 

15.13 ± 
9.68 

33.18 ± 
26.48 

35.8 ± 
17.02 

66.37 ± 
51.89 

5.45 ± 
3.59 

17.9 ± 
12.19 

29.4 ± 
14.07 

12.86 ± 
7.06 

4-O-Caffeoylquinic acid 2.54 ± 
0.35 

6.09 ± 3.9 2.39 ± 0.2 2.75 ± 
0.34 

2.4 ± 0.14 2.48 ± 
0.21 

2.86 ± 
0.32 

2.77 ± 
0.39 

5-O-Caffeoylquinic acid 2.95 ± 
0.12 

5.45 ± 2.5 5.27 ± 
1.42 

3.23 ± 
0.25 

3.77 ± 0.3 3.89 ± 
0.72 

4.02 ± 
0.56 

4.16 ± 
0.64 

3-O-Feruloylquinic acid 2.79 ± 
0.21 

12.35 ± 
8.93 

8.87 ± 
4.43 

3.52 ± 0.3 3.64 ± 0.8 4.12 ± 
0.74 

3.56 ± 
0.43 

4.74 ± 
1.13 

4-O-Feruloylquinic acid 2.82 ± 
0.08 

23.32 ± 
20.43 

15.82 ± 
12.18 

3.08 ± 
0.24 

2.88 ± 
0.15 

4.44 ± 1.6 4.02 ± 
1.18 

3.61 ± 
0.66 

4'-Hydroxy-3',5'-
dimethoxycinnamic acid 

18.61 ± 
4.61 

42.95 ± 
17.61 

61.72 ± 
26.09 

18.44 ± 
3.48 

56.01 ± 
14.54 

38.55 ± 
8.73 

41.08 ± 
6.7 

36.92 ± 
7.48 

3ʹ-Hydroxycinnamic acid 10.59 ± 
2.88 

7.98 ± 
2.45 

10.67 ± 
3.53 

6.94 ± 
3.43 

6.47 ± 
1.36 

9.27 ± 
2.13 

3.97 ± 
1.29 

7.23 ± 
1.95 

4ʹ-Hydroxycinnamic acid 1.53 ± 1.4 3.19 ± 
2.62 

8.29 ± 
6.26 

5.38 ± 
3.64 

0.15 ± 0.1 2.59 ± 
1.31 

0.59 ± 
0.29 

2.1 ± 1.3 

2ʹ-Hydroxycinnamic acid 742.21 ± 
83.53 

812 ± 
96.73 

758.96 ± 
104.47 

760.47 ± 
83.81 

735.46 ± 
75.77 

800.04 ± 
71.79 

765.59 ± 
64.68 

767.94 ± 
71.26 

Cinnamic acid-4ʹ-sulfate 83.03 ± 
19.58 

115.69 ± 
29.3 

113.88 ± 
34.33 

77.92 ± 
18.39 

56.75 ± 
12.38 

70.04 ± 
13.3 

49.3 ± 
12.55 

51.27 ± 
12.71 

Cinnamic acid-4ʹ-
glucuronide 

9.71 ± 
5.38 

13.66 ± 
6.5 

26.84 ± 
7.48 

21.59 ± 
8.91 

11.13 ± 
3.43 

14.27 ± 
5.4 

6.72 ± 
2.38 

9.82 ± 
4.03 

Phenylacetic acids         
Phenylacetic acid 3993.51 ± 

1048.49 
3012.74 ± 

946.1 
2576.45 ± 

633.18 
2848.06 ± 

744.07 
2803.31 ± 

794.84 
2425.36 ± 

668.01 
2720.96 ± 

458.6 
1697.6 ± 
393.36 
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Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

3ʹ-Hydroxyphenylacetic 
acid 

7444.66 ± 
622.79 

8936.8 ± 
1333.29 

9575.42 ± 
1509.91 

8819.77 ± 
1006.28 

7169.73 ± 
506.45 

6838.21 ± 
558.73 

6672.18 ± 
561.72 

5842.4 ± 
542.66 

3ʹ,4ʹ-
Dihidroxyphenylacetic 
acid 

163.15 ± 
23.66 

220.18 ± 
40.62 

219.87 ± 
36.41 

167.95 ± 
21.14 

130.57 ± 
14.04 

155.83 ± 
13.15 

186.4 ± 
28.57 

154.36 ± 
19.85 

3ʹ-Methyoxyphenylacetic 
acid-4ʹ-sulfate 

151.42 ± 
34.32 

214.03 ± 
67.38 

228.29 ± 
49.1 

185.61 ± 
30.26 

144.4 ± 
20.32 

166.51 ± 
19.82 

137.74 ± 
28.27 

181.82 ± 
39.11 

Phenylpropanoic acids         
2-(4ʹ-
Hydroxyphenoxy)propan
oic acid 

12.12 ± 
6.6 

33.61 ± 
12.52 

35.44 ± 
18.87 

33.46 ± 
14.4 

3.09 ± 
3.09 

37.66 ± 
18.99 

4.09 ± 
2.78 

35.91 ± 34 

3-(2ʹ-
Hydroxyphenyl)propanoi
c acid 

1354.88 ± 
358.48 

1782.49 ± 
354.11 

2146.88 ± 
501.84 

1787.64 ± 
396.06 

832.62 ± 
325.52 

1253.06 ± 
350.83 

1954.5 ± 
412.57# 

1708.86 ± 
397.74 

3-(3ʹ-
Hydroxyphenyl)propanoi
c acid 

491.02 ± 
288.96 

1092.42 ± 
638.75 

804.99 ± 
593.89 

876.86 ± 
456.82 

131.97 ± 
83.81 

1342.84 ± 
970.7 

648.15 ± 
556.16 

1571.58 ± 
1063.97 

3-(2ʹ,3ʹ-
Dihydroxyphenyl)propan
oic acid 

14.86 ± 
3.53 

24.23 ± 
8.59 

27.21 ± 
9.35 

15.96 ± 
2.68 

13.22 ± 
1.75 

12.93 ± 
1.62 

14.11 ± 
1.54 

13.3 ± 
1.51 

3-(2ʹ,4ʹ-
Dihydroxyphenyl)propan
oic acid 

112.05 ± 
34.46 

188.61 ± 
41.73 

225.47 ± 
85.61 

163.84 ± 
54.38 

104.76 ± 
41.2 

91.43 ± 
34.33 

80.41 ± 
17.76 

109.41 ± 
35.63 

3-(3ʹ,4ʹ-
Dihydroxyphenyl)propan
oic acid 

49.93 ± 
4.89 

52.16 ± 
6.23 

60.21 ± 
12.66 

48.06 ± 
3.87 

47.75 ± 
2.53 

47.98 ± 
2.47 

48.75 ± 
2.11 

48.48 ± 
1.99 

3-(3ʹ,5ʹ-
Dihydroxyphenyl)propan
oic acid 

149.45 ± 
48.54 

213.17 ± 
53.21 

281.03 ± 
92.75 

186.79 ± 
58.85 

122.89 ± 
43.21 

92.58 ± 
27.48 

102.18 ± 
23.16 

123.59 ± 
37.24 



 

228 

 

Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

2-Hydroxy-3-(4ʹ-
hydroxyphenyl)propanoic 
acid 

8781.25 ± 
639.28 

10779.37 
± 

1011.26** 

9922.6 ± 
965.4 

9190.64 ± 
742.1 

9008.31 ± 
584.62 

9690.44 ± 
588.98 

9240.98 ± 
685.18 

8880.14 ± 
674.67 

3-(4ʹ-Hydroxy-3ʹ-
methoxyphenyl)propanoi
c acid 

54.19 ± 
19.3 

143.21 ± 
55.34 

130.2 ± 
56.13 

62.92 ± 
13.39 

80.89 ± 
22.39 

65.21 ± 
19.79 

78.69 ± 
23.41 

55.18 ± 
18.47 

3-(4ʹ-
Hydroxyphenyl)propanoi
c acid-3ʹ-glucuronide 

37.7 ± 
10.84 

289.4 ± 
140.18 

74.04 ± 
20.1 

43.89 ± 
13.29 

71.79 ± 
16.13 

144.67 ± 
53.93 

145.51 ± 
44.45 

119.36 ± 
37.12 

3-(4ʹ-
Hydroxyphenyl)propanoi
c acid-3ʹ-sulfate 

495.62 ± 
63.84 

720.37 ± 
102.9 

826.54 ± 
159.08 

627.08 ± 
95.03 

392.07 ± 
34.17 

480.66 ± 
36.9 

582.25 ± 
85.88 

768.31 ± 
349.38 

3-(3ʹ-
Methoxyphenyl)propanoi
c acid-4ʹ-sulfate 

62.17 ± 
26.42 

131.09 ± 
52.54 

121.05 ± 
46.44** 

75.4 ± 
21.73 

25.77 ± 
6.42 

46.49 ± 
10.6 

74.71 ± 
25.25** 

166.08 ± 
110.46** 

3-(3ʹ-
Methoxyphenyl)propanoi
c acid-4ʹ-glucuronide 

102.29 ± 
23.33 

201.39 ± 
47.96 

268.28 ± 
105.7 

154.27 ± 
34.35 

64.94 ± 
10.57 

98.18 ± 
18.54 

157.33 ± 
36.52 

200.96 ± 
85.72 

3-(4ʹ-
Methoxyphenyl)propanoi
c acid-3ʹ-sulfate 

244.58 ± 
73.4 

417.8 ± 
114.57 

380.29 ± 
130.51 

299.55 ± 
79.13 

376.47 ± 
104.65 

386.55 ± 
103.49 

349.27 ± 
93.39 

440.9 ± 
108.68 

3-(4ʹ-
Methoxyphenyl)propanoi
c acid-3ʹ-glucuronide 

26.67 ± 
8.15 

46.49 ± 
9.72 

86.18 ± 
35.16** 

42.69 ± 
8.78 

58.97 ± 
27.89 

71.32 ± 
24.81 

60.06 ± 
13.43 

116.25 ± 
55.22 

Valerolactones         
(4R)-5-(3′-
hydroxyphenyl)-γ-
valerolactone-4′-sulfate 

79.12 ± 
35.31 

97.22 ± 
32.22 

117.33 ± 
40.13 

110.96 ± 
51.08 

41.55 ± 
21.55 

84.26 ± 
38.82 

105.25 ± 
37.27 

47.6 ± 
14.68 
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Supplementary Table 3.5. Mean plasma (poly)phenol metabolite concentrations 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. 
 Blueberry (n = 22) Placebo (n = 21) 

Compound (nmol/L) Baseline Week 4 Week 8 Week 12 Baseline Week 4 Week 8 Week 12 

Sum of Polyphenol 
Metabolites 

125798.37 
± 

12727.95 

250052.95 
± 

34374.48*a

# 

303052.73 
± 

80146.47*a 

227970.5 
± 

33084.02*a

# 

107725.03 
± 6848.71 

145293.43 
± 

18276.91b 

132461.22 
± 

10352.79 

119158.19 
± 

10400.79b 

Data presented as mean ± SEM.  
For individual metabolites: *Difference between groups (blueberry vs placebo) at that time point (p < 0.05); **Difference (p < 0.05) 
within group compared to baseline; #Trend for difference (p < 0.10) within group compared to baseline.  ± Difference (p < 0.05) 
between groups at that time point and within group compared to baseline.  
For Sum of Polyphenol Metabolites: *Differences (p < 0.05) within group compared to baseline. Different letters indicate differences 
(p < 0.05) between groups at that time point. #Difference (p < 0.05) in the change from baseline to 12 weeks between groups at that 
time point. 
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Supplementary Table 3.6. Protein expression measured by immunofluorescence microscopy 
in venous endothelial cells collected from 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. 
 Blueberry (n = 13) Placebo (n = 11) 

p47phox (AU)   
   Baseline  0.94 ± 0.14 0.99 ± 0.18 
   12 Weeks 0.93 ± 0.12 0.99 ± 0.21 
   ∆ 0 to 12 Weeks -0.01 ± 0.06 0.00 ± 0.09 
Phos-eNOS (AU)   
   Baseline  0.80 ± 0.10 0.93 ± 0.16 
   12 Weeks 0.81 ± 0.06 0.75 ± 0.05 
   ∆ 0 to 12 Weeks 0.01 ± 0.10 -0.18 ± 0.12 
MnSOD (AU)   
   Baseline  0.46 ± 0.08 0.58 ± 0.10 
   12 Weeks 0.48 ± 0.10 0.64 ± 0.18 
   ∆ 0 to 12 Weeks 0.02 ± 0.07 0.07 ± 0.10 
Phos-NFκB p65 
(Ser536) (AU) 

  

   Baseline  0.81 ± 0.07 0.81 ± 0.08 
   12 Weeks 0.78 ± 0.05 0.72 ± 0.10 
   ∆ 0 to 12 Weeks -0.02 ± 0.07 -0.07 ± 0.06 

Data are mean ± SEM. No significant differences. Phos-eNOS, phosphorylated endothelial cell 
nitric oxide synthase; MnSOD, manganese superoxide dismutase; Phos-NFκB, phosphorylated 
nuclear factor kappa B. 
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Supplementary Table 3.7. Anthropometrics, body composition, and energy intake and 
expenditure of 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.  
 Blueberry (n = 22) Placebo (n = 21) 

Weight (kg)   
   Baseline  73.0 ± 3.2 73.6 ± 3.3 
   4 Weeks 73.3 ± 3.2 74.3 ± 3.5 
   8 Weeks  73.5 ± 3.3 74.5 ± 3.5 
   12 Weeks 73.1 ± 3.2 74.7 ± 3.5 
   ∆ 0 to 4 Weeks 0.3 ± 0.2 -0.2 ± 0.2 
   ∆ 0 to 8 Weeks 0.4 ± 0.3 -0.1 ± 0.3 
   ∆ 0 to 12 Weeks 0.0 ± 0.2 0.1 ± 0.3 
BMI (kg/m2)   
   Baseline  27.6 ± 1.0 27.7 ± 1.1 
   4 Weeks 27.7 ± 1.0 27.7 ± 1.1 
   8 Weeks  27.7 ± 1.0 27.7 ± 1.1 
   12 Weeks 27.6 ± 1.0 27.8 ± 1.1 
   ∆ 0 to 4 Weeks 0.1 ± 0.1 -0.1 ± 0.1 
   ∆ 0 to 8 Weeks 0.2 ± 0.1 0.0 ± 0.1 
   ∆ 0 to 12 Weeks 0.0 ± 0.1 0.0 ± 0.1 
WC (cm)   
   Baseline  91 ± 3 88 ± 2 
   4 Weeks 90 ± 3 88 ± 3 
   8 Weeks  91 ± 3 92 ± 3 
   12 Weeks 90 ± 3 91 ± 3 
   ∆ 0 to 4 Weeks -0.4 ± 1.1 -1.7 ± 1.0 
   ∆ 0 to 8 Weeks -0.8 ± 1.4 2.0 ± 1.5 
   ∆ 0 to 12 Weeks 0.0 ± 0.9 0.8 ± 1.4 
HC (cm)   
   Baseline  109 ± 2 107 ± 2 
   4 Weeks 107 ± 2 108 ± 3 
   8 Weeks  103 ± 5 108 ± 3 
   12 Weeks 107 ± 2 107 ± 3 
   ∆ 0 to 4 Weeks -0.45 ± 0.91 -0.57 ± 0.97 
   ∆ 0 to 8 Weeks 0.50 ± 0.83 -1.26 ± -3.64 
   ∆ 0 to 12 Weeks -0.15 ± 0.61 -1.55 ± 0.92 
Android Fat Mass (%)^   
   Baseline  41.59 ± 1.65 37.54 ± 2.26 
   12 Weeks 39.08 ± 1.76 35.2 ± 2.22* 
   ∆ 0 to 12 Weeks -2.51 ± 1.05 -2.34 ± 0.68 
Gynoid Fat Mass (%)^   
   Baseline  43.71 ± 0.87 41.21 ± 1.93 
   12 Weeks 43.44 ± 0.74 40.74 ± 1.92 
   ∆ 0 to 12 Weeks -0.27 ± 0.71 -0.48 ± 0.27 
Total Fat Mass (%)^   
   Baseline  40.72 ± 1.24 38.01 ± 1.78 
   12 Weeks 39.96 ± 1.11 37.49 ± 1.66 
   ∆ 0 to 12 Weeks -0.76 ± .67 -0.51 ± 0.42 
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Supplementary Table 3.7. Anthropometrics, body composition, and energy intake and 
expenditure of 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.  
 Blueberry (n = 22) Placebo (n = 21) 

Average Daily Energy 
Intake (kcal) 

  

   Baseline  1717 ± 81 1653 ± 112 
   4 Weeks 1857 ± 109 1624 ± 133 
   8 Weeks  1790 ± 100 1607 ± 146 
   12 Weeks 1685 ± 95 1631 ± 127 
Average Daily Energy 
Expenditure (kcal) 

  

   Baseline  2621 ± 148 2653 ± 140 
   4 Weeks 2615 ± 146 2651 ± 128 
   8 Weeks  2699 ± 153 2617 ± 143 
   12 Weeks 2677 ± 162 2640 ± 138 

Data are mean ± SEM. *Different (p < 0.05) than baseline. Abbreviations: BMI, body mass 
index, HC, hip circumference, WC, waist circumference. ^n = 32 for these analyses. 
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APPENDIX 2: SUPPLEMENTARY DATA FOR CHAPTER 4 
 
 
 

Supplementary Figures and Tables 

 

Supplementary Table 4.1. Flow-mediated dilation (FMD) results for the 17 postmenopausal 
women who consumed 22 g freeze-dried highbush blueberry powder for 12 weeks and 
completed the endothelial function measurements. 
 Responder (n = 8) Non-responder (n = 9) 

Baseline Diameter 
(mm) a d 

  

   Baseline  2.88 ± 0.15 2.74 ± 0.14 
   12 Weeks 2.90 ± 0.16 2.84 ± 0.14* 
   ∆ 0 to 12 Weeks 0.02 ± 0.04 0.10 ± 0.04 
Peak Diameter (mm) a b   
   Baseline  2.92 ± 0.12 2.89 ± 0.16 
   12 Weeks 3.06 ± 0.15* 2.96 ± 0.15 
   ∆ 0 to 12 Weeks 0.14 ± 0.06 0.07 ± 0.05 
FMD (%) b c   
   Baseline  1.80 ± 1.37 5.65 ± 1.27** 
   12 Weeks 6.06 ± 1.77* 4.40 ± 1.02 
   ∆ 0 to 12 Weeks 4.26 ± 1.01 -1.25 ± 0.63** 
SRAUC  

b   
   Baseline  32492.13 ± 4223.78 39103.49 ± 4559.61 
   12 Weeks 21098.51 ± 4244.94* 30811.26 ± 4566.26# 

   ∆ 0 to 12 Weeks -11393.63 ± 4861.52 -8292.23 ± 4323.64 
FMD/SRAUC 

b c   
   Baseline  5.92e-5 ± 4.30e-5 1.61e-4 ± 3.77e-5## 
   12 Weeks 2.81e-4 ± 3.75e-5* 1.69e-4 ± 4.78e-5## 
   ∆ 0 to 12 Weeks 2.22e-4 ± 4.53e-5 7.86e-6 ± 4.61e-5** 

Data are mean ± SEM. aMain effect for group. bMain effect for time. cMain effect for group*time. 
dTrending main effect for time (p < 0.10). *Different compared to baseline within group (p < 
0.05). **Different compared to that time point between groups (p < 0.05). ##Trending different at 
that time point between groups (p < 0.06). Abbreviations: FMD, flow-mediated dilation; 
FMD/SRAUC; flow-mediated dilation normalized to shear rate area under the curve. 
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Supplementary Table 4.2. Flow-mediated dilation (FMD) results before and after ascorbic acid infusion for the 17 postmenopausal 
women who consumed 22 g freeze-dried highbush blueberry powder for 12 weeks and completed the endothelial function 
measurements. 
Responder Saline (n = 8) Ascorbic Acid (n = 8) Saline vs Ascorbic Acid Difference 

FMD (%)    
   Baseline  1.80 ± 1.37 6.93 ± 2.63* 5.13 ± 1.77a 

   12 Weeks 6.06 ± 1.77 7.09 ± 1.76 1.04 ± 0.79 

FMD/SRAUC    
   Baseline  5.92e-5 ± 4.30e-5 4.62e-4 ± 2.44e-4* 4.03e-4 ± 2.18e-4 
   12 Weeks 2.81e-4 ± 3.75e-5 2.85e-4 ± 3.22e-5 4.18e-06 ± 4.11e-5** 
Non-Responder Saline (n = 9) Ascorbic Acid (n = 9) Saline vs Ascorbic Acid Difference 

FMD (%)    
   Baseline  5.65 ± 1.27 6.84 ± 1.45 1.19 ± 1.14 
   12 Weeks 4.40 ± 1.02 5.15 ± 0.58 0.76 ± 1.07 
FMD/SRAUC    
   Baseline  1.61e-4 ± 3.77e-5 2.36e-4 ± 3.41e-5 7.44e-5 ± 2.68e-5 
   12 Weeks 1.69e-4 ± 4.78e-5 1.62e-4 ± 2.4e-5 -6.92e-6 ± 4.47e-5 

Data are mean ± SEM. aDifferent between saline vs ascorbic acid difference between responder and non-responder at that time 
point. *Different between saline and ascorbic acid within group at that time point (p < 0.05). **Different between saline vs ascorbic 
acid difference compared to baseline within group (p < 0.05). Abbreviations: FMD, flow-mediated dilation; FMD/SRAUC; flow-mediated 
dilation normalized to shear rate area under the curve. 
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Supplementary Table 4.3. Blood lipids and biomarkers for the 17 postmenopausal women who 
consumed 22 g freeze-dried highbush blueberry powder for 12 weeks and completed the 
endothelial function measurements.  
 Responder (n = 8) Non-responder (n = 9) 

TG (mg/dL) b   
   Screening  122 ± 15 122 ± 24 
   12 Weeks 103 ± 19# 85 ± 10* 
   ∆ 0 to 12 Weeks -20 ± 10 -37 ± 17 
TC (mg/dL) b   
  Screening 217 ± 9 213 ± 5 
   12 Weeks 190 ± 8* 194 ± 5* 
   ∆ 0 to 12 Weeks -28 ± 4 -19 ± 6 
HDL-C (mg/dL) a   
   Screening 48 ± 3 66 ± 6** 
   12 Weeks 50 ± 7 62 ± 5## 
   ∆ 0 to 12 Weeks 2 ± 5 -4 ± 4 
LDL-C (mg/dL) b d   
   Screening 144 ± 7 121 ± 6** 
   12 Weeks 118 ± 10* 115 ± 3 
   ∆ 0 to 12 Weeks -26 ± 7 -6 ± 7 
HgbA1c (%)   
   Screening  5.6 ± 0.1 5.5 ± 0.1 
   12 Weeks 5.5 ± 0.1 5.5 ± 0.1 
   ∆ 0 to 12 Weeks -0.1 ± 0.1 0.0 ± 0.1 
VCAM-1 (ng/mL)   
   Baseline  1606.17 ± 255.56 1216.96 ± 124.77 
   4 Weeks 1889.70 ± 245.62 1861.90 ± 249.40 
   8 Weeks  1545.16 ± 435.85 1663.30 ± 191.03 
   12 Weeks 1612.08 ± 233.78 1575.84 ± 116.53 
   ∆ 0 to 4 Weeks 283.54 ± 408.81 644.93 ± 332.41 
   ∆ 0 to 8 Weeks -61.00 ± 484.33 446.34 ± 289.90 
   ∆ 0 to 12 Weeks 5.92 ± 237.46 358.88 ± 136.18 
ICAM-1 (ng/mL) c e   
   Baseline  275.15 ± 17 184.36 ± 23.28** 
   4 Weeks 217.23 ± 31.41 251.74 ± 17.51 
   8 Weeks  186.36 ± 19.42* 245.85 ± 13.33** 
   12 Weeks 272.78 ± 17.74 218.57 ± 23.89## 

   ∆ 0 to 4 Weeks -57.91 ± 37.88 67.38 ± 30.32** 
   ∆ 0 to 8 Weeks -88.79 ± 24.70 61.50 ± 25.45** 
   ∆ 0 to 12 Weeks -2.37 ± 29.92& 34.21 ± 17.49 
Nitrate/nitrite (µM) a   
   Baseline  9.67 ± 2.05 10.36 ± 2.02 
   4 Weeks 5.59 ± 1.91 9.91 ± 1.84** 
   8 Weeks  6.16 ± 1.53 9.45 ± 1.29 
   12 Weeks 4.81 ± 0.81 11.00 ± 2.68** 
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Supplementary Table 4.3. Blood lipids and biomarkers for the 17 postmenopausal women who 
consumed 22 g freeze-dried highbush blueberry powder for 12 weeks and completed the 
endothelial function measurements.  
 Responder (n = 8) Non-responder (n = 9) 

Nitrate/nitrite (µM) a   
   ∆ 0 to 4 Weeks -4.08 ± 1.87 -0.70 ± 1.62 
   ∆ 0 to 8 Weeks -3.51 ± 2.45 -1.17 ± 1.57 
   ∆ 0 to 12 Weeks -4.86 ± 2.42 0.38 ± 2.30 

Data are mean ± SEM. aMain effect for group (p < 0.05). bMain effect for time (p < 0.05). cMain 
effect for group*time (p < 0.05). dTrending main effect for group*time (p < 0.10). eMain effect for 
group (p < 0.05) and trending main effect for time (p < 0.08) for the changes in ICAM-1 from 
baseline to 4, 8, and 12 weeks.*Different compared to baseline within group (p < 0.05). 
**Different between groups at that time point (p < 0.05). #Trending different compared to 
baseline within group (p < 0.09). ##Trending differences between groups at that time point (p < 
0.09). &Different compared to the change from baseline to 8 weeks within group (p < 0.05). 
Abbreviations: HgbA1c, hemoglobin A1c; 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. 
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Supplementary Figure 4.1. Blood biomarkers at baseline, 12 weeks, and the change from baseline to 12 weeks for responders (n = 
8) and non-responders (n = 9) correlated with (A) the change in flow-mediated dilation (FMD) and (B) the change FMD normalized to 
shear rate area under the curve (FMD/SRAUC) from baseline to 12 weeks. Data are Spearman’s Rho. *Significant correlation (p < 
0.05). #Trending significant correlation (p < 0.10). Abbreviations: HgbA1c, hemoglobin A1c; 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. 
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Supplementary Table 4.4. Plasma (poly)phenol metabolite concentrations for the 17 
postmenopausal women who consumed 22 g freeze-dried highbush blueberry powder for 12 
weeks and completed the endothelial function measurements.  
Compound (nmol/L) Responder (n = 8) Non-responder (n = 9) 

Sum of (poly)phenol 

metabolites a ^  
  

   Baseline 109203.71 ± 24831.93 131983.70 ± 20208.23 
   4 Weeks 255697.01 ± 60073.86* 293893.40 ± 61105.23* 
   8 Weeks 181674.00 ± 27088.88 420991.26 ± 161186.94*## 

   12 weeks 178767.26 ± 31182.66* 239646.60 ± 45154.96* 
   ∆ 0 to 4 Weeks 146493.30 ± 44283.18 161909.69 ± 46401.55 
   ∆ 0 to 8 Weeks 72470.29 ± 25167.92 289007.56 ± 147345.98 
   ∆ 0 to 12 Weeks 69563.55 ± 25592.52% 107662.89 ± 31643.64 
Hippuric Acid a d   
   Baseline  44872.34 ± 18877.47 53737.79 ± 13138.08 
   4 Weeks 170323.80 ± 55797.31# 198015.97 ± 45588.07* 
   8 Weeks  114134.05 ± 23843.63 302441.61 ± 127557.71* 
   12 Weeks 112062.26 ± 29348.70 152605.24 ± 34126.59* 
   ∆ 0 to 4 Weeks 125451.46 ± 42717.35 144278.19 ± 39271.43 
   ∆ 0 to 8 Weeks 69261.72 ± 17647.24 248703.83 ± 121057.72 
   ∆ 0 to 12 Weeks 67189.92 ± 20590.23 98867.45 ± 28536.20 
3-Hydroxyhippuric Acid a e   
   Baseline  3792.44 ± 1098.56 2188.30 ± 855.21 
   4 Weeks 6539.81 ± 941.93# 4028.44 ± 958.14**# 
   8 Weeks  4491.73 ± 1182.43 8545.27 ± 4418.02* 
   12 Weeks 5018.13 ± 1166.76 4262.53 ± 1314.10# 
   ∆ 0 to 4 Weeks 2747.37 ± 877.93 1840.14 ± 1144.20 
   ∆ 0 to 8 Weeks 699.29 ± 1258.94& 6356.97 ± 4452.58 
   ∆ 0 to 12 Weeks 1225.69 ± 837.27 2074.23 ± 837.33 
Vanillic Acid-4-Sulfate a ^^   
   Baseline 193.01 ± 128.66 43.41 ± 22.77 
   4 Weeks 292.61 ± 122.17# 84.42 ± 41.47## 
   8 Weeks 97.69 ± 50.32 96.32 ± 28.26 
   12 weeks 77.98 ± 34.27 123.34 ± 36.30 
   ∆ 0 to 4 Weeks 99.60 ± 49.61 41.01 ± 42.21 
   ∆ 0 to 8 Weeks -95.32 ± 135.72 52.91 ± 45.43 
   ∆ 0 to 12 Weeks -115.03 ± 142.86 79.93 ± 50.41 
Protocatechuic Acid a c ^   
   Baseline  22.38 ± 1.59 20.85 ± 2.61 
   4 Weeks 28.47 ± 3.94 34.39 ± 6.85 
   8 Weeks  25.66 ± 2.87 40.30 ± 5.98*## 
   12 Weeks 25.10 ± 2.58 29.91 ± 4.28 
   ∆ 0 to 4 Weeks 6.09 ± 4.44 13.54 ± 7.93&& 
   ∆ 0 to 8 Weeks 3.28 ± 3.80 19.45 ± 5.97 
   ∆ 0 to 12 Weeks 2.72 ± 3.24 9.06 ± 5.83 
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Supplementary Table 4.4. Plasma (poly)phenol metabolite concentrations for the 17 
postmenopausal women who consumed 22 g freeze-dried highbush blueberry powder for 12 
weeks and completed the endothelial function measurements.  
Compound (nmol/L) Responder (n = 8) Non-responder (n = 9) 

2,5-Dihydroxybenzoic Acid a e   
   Baseline 679.48 ± 179.33 887.36 ± 229.33 
   4 Weeks 891.11 ± 166.75 1190.13 ± 308.81 
   8 Weeks 807.43 ± 117.30 2055.95 ± 720.14## 
   12 weeks 832.02 ± 131.67 1084.14 ± 199.82 
   ∆ 0 to 4 Weeks 211.63 ± 96.45 302.77 ± 290.81 
   ∆ 0 to 8 Weeks 127.96 ± 172.72 1168.59 ± 584.30 
   ∆ 0 to 12 Weeks 152.55 ± 173.17 196.78 ± 257.13 

Data are mean ± SEM. aMain effect for group (p < 0.05). bMain effect for time (p < 0.05). cMain 
effect for group*time (p < 0.05). dMain effect for time for the changes of (poly)phenol metabolites 
from baseline to 4, 8, and 12 weeks (p < 0.05). eMain effect for time*group for the changes in 
(poly)phenol metabolites from baseline to 4, 8, and 12 weeks (p < 0.05). ^Main effect for group 
for the change in (poly)phenol metabolites from baseline to 4, 8, and 12 weeks (p < 0.10). 
^^Main effect for time*group for the change in (poly)phenol metabolites from baseline to 4, 8, and 
12 weeks (p < 0.10). *Different compared to baseline within group (p < 0.05). **Different 
between groups at that time point (p < 0.05). #Trending different compared to baseline within 
group (p < 0.10). ##Trending different between groups at that time point (p < 0.10). %Trending 
different compared to the change from baseline to 4 weeks within group (p < 0.07). &Different 
compared to the change from baseline to 4 weeks within group (p < 0.07). &&Different compared 
to the change from baseline to 4 weeks between groups (p < 0.05). 
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Supplementary Table 4.5. Venous endothelial cell protein expressions for the 13 
postmenopausal women who consumed 22 g freeze-dried highbush blueberry powder for 12 
weeks and completed endothelial cell biopsy. 
 Responder (n = 8) Non-responder (n = 5) 

p47phox (AU)   
   Baseline  0.96 ± 0.18 0.91 ± 0.23 
   12 Weeks 0.88 ± 0.17 1.00 ± 0.17 
   ∆ 0 to 12 Weeks -0.08 ± 0.08 0.09 ± 0.08 
p-eNOS (AU) a   
   Baseline  0.92 ± 0.14 0.63 ± 0.09 
   12 Weeks 0.92 ± 0.06* 0.67 ± 0.07 
   ∆ 0 to 12 Weeks 0.00 ± 0.17 0.02 ± 0.06 
MnSOD (AU)   
   Baseline  0.53 ± 0.12 0.34 ± 0.05 
   12 Weeks 0.88 ± 0.16 0.32 ± 0.03 
   ∆ 0 to 12 Weeks 0.05 ± 0.10 -0.02 ± 0.06 
p-NFκB p65 (Ser536) 
(AU) b 

  

   Baseline  0.89 ± 0.09 0.67 ± 0.06 
   12 Weeks 0.82 ± 0.06 0.72 ± 0.07 
   ∆ 0 to 12 Weeks -0.07 ± 0.09 0.05 ± 0.12 

Data are mean ± SEM. aMain effect for group (p < 0.05). bTrending main effect for group (p < 
0.08).*Different between groups at that time point (p < 0.05). Abbreviations: FMD, flow-mediated 
dilation; FMD/SRAUC; flow-mediated dilation normalized to shear rate area under the curve; 
MnSOD, manganese superoxide dismutase; p-eNOS, phosphorylated endothelial cell nitric 
oxide synthase; p-NFκB, phosphorylated nuclear factor kappa B. 
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Supplementary Figure 4.2. (A) Blood pressure, anthropometrics, and fat mass at baseline, 12 weeks, and the change from baseline 
to 12 weeks for responders (n = 8) and non-responders (n = 9) correlated with the change in flow-mediated dilation (FMD) from 
baseline to 12 weeks; and (B) blood pressure, anthropometrics, and fat mass at baseline, 12 weeks, and the change from baseline to 
12 weeks for responders and non-responders correlated with the change FMD normalized to shear rate area under the curve 
(FMD/SRAUC) from baseline to 12 weeks. Data are Spearman’s Rho. *Significant correlation (p < 0.05). #Trending significant 
correlation (p < 0.10). Abbreviations: aPWV, aortic pulse wave velocity; AIx, augmentation index; AIx@75, augmentation index 
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normalized to 75 beats per minute; BMI, body mass index; DBP, diastolic blood pressure; Exp, expenditure; HC, hip circumference; 
SBP, systolic blood pressure; WC:HC, waist to hip circumference ratio. 
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APPENDIX 3: SUPPLEMENTARY DATA FOR CHAPTER 5 
 
 
 

Supplementary Figures and Tables 
 
 
Supplementary Table 5.1. Monocyte (THP-1) binding, insulin-stimulated nitric oxide 
production, and peroxynitrite concentrations in human aortic endothelial cells. 
 Monocyte Binding 

(AU) 
Nitric Oxide 

(AU) 
Peroxynitrite 

(AU) 

Blueberry + H2O2 (n = 22)^ 139 ± 10# 52 ± 4* 395 ± 30** 
Placebo + H2O2 (n = 20)^ 135 ± 8# 55 ± 5# 429 ± 35** 
Control (n  = 8) 97 ± 7 78 ±6 106 ± 5 
Control + H2O2 (n = 8) 147 ± 15# - 107 ± 4 
Control + insulin (n = 8) - 96 ± 4*** - 
Control + insulin + H2O2 (n = 8) - 68 ± 6 - 

Data are presented as relative fluorescence to control (mean ± SEM). ^Indicates that insulin 
was also added to blueberry and placebo serum groups for nitric oxide experiment.  *Different 
compared to control within group (p < 0.05). **Different compared to control and control + H2O2 
(p < 0.05). ***Different compared to blueberry + H2O2 and placebo + H2O2 (p < 0.001). #Trending 
different compared to control (p < 0.08). Abbreviations: AU, arbitrary units; H2O2, hydrogen 
peroxide. 
 


