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ABSTRACT  

Background & Aims. Whilst the cardioprotective effects of blueberry intake have been shown 

in prospective studies and short-term randomized controlled trials (RCTs), it is unknown 

whether anthocyanin-rich blueberries can attenuate the postprandial, cardiometabolic 

dysfunction which follows energy-dense food intakes; especially in at-risk populations.  We 

therefore examined whether adding blueberries to a high-fat/high-sugar meal affected the 

postprandial cardiometabolic response over 24h.  

Methods. A parallel, double-blind RCT (n=45; age 63.4±7.4 years; 64% male; BMI 31.4±3.1 

kg/m2) was conducted in participants with metabolic syndrome. After baseline assessments, 

an energy-dense drink (969 Kcals, 64.5g fat, 84.5g carbohydrate, 17.9g protein) was 

consumed with either 26g (freeze-dried) blueberries (equivalent to 1 cup/150g fresh 

blueberries) or 26g isocaloric matched placebo. Repeat blood samples (30, 60, 90, 120, 180, 

360 min and 24h), a 24h urine collection and vascular measures (at 3, 6, and 24h) were 

performed. Insulin and glucose, lipoprotein levels, endothelial function (flow mediated 

dilatation (FMD)), aortic and systemic arterial stiffness (pulse wave velocity (PWV), 

Augmentation Index (AIx) respectively), blood pressure (BP), and anthocyanin metabolism 

(serum and 24h urine) were assessed.  

Results. Blueberries favorably affected postprandial (0 to 24 h) concentrations of glucose 

(p<0.001), insulin (p<0.01), total cholesterol (p=0.04), HDL-C, large HDL particles (L-HDL-

P) (both p<0.01), extra-large HDL particles (XL-HDL-P; p=0.04) and Apo-A1 (p=0.01), but 

not LDL-C, TG, or Apo-B. After a transient higher peak glucose concentration at 1h after 

blueberry intake ([8.2 mmol/L, 95%CI: 7.7, 8.8] vs placebo [6.9 mmol/L, 95%CI: 6.4, 7.4]; 

p=0.001), blueberries significantly attenuated 3h glucose ([4.3 mmol/L, 95%CI: 3.8, 4.8] vs 

placebo [5.1 mmol/L, 95%CI: 4.6, 5.6]; p=0.03) and insulin concentrations (blueberry: [23.4 
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pmol/L, 95%CI: 15.4, 31.3] vs placebo [52.9 pmol/L, 95%CI: 41.0, 64.8]; p=0.0001). 

Blueberries also improved HDL-C ([1.12 mmol/L, 95%CI: 1.06, 1.19] vs placebo [1.08 

mmol/L, 95%CI: 1.02, 1.14]; p=0.04) at 90 min and XL-HDLP levels ([0.38 x10-6, 95%CI: 

0.35, 0.42] vs placebo [0.35 x10-6, 95%CI: 0.32, 0.39]; p=0.02) at 3h. Likewise, significant 

improvements were observed 6h after blueberries for HDL-C ([1.17 mmol/L, 95%CI: 1.11, 

1.24] vs placebo [1.10 mmol/L, 95%CI: 1.03, 1.16]; p<0.001), Apo-A1 ([1.37 mmol/L, 

95%CI: 1.32, 1.41] vs placebo [1.31 mmol/L, 95%CI: 1.27, 1.35]; p=0.003), L-HDLP ([0.70 

x10-6, 95%CI: 0.60, 0.81] vs placebo [0.59 x10-6, 95%CI: 0.50, 0.68]; p=0.003) and XL-

HDLP ([0.44 x10-6, 95%CI: 0.40, 0.48] vs placebo [0.40 x10-6, 95%CI: 0.36, 0.44]; 

p<0.001). Similarly, total cholesterol levels were significantly lower 24h after blueberries 

([4.9 mmol/L, 95%CI: 4.6, 5.1] vs placebo [5.0 mmol/L, 95%CI: 4.8, 5.3]; p=0.04). 

Conversely, no effects were observed for FMD, PWV, AIx and BP. As anticipated, total 

anthocyanin-derived phenolic acid metabolite concentrations significantly increased in the 

24h after blueberry intake; especially hippuric acid (6-7-fold serum increase, 10-fold urinary 

increase). In exploratory analysis, a range of serum/urine metabolites were associated with 

favorable changes in total cholesterol, HDL-C, XL-HDLP and Apo-A1) (R=0.43 to 0.50).  

Conclusions. For the first time, in an at-risk population, we show that single-exposure to the 

equivalent of 1 cup blueberries (provided as freeze-dried powder) attenuates the deleterious 

postprandial effects of consuming an energy-dense high-fat/high-sugar meal over 24h; 

reducing insulinaemia and glucose levels, lowering cholesterol, and improving HDL-C, 

fractions of HDL-P and Apo-A1. Consequently, intake of anthocyanin-rich blueberries may 

reduce the acute cardiometabolic burden of energy-dense meals.   

Clinical Trial Registry: NCT02035592 at www.clinicaltrials.gov 

 

http://www.clinicaltrials.gov/
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INTRODUCTION 

 The cardioprotective benefits of blueberry intake, or their constituent (poly)phenols 

(particularly anthocyanins), have been previously shown to reduce cardiovascular (CV) 

disease and all-cause mortality [1, 2], CV incidence and type 2 diabetes [3-8]. These 

associations are substantiated by population-based studies observing that higher intakes of 

blueberries are associated with improvements in intermediate markers of CV risk; including 

insulin resistance [9], hypertension [10], arterial stiffness, and central blood pressure [11]. 

Likewise, meta-analyses of randomized controlled trials (RCTs), have shown that chronic 

intake of anthocyanin-rich foods or extracts improve endothelial function (n=9 RCTs [12]), 

reduce fasting and 2h postprandial glucose, HbA1c, total cholesterol and LDL-C (n=32 RCTs 

[13]) and reduce insulin resistance (n=19 RCTs [14]); whilst blueberry RCTs (up to 6- 

months [15]) reduced endothelial dysfunction [15, 16] and systemic arterial stiffness [15, 17]. 

Yet despite these positive findings for chronic intake, the effectiveness of blueberry intake on 

postprandial health remains understudied in those at elevated risk of CV disease; especially in 

relation to negating the health burden of high-fat/high-sugar and energy dense meals, which 

continue to be widely consumed.  

The assessment of postprandial responses replicates the predominant, non-fasted state 

experienced throughout daily waking-hours and, consequently, is of particular public health 

relevance. Moreover, postprandial responses to meal-induced metabolic perturbations have 

also been shown to predict future adverse CV events [18]. To date, whilst adding blueberries 

to a high-carbohydrate/low-fat meal challenge improved endothelial function [19], the same 

study had no effect on postprandial serum concentrations of triglyceride (TG), total 

cholesterol, LDL-C or HDL-C [19]; and glycemic responses were also unaltered in studies 

when blueberries accompanied high-fat [20, 21] or carbohydrate-rich challenge meals [22-

24]. Currently, no studies have concurrently fed high-fat/high-sugar meals and the available 
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data are further limited to predominantly young, healthy subjects with a healthy BMI (i.e. 

≤25 kg/m2) [19-27]. Whilst we know there is wide inter-individual variability in anthocyanin 

metabolism [28] and some evidence to support a role for phenolic metabolites on acute (2-

24h) CV health biomarkers [29, 30], few studies have concurrently measured metabolite 

profiles along with cardiometabolic health endpoints for an extended period of time. Finally, 

although anthocyanin metabolite concentrations peak between 6 and 24h after intake [31], 

postprandial assessments of heath related endpoints have been traditionally assessed prior to 

this timeframe; at 2h [22, 23], 4h [30], or 6h after blueberry intake [19, 25]. Postprandial 

assessments of health biomarkers, which coincide with maximum metabolite concentrations 

at 24h [31], are required to determine the associations between metabolite status and health.  

Therefore, in participants with metabolic syndrome, we investigated whether adding 

blueberries (freeze-dried) to an energy-dense, high-fat/high-sugar challenge meal, affected 

24h acute postprandial glycaemic and insulinaemic control, vascular function and lipoprotein 

status. Additionally, we examined the extent to which anthocyanin and phenolic metabolite 

concentrations were associated with significant postprandial changes in the broadest portfolio 

of metabolic health markers conducted to date. 

MATERIALS AND METHODS 

Study Design and Participant Population 

A 24 h, postprandial sub-study was conducted in adults with metabolic syndrome 

(MetS) (meeting ≥3 metabolic syndrome criterion [32], BMI ≥25 kg/m2, aged 50-75 yr) that 

were enrolled in a 6- month double-blind, placebo-controlled, parallel designed intervention 

study [15]. The data presented, was collected on day 1 of the aforementioned 6- month study; 

after a 21 d run-in period of dietary restrictions (as previously described [15]). In this acute 

sub-study, all baseline assessments were made prior to the intake of an energy-dense meal 
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challenge (which resembled a thick milkshake) which also contained the first intervention 

sachet for those randomized to the 26 g freeze-dried blueberry (equivalent to 1 cup /150 g 

fresh blueberries / d) or the 26 g isocaloric placebo powder groups. The primary endpoints 

were repeated measures assessments of glucose and insulin levels (0 to 6 h after the energy-

dense, test meal) as postprandial indicators related to insulin resistance. Postprandial lipid and 

lipoprotein responses (0 to 6 h), changes in vascular function (BP, FMD, AIx and cfPWV; 0 

to 24 h) and blueberry metabolite responses (0-24 h), were secondary outcomes. 

Key participant exclusion criteria included history of diabetes, vascular disease and 

cancer; current or recent past smoking history (within 6- month); use of hormone replacement 

therapy, hypoglycaemic or vasodilator medications (e.g. Viagra). In this pragmatic trial, statin 

or anti-hypertensive therapies (or a combination) were permitted after habituation (i.e. statins, 

≥3 month; anti-hypertensive medication, ≥ 6- month). The study inclusion / exclusion criteria 

are further described elsewhere [15]. Randomization to study treatment in the main study was 

conducted using adaptive random-sequence allocation software (AR2007 software [33]), with 

four between group balancing strata incorporated (i.e. sex, number of MetS criteria, age and 

statin/BP medication use); see [15]. All participants in the 1 cup blueberries /d and placebo 

groups were invited to ‘opt-in’ to the postprandial sub-study; which involved consecutive and 

extended assessment days at the clinical facility (~10 h on day 1, ~3 h on day 2) and 

continuous urine collection (total 24 h urine) and blood pressure monitoring. Forty-five 

participants accepted the invitation to enrol in the sub-study (n = 23, 1 cup blueberry; n = 22, 

placebo; Figure 1A). 

The study was approved by the National Research Ethics Committee (East of 

England), conducted at the NHS Clinical trials facility, University of East Anglia, UK and 

completed between January 2014 and November 2016. The study was registered at 
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www.clinicaltrials.gov (NCT02035592), followed the principles of the Declaration of 

Helsinki of 1975, as revised in 1983, and participants gave written consent before enrolment. 

Intervention Products and the Energy-dense Challenge Meal  

A full description of the blueberry and placebo intervention products, treatment 

blinding and the daily intake regimen and study compliance (in the chronic study) have been 

reported previously [15]. In brief, the 26 g freeze-dried blueberry powder (provided by the 

U.S. Highbush Blueberry Council, USA) was the equivalent of 1 cup fresh blueberries (~150 

g fresh weight; containing 364 mg anthocyanin and 879 mg phenolics). The placebo was 

commercially produced (The National Food Lab, USA) and was an isocaloric and 

carbohydrate matched (glucose 31%, fructose 30%, sucrose 0%; 0 mg anthocyanin or 

phenolics) purple colored powder, of similar appearance (i.e. texture) and taste, to the milled 

freeze-dried blueberries.  

 The energy-dense challenge meal was commercially prepared (NIZO food research 

B.V., The Netherlands) as a 500 g milkshake-like emulsion with Protifar; formulated from a 

combination of milk protein, glucose, oil and vanilla flavouring. Each 500 g serving provided 

969 kcals, 64.5 g fat (25.8 g saturates, 30.3 g monounsaturates, 8.15 g polyunsaturates), 84.5 

g carbohydrate (83.5 g glucose and 1.0 g fructose) and 17.85 g protein. For comparative 

purposes, the energy provided by our challenge meal was similar to a widely consumed large 

burger, fries and cola meal [34]. Product stability was checked annually and no significant 

change in macronutrient composition was observed during the study. The addition of the 26 g 

matched blueberry or placebo powder provided a further 104 kcal, 0.6 g fat, 23.6 g 

carbohydrate (7.3 g glucose, 7.1 g fructose) and 1.1 g protein.  

 The combination of the treatment (i.e. blueberries or placebo) and the 500 g challenge 

meal was prepared by staff not involved in data collection or analysis. Briefly, 26 g of 
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intervention material was weighed and added to an opaque shaker bottle. The 500 g emulsion 

(challenge meal) was decanted into the bottle, with residual emulsion further liberated with 

50 g water. The resultant mixture was vigorously shaken and refrigerated until required. A 

15- minute target was set for consumption, which was verified by an observer; two rinses of 

the shaker were performed (50 g water, per time) to ensure complete intake compliance. The 

timing of test-food initiation was used to coordinate all future biological sampling and 

cardiometabolic measures. No further food was consumed until the 6 h cardiometabolic 

measurements and blood samples were taken.  

Dietary and lifestyle restrictions and standardized food intake 

For 21 d prior to the postprandial assessment, the intake of blueberries, and foods 

containing blueberries, was restricted. The frequency of intake for anthocyanin-rich fruits and 

vegetables, dark chocolate, oily fish, red wine, tea / coffee and alcohol were also restricted, as 

previously described [15]. To further limit the influence of background diet on fasted and 

postprandial analyses, nitrate/nitrite-rich foods, caffeine and alcohol were avoided for 24 h 

prior to and during the 24 h assessment. Low nitrate/nitrite bottled water (Buxton) also 

replaced all drinks during this period. The provided low flavonoid / low nitrate-nitrite meals 

also included; 1) identical standardized evening meals (i.e. macaroni cheese, bread rolls, rice 

pudding) which were consumed the night before and on the evening of the assessment day 

(when rice pudding was provided for men only), and 2) a standardized lunch of cream cheese 

filled bread rolls (1 for women, 2 for men) and Greek yoghurt with honey (fat free for 

women; full fat for men) (Figure 1B), which was consumed after the final blood draw and 

the completion of the cardiometabolic assessments on the assessment day. Marginal 

differences in meal provisions, by sex, were implemented to balance the proportion of energy 

provided (by the standardized meals) relative to sex differences in daily energy requirements. 

Strenuous exercise was avoided for 48 h before each assessment visit. A validated food 
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frequency questionnaire (FFQ) [35] was assessed at the beginning of the study to confirm 

dietary intakes.  

Assessment of glycaemic control and biomarkers of cardiometabolic health  

After an overnight fast (≥10 h), participants were cannulated at the clinical facility 

and venous blood collected prior to, and then 30, 60, 90, 120, 180 and 360 min after the 

energy-dense meal challenge. No other food was consumed during this time (0 to 6 h) and the 

principal repeated measures assessment of glucose, insulin, lipid and lipoprotein levels was 

performed over this time frame. A further single blood sample was taken at 24 h (day 2; 

follow-up). 

The determination of fasting and postprandial glucose, total cholesterol, HDL-C and 

triglyceride (TG), was conducted at the Norfolk & Norwich University Hospital, by clinical 

chemistry autoanalyzer (ARCHITECT c; Abbott Laboratories, Abbott Park, USA) and the 

Friedewald equation [36] was used to calculate LDL-C. Further aliquots of the blood samples 

were centrifuged, and the resultant serum and plasma aliquots stored at -80 oC for future 

biomarker analysis and the quantification of anthocyanin/phenolic metabolites (as previously 

described [15]). Serum insulin was measured in duplicate by ELISA (Mercodia, Uppsala, 

Sweden) according to manufacturer’s instructions. Nuclear Magnetic Resonance (NMR) 

spectroscopy (Nightingale Health, Helsinki, Finland) was used to further assess postprandial 

lipid and lipoprotein responses. The reproducibility of laboratory assessments has been 

previously reported [15]. 

Vascular function was assessed prior to- and then 3, 6 and 24 h after consuming the 

energy-dense challenge meal, using methodologies previously described [15]. In brief, 

triplicate office BP assessments (Omron 705IT, Omron Healthcare Co., Kyoto, Japan) 

followed supine rest (15- min) in a quiet, temperature monitored room. Thereafter, flow 
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mediated dilatation (FMD) was assessed by ultrasound (Philips iE33; 11-3MHz linear 

transducer, Philips, Surrey, UK) with electrocardiogram gating, with the maximum vessel 

dilation in the 5-min post-hyperemia phase (induced by 220 mmHg sphygmomanometric cuff 

inflation for 5-min) compared against the pre-occlusion diameter (1-min baseline phase); 

%FMD = (diametermax−diameterbaseline) / diameterbaseline×100. Commercial analysis software 

was used to acquire and then determine brachial artery vessel diameters (Vascular Imager, 

and Brachial Analyzer V5, respectively; Medical Imaging Applications LLC, Coralville, 

USA). Aortic distensibility and systemic arterial stiffness were assessed via carotid-femoral 

pulse wave velocity (cfPWV) and augmentation index (AIx; standardized to 75 bpm), 

respectively (both Vicorder, Smart medical, UK), with a target mean of ≤10% CV. Twenty-

four hour ambulatory BP (ABP) was assessed (ultralite monitor model 90217A-1, Spacelabs 

healthcare, UK), with default monitoring frequencies of 3 /h (06:00 to 22:00) and 1 /h (22:00 

to 06:00); see supporting information file.  

Measures of body weight, height, waist and hip circumference were taken in duplicate 

and the BMI was subsequently calculated.  

Anthocyanin-derived Phenolic Metabolite Analysis  

At baseline (pre-test meal), a fasting serum sample and a complete urine void were 

collected before the energy-dense challenge meal. Thereafter, postprandial bloods (at 30, 60, 

90, 120, 180, 360 min and 24 h) and the total urine passed over 24 h were collected; with 

timings synchronized to the initiation of the test meal. Serum was separated from blood 

samples, acidified using 52.5 µL/mL formic acid (>95% reagent grade, Sigma, Dorset UK), 

and stored at -80 °C until later analysis. Each urine passed within the research facility was; 

measured for volume, time-stamped, homogenised, sub-aliquoted and acidified with 32 

µL/mL formic acid, then stored at -80 °C prior to each sample being analyzed separately. The 
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serum analysis was performed using a SCIEX UPLC coupled 6500+ Q-trap (SCIEX, 

Framingham, MA) electrospray ionization tandem mass spectrometer (ESI-MS/MS), with 

advanced scheduled multiple-reaction monitoring (ADsMRM). This method quantified n = 

170 phenolic metabolites. Similarly, n = 61 urinary metabolites were quantified, as 

previously reported [15, 37], across three scheduled multiple reaction monitoring methods on 

an 1200 Agilent HPLC coupled to a SCIEX 3200 Q-trap ESI-MS/MS (Sciex, Warrington, 

UK). An overview of the metabolites in the MS methodology can be found in Supplemental 

Table 1 in the supporting information file.  

Statistical analysis  

This postprandial study was a secondary analysis of the main study [15] and, accordingly, a 

retrospective power calculation was established; demonstrating that the time-by-treatment 

interaction for the primary outcome measure, insulin, had 76% power with 22 participants per 

group (GLIMMPSE software https://glimmpse.samplesizeshop.org/#). Between-group 

differences in participant characteristics at baseline were assessed by t-test or chi-squared 

test. The effect of the intervention on cardiometabolic endpoints, serum metabolite levels and 

total urinary levels of metabolites was analysed using a constrained linear mixed effect model 

where timepoint and the treatment-by- timepoint interaction were included as fixed factors, 

participants included as random effects, and age, sex and BMI included as covariates. In this 

baseline corrected model, treatment is omitted as a fixed factor; consequently baseline means, 

across both groups, were assumed to be equal [38]. Non-normally distributed data (assessed 

using the Skewness-Kurtosis test) were analysed using a generalized linear model with a link 

log function. In analyses of lipid, glucose and insulin levels, the data were additionally 

adjusted for the use of statins. Likewise, vascular assessments were adjusted for the use of 

statins and blood pressure medications. Serum metabolite and total urinary metabolite models 

were adjusted for the analysis plate number to account for batch effects. To account for 

https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fglimmpse.samplesizeshop.org%2F&data=04%7C01%7CP.Curtis%40uea.ac.uk%7C8a78e5db537c43bab9c708d88a365fe9%7Cc65f8795ba3d43518a070865e5d8f090%7C0%7C0%7C637411313467409679%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=KbqVmo%2B79tZ8rTe46CJ5K9wkF0riwhMIst7wTliJ0%2Fk%3D&reserved=0
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multiple testing in our principal analysis for the time (across 0 – 24 h) x treatment 

interactions, we separately calculated false discovery rate (FDR)-adjusted P values using the 

Benjamini–Hochberg procedure (reported as Q values) from the vascular, metabolite and 

lipid, glucose and insulin analyses. Where significant time by treatment effects were 

observed, indicated  by a significant q value, linear combination of coefficients between 

groups were explored at each time point. These targeted post-hoc analyses, in already q value 

adjusted data, were not further adjusted and are presented as p-values. 

In additional analysis, the incremental area under the curve (iAUC) was calculated using 

the trapezoid rule by deducting the area below baseline. Differences in iAUC were compared 

between treatments using a linear regression model with treatment group as the predictor and 

relevant confounders as described above. 

For recovery of urinary metabolites (mg), the total void collection data was pooled 

into time-bins (0 to 3 h, 3 to 6 h, 6 to 24 h) and the cumulative mean recovery masses 

calculated. For each time bin the recovered metabolite mass in the pre-test urine collection 

was subtracted to adjust for baseline levels; negative values indicate a decrease in metabolite 

mass, compared with pre-intervention levels. The values used in the analysis of the individual 

metabolites were the cumulative values within each time bin minus the pre-dose value plus 

the value from the previous time-bin. The data were analysed using a linear mixed effect 

model where treatment, timepoint and the treatment-by- timepoint interaction were included 

as fixed factors and participants included as random effects.  

Ambulatory blood pressure data (see Supplemental Table 2 in the supporting 

information file) were analysed using a linear regression with treatment group as the 

predictor and age, sex, BMI and use of blood pressure or statin medications as covariates. 
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An exploratory correlation analysis was performed in the blueberry group (only), between 

analytes displaying a significant time-by-treatment interaction after accounting for multiple 

testing. Consequently, the iAUC of the metabolites in urine and serum (both, 0 to 24 h), 

which differed between intervention groups, was assessed against glucose, insulin, total 

cholesterol, HDL-C, large HDL particles (L-HDLP), extra-large HDL particles (XL-HDLP), 

and Apo-A1. Spearman’s Rank Order (non-parametric) correlation was used to determine a 

correlation coefficient (R=). 

Data were analysed using Stata version 15 (Stata Corp., College Station, USA).  P-values 

and q-values (FDR adjusted) <0.05 were considered statistically significant. 

RESULTS  

45 participants completed the postprandial study (n=23 blueberry, n=22 placebo; see 

Figure 1). Participants were predominately male (64%), with an average BMI of 31kg/m², 

and aged 63yr (Table 1; baseline characteristics). Statin and anti-hypertensive medications 

were prescribed to 44% and 38% respectively (blueberry and placebo combined).  

Between 0 and 24h, postprandial insulin and glucose levels differed by intervention 

group (q<0.01 and q<0.001 respectively; Figure 2). In post-hoc analysis of these primary 

endpoints, glucose levels were initially higher 1h after blueberry intake (8.2mmol/L, 95%CI: 

7.7, 8.8) relative to placebo (6.9 mmol/L, 95%CI: 6.4, 7.4) (p=0.001), but from 2h onwards 

glucose and insulin levels tended to be lower after blueberries; significantly so at 3h (glucose: 

p=0.03; insulin: p=0.0001) (see Figure 2).  
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Figure 1: Flow chart of study participants and intervention conduct. 

 

Figure 1: A. shows the recruitment and retention in the study; B. shows a schematic of the preparation for the acute postprandial study and the timings for the 

biological sampling and cardiometabolic assessments. BP, blood pressure; MetS, metabolic syndrome; FMD, flow mediated dilatation: QA, quality assurance 

assessment; PWV, pulse wave velocity; ABPM ambulatory blood pressure monitoring; AIx, augmentation index.
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Figure 2: Postprandial plasma glucose and insulin concentrations following an energy-

dense meal challenge accompanied by the equivalent of 1 cup blueberries, or placebo.  

 

Figure 2: The plasma concentrations from 0 to 24 h are reported by intervention group, for; A. 

glucose (mmol/L); B. insulin (mU/L). Values are mean (95% CI) adjusted for age, sex, BMI, and use 

of statins. Adjustment for the baseline values of outcome variables were made by constraining the 

treatment variable in the model therefore assuming group means were equal at baseline. P = p values 

for the timepoint x treatment interaction calculated using a constrained linear mixed-effect model; a 
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indicates the repeated measures q value (false discovery rate (FDR) adjusted), b indicates a significant 

difference between groups, at a specific time point. Participant numbers: A, 1 cup (n = 22), placebo (n 

= 22); B, 1 cup (n = 23), placebo (n = 22). In panel A, glucose concentration was the same for both 

treatments at 1440 min. (4.9mmol/L; 4.4, 5.4). 

Across the 24h period, concentrations of total cholesterol, HDL-C, XL-HDLP, L-

HDLP and Apo-A1 significantly differed by treatment group (q=0.04; q<0.01; q=0.04; 

q<0.01; q=0.01, respectively) (see Table 2). The inclusion of blueberries attenuated the 

increase in total cholesterol concentrations observed in the placebo group (0 – 24h), and 

cholesterol levels were significantly lower at 24h specifically (p=0.04)). Similarly, 

blueberries attenuated the postprandial decline in HDL-C, L-HDLP, XL-HDLP and Apo-A1 

concentrations observed in the placebo group; with post-hoc analyses identifying specific 

benefits of blueberries between 90 min and 6h (see Table 2).      

Over the 24 h assessment period, no effect of the intervention on FMD, PWV, AIX or 

blood pressure (within clinic (Table 3) or via ABPM assessment (see Supplemental Table 2 

in the supporting information file)) were observed. There were also no beneficial effects 

observed for LDL-C, TG or Apo-B. As expected, however, there were significantly greater 

amounts of total anthocyanin and phenolic metabolites in serum and urine over the 24h which 

followed blueberry intake (both p<0.001); with higher concentrations in serum at 6 ([14.56 

uM, 95%CI: 13.0, 16.1] vs placebo [12.02 uM, 95%CI: 10.5, 13.6]; p=0.01) and 24h ([15.36 

uM, 95%CI: 13.8, 16.9] vs placebo [12.4 uM, 95%CI: 10.9, 14.0]; p<0.001), and urinary 

recovery at 6-24h ([144057 mg, 95%CI: 114625, 173489] vs placebo [70938 mg, 95%CI: 

53154, 88723]; p <0.01) (see Supplemental Tables 3 and 4 in the supporting information 

file). When each metabolite was assessed individually (time by treatment interaction; 

repeated measures, with false discovery rate adjustment), 10 serum (by concentrations) and 

12 recovered urinary metabolites (by mass) differed significantly between groups during the 
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0 to 24h assessment period (see Table 4 and Table 5, respectively). Notably, differences in 

serum metabolite concentrations occurred as early as 2h (see Table 4), whereas urinary 

metabolites differed from 6h onwards (see Table 5). Of the 4 serum metabolites that were 

elevated at 6h after blueberry intake, hippuric acid and hippuric acid sulfate, remained 

elevated at 24h and were 6-7-fold higher than the placebo group (Table 4). Similarly, along 

with 3-hydroxyhippuric acid, the most abundant urinary metabolite recovery was hippuric 

acid which was ~10-fold higher (total recovery by mass) after blueberry intake (cumulative 

0-24 h assessment) compared to placebo. Other urinary metabolites, that were significantly 

higher after blueberries (cumulative mass, 0-24h), included 4-hydroxy-3,5-dimethoxybenzoic 

acid, 4-methoxybenzoic acid-3-glucuronide (isovanillic acid-glucuronide), 3-O-

caffeoylquinic acid, 3,4-dihydroxybenzoic acid (protocatechuic acid), and 3,4-

dihydroxyphenylacetic acid (DOPAC) (Table 5).  

In exploratory correlation analyses in the blueberry group only, which assessed 

iAUCs of the significantly changed variables (metabolites and cardiometabolic outcomes), a 

number of potentially favourable associations were identified across the 0-24 h data (see 

Supplemental Tables 5 in the supporting information file). In serum, the iAUC of 3-

methoxyphenylacetic acid-4-sulfate was positively correlated with Apo-A1 (R= 0.44, p=0.04) 

and the iAUC of hippuric acid and hippuric acid-sulfate were positively correlated with 

iAUC XL-HDLP concentrations (R= 0.43, p=0.04; and R= 0.45, p=0.03, respectively). In 

urine, the iAUC for benzoylglutamic acid was positively correlated with iAUC of HDL-C 

(R=0.50; p=0.02) and negatively associated with the iAUC of total cholesterol (R=-0.48; 

p=0.03). Likewise, benzoic acid-4-sulfate was similarly negatively correlated with iAUC 

total cholesterol (R=-0.49; p=0.03).  

 

DISCUSSION  
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In the most comprehensive acute blueberry RCT to date in ‘at risk’ participants, we found 

that adding the equivalent of 1 cup of blueberries to an energy-dense, high-fat/high-sugar 

meal, reduced postprandial insulinaemia and glucose levels (primary endpoints) and 

attenuated the deleterious lipid and lipoprotein perturbations experienced by metabolic 

syndrome (MetS) participants in the placebo group. Notably, the postprandial improvements 

in HDL-C (including larger HDL particle fractions) and Apo-A1 paralleled our previous 6-

month observations [15]. These findings are noteworthy because: (i) elevated postprandial 

glucose / impaired glucose tolerance increases CV disease risk [39, 40], (ii) MetS, and it’s 

component criteria, are associated with postprandial dysregulation of glucose homeostasis 

and lipid profiles [41]; (iii) energy dense, high-fat/high-sugar foods are increasingly 

consumed [42, 43] and predispose to MetS [44]; and (iv) discernable cardiometabolic 

benefits followed a single, 1-cup portion of anthocyanin and hydroxycinnamic acid-rich 

blueberries.  

Previously, oral glucose tolerance test (OGTT; 75g glucose load) data have shown 

that 2h glucose concentrations are associated with diabetes development and CV events [45] 

and predict CV disease deaths more accurately than fasting glucose [46]. Similarly, elevated 

postprandial insulinemia is positively associated with CHD risk [47]. In our at-risk 

population, blueberries attenuated postprandial glucose and insulin levels after a high-

fat/high-sugar meal (from 2h), which was significant at 3h. Given that high-fat, high-energy 

foods slow gastric emptying [48, 49], our 3h favorable glucose and insulin levels may convey 

clinical benefit; and lower insulin levels sustained from 2 to 24h (compared with placebo), 

may be particularly important for the MetS population studied. As previously shown [20], 

peak glucose concentrations were significantly higher after blueberries, without an 

exaggerated insulin response (thus, not indicative of reactive hypoglycaemia); from ≥ 2 h 

thereafter, glucose remained within ‘normal’ anticipated range for non-diabetic populations, 
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i.e. ≤7.8 mmol/L (140 mg/dL) at 2h [50] and at 4.0 to 5.9 mmol/L between meals. Whilst 

previous ‘meal-challenge’ studies with blueberries showed no postprandial glucose [20-24, 

26] or insulin [21, 23] improvements; younger, healthy participants have generally been 

assessed (mean; age range, 22-47y; BMI range, 21.9–23.8 kg/m2), over a shorter duration 

(median 2.75h), after markedly lower energy intakes (mean; 167 – 853Kcal) [20-24, 26]). In 

support of our findings, other polyphenol-rich foods (i.e. pomegranate, epicatechin, orange 

pomace, black tea, strawberries and raspberries [51-56]) have reported improved postprandial 

glucose [53-56] and insulin [51, 52, 55-57] concentrations; many of which were in 

overweight/obesity or MetS participants [51, 52, 54-57]. Together, these data emphasise 

specific benefits of adding flavonoids to energy-dense meals for those at elevated CV risk.  

Although the underpinning mechanisms for the postprandial glucose homeostasis 

observed are currently unknown, it has recently been suggested that anthocyanins favorably 

effect; 1) insulin-dependent pathways e.g. cellular redox status, cell signalling paths affecting 

insulin synthesis and secretion, or peripheral tissue insulin sensitivity via Phosphoinositide 3-

kinases (PI3K) / Protein kinase B (AKT) or Peroxisome proliferator-activated receptor 

gamma (PPAR-) activation) and, 2) insulin-independent pathways e.g. AMP- activated 

protein kinase in tissues increasing energy sensing, carbohydrate digestion and glucose via α-

amylase and/or α-glucosidase activity inhibition or interference with glucose transport [58]. 

Tangentially, we propose that a pro-insulin-resistant state was exacerbated by high-fat/high-

sugar intake, and the favorable attenuation of postprandial reductions in HDL-C (including 

large and extra-large HDL-particle density) and Apo-A1 concentrations, mediated the 

severity of this response. In support of this theory, high-fat/high-energy intakes have 

previously reduced insulin sensitivity, whereas insulin sensitivity has been positively 

associated with HDL-C and Apo-A1 concentrations [59]. The lower postprandial insulin 

concentrations, sustained following blueberry intake, provide support for this reasoning.  
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High-fat meals have been shown previously (in the GOLDN study [60]) to 

substantially reduce HDL-C levels until 6h after intake [60]. In our study, only the blueberry 

group approached baseline levels at the 6h assessment; suggesting that in the absence of 

blueberries, MetS further suppresses the decline in postprandial HDL-C response to high-fat, 

high-sugar meals. Whilst the clinical relevance of maintaining higher postprandial HDL-C 

(and sub-fractions) is unclear, the role of the extracellular cholesterol acceptors HDL-C and 

Apo-A1 have been well described in relation to cardioprotection via reverse cholesterol 

transport [61]; in part, by being a significant determinant of macrophage cholesterol efflux 

capacity [62]. Whilst we observed no effect on triglycerides, total cholesterol was 

significantly reduced which provides further evidence of enhanced postprandial lipid 

removal. In similar ‘at-risk’ populations, mixed effects on postprandial lipoprotein levels 

have followed flavonoid-rich food intake; with cocoa flavanols significantly increasing HDL-

C [63], while dried cranberries having no effect [64]. Further studies are needed to 

mechanistically identify how flavonoid-rich foods facilitate an improved lipid and lipoprotein 

environment; including the regulation of cholesterol removal from arterial walls and the 

functionality of HDL-C particles.  

Unlike RCTs in healthy, young participants, which have reported vascular benefits 

after feeding blueberries with water [25, 65] or a high carbohydrate/low-fat meal [19], we 

found that endothelial function was suppressed in both groups, at all timepoints, after the 

high-fat/high-sugar meal. The reason for our lack of vascular response is likely to be an 

additive consequence of several factors. Firstly, our test meal contained 65.1g of fat 

(including 25.8g of saturated fat), thus it is perhaps unsurprising that endothelial function was 

blunted in comparison with previous ‘meal-free’ or lower-fat assessments of acute blueberry 

intake [19, 25, 65]. In support of this rationale, it has been widely observed that meal 

consumption per se significantly reduces FMD response (assessed in meta-analysis, across 
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n=78 studies [66]) and that postprandial vascular function is significantly impaired following 

high-fat intakes (i.e. 36-80g), especially when the contribution of saturated fat is high 

(assessed across n=12 studies; [67]). Previously, a transient period of postprandial stress, 

characterised by inflammation and oxidative stress which constrains vascular responses, has 

been attributed to high-fat and energy dense meal intakes [68]. Yet this phenomenon alone is 

unlikely to have completely accounted for the lack of FMD response we observed; as other, 

single-dose anthocyanin-based food interventions i.e. Acai fruit smoothie [69] and Queen 

Garnet plum juice [68], attenuated the high-fat meal induced endothelial dysfunction in 

healthy, but comparatively overweight/obese participants. Likewise, intervention with 

quercetin rich apples [70] and enzymatically modified isoquercitrin [71], in adults with at 

least 1 health risk indicator (i.e. elevated BP, moderately elevated blood sugar level, raised 

fasting cholesterol or elevated waist circumference), resulted in greater postprandial FMD 

between 1 and 2h after a comparatively lower energy and fat content meal. It has previously 

been shown that elevated CV disease risk profiles or cardio-metabolic disorders (such as 

MetS) supresses postprandial FMD response [66, 67] and we consider it likely that the 

multimorbidity of MetS, and the compounding effect of each additional MetS criterion on 

cardiometabolic dysfunction, exacerbated the vascular burden of our study test meal moreso 

than other studies. As an indicator of the relative extent of endothelial dysfunction between 

studies, our MetS population’s mean peak FMD at baseline of 2.1%, was notably lower than 

the 4% to 7.2% range of the studies which showed significant attenuation of the decline in 

postprandial endothelial function [68-71]. It is noteworthy that at 3h, our blueberry 

intervention group had a 0.5%FMD higher response than placebo, but our primary 

assessment of responses over 0-24 h was not significantly different. In further support of a 

lack of endothelial function effect (on microvascular function and FMD) in those with 

existing vascular dysfunction, it has been shown that acute intervention with both apple 
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extract and Montmorency tart cherry was ineffective in hypertensive / borderline 

hypertensives [72, 73]. Our data also showed no effect on 24h postprandial blood pressures, 

which is consistent with meta-analysis of chronic studies [74].  

By assessing metabolite concentrations and health endpoints for a 24h postprandial 

period, which was confirmed in our previous 13-C tracer study [31] as the timing of peak 

anthocyanin derived metabolite concentrations, we have significantly strengthened the 

capacity to determine metabolite-health endpoint interactions beyond the 2-6h observations 

previously reported [19, 29, 30, 75]. In doing so, our data confirmed the sheer scope in the 

increase of metabolites from likely gut microbial origin (i.e., hippuric, benzoic, 

(phenyl)propanoic and phenylacetic acids) after blueberry intake, which was significantly 

greater in urine samples by 6h and remained elevated at 24h. The most abundant being 

hippuric acid (up to 10-fold higher than placebo at 24h). Through exploratory correlation 

analysis, we identified a series of metabolites which were associated with favorable lipid and 

lipoprotein profiles (i.e. 3-methoxyphenylacetic acid-4-sulfate, hippuric acids, benzoic acid-

4-sulfate and benzoylglutamic acid) and further well-controlled studies are required to a) 

confirm whether / how these functionally align with health, and b) to what extent the 

associations observed are attributable to microbial versus endogenous generation to the 

circulating pools of these metabolites (e.g. benzoic acids and hippuric acids).  

To our knowledge, we present the first 24h postprandial assessment which has 

confirmed that the co-ingestion of freeze-dried blueberries can alleviate metabolic 

disturbances in glucose homeostasis and elements of dyslipidaemia (i.e. low HDL-C and 

elevated cholesterol), which occur following the intake of an energy-dense, high-fat/high-

sugar meal. Further studies are now required to elucidate the effect of mastication, the role of 

the enteric nervous system (with regards to the gut-brain axis) and food matrix attributable 
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differences on postprandial responses, when providing whole blueberries as fresh versus a 

pragmatically selected stable, homogeneous freeze-dried powder. Despite recruiting more 

males, and those able to commit to extended assessments (who ‘opted-in’ to this sub-study), 

our data provides clear evidence how polyphenol-rich foods can benefit those at elevated CV 

risk. Our metabolite data suggests that blueberry phytochemicals are readily, and extensively 

metabolized by the gut microbiome and our NMR analysis of postprandial lipoprotein 

kinetics, identified that attenuating the decline in HDL-C related lipoproteins (i.e. Apo-A1, 

HDL particles) is a key driver in recovering postprandial, cardiometabolic function. In our 

study, the benefits of freeze-dried blueberries, equivalent to a 1 cup fresh portion size (i.e. 

150g), were evident over a 24h period demonstrating that adding anthocyanin-rich foods (in a 

variety of forms) to energy-dense, high-fat/high-sugar meals, should be advocated to lessen 

the postprandial burden in populations with multi-factorial disease risk profiles.  

 

ACKNOWLEDGEMENTS 

We acknowledge the involvement of our nursing and research support staff in the Clinical 

Research Facilities at the University of East Anglia, administrative assistance from Tim 

Greene (UEA) and recruitment and intervention assistance from Corbin Griffen (UEA). We 

also acknowledge the input of Emily Warner (UEA) for assistance with Insulin analyses.  

 

FUNDING STATEMENT 

This work was supported by funding from The US Highbush Blueberry Council (USHBC) 

with oversight from the USDA and the Biotechnology and Biological Sciences Research 

Council (BBSRC, UK).  

 



25 
 

CONFLICT OF INTEREST 

AC and ERB both act as advisors to the USHBC grant committee. All other authors declare 

no relevant conflicts of interest. The funders of the study had no role in study design, data 

collection, data analysis, data interpretation, or writing of the manuscript.  

 

AUTHOR  CONTRIBUTIONS 

Designed research; AC, EBR, PC. Conducted research; PC, LB and VvdV. Laboratory 

analysis of insulin; VvdV. Metabolite analyses conducted under the guidance of CK by PC2 

(serum) and LH (urine). Performed statistical analysis; AJ. Wrote paper; PC and AC, with 

contributions from CK, AJ. AC had primary responsibility for final content. All authors read 

and approved the final version of the manuscript.



26 
 

REFERENCES 

[1] Ivey KL, Jensen MK, Hodgson JM, Eliassen AH, Cassidy A, Rimm EB. Association of flavonoid-rich 
foods and flavonoids with risk of all-cause mortality. Br J Nutr. 2017;117:1470-7. 
[2] McCullough ML, Peterson JJ, Patel R, Jacques PF, Shah R, Dwyer JT. Flavonoid intake and 
cardiovascular disease mortality in a prospective cohort of US adults. The American Journal of 
Clinical Nutrition. 2012;95:454-64. 
[3] Cassidy A, Bertoia M, Chiuve S, Flint A, Forman J, Rimm EB. Habitual intake of anthocyanins and 
flavanones and risk of cardiovascular disease in men. Am J Clin Nutr. 2016;104:587-94. 
[4] Wang X, Ouyang YY, Liu J, Zhao G. Flavonoid intake and risk of CVD: a systematic review and 
meta-analysis of prospective cohort studies. Br J Nutr. 2014;111:1-11. 
[5] Mink PJ, Scrafford CG, Barraj LM, Harnack L, Hong CP, Nettleton JA, et al. Flavonoid intake and 
cardiovascular disease mortality: a prospective study in postmenopausal women. Am J Clin Nutr. 
2007;85:895-909. 
[6] Wedick NM, Pan A, Cassidy A, Rimm EB, Sampson L, Rosner B, et al. Dietary flavonoid intakes and 
risk of type 2 diabetes in US men and women. The American Journal of Clinical Nutrition. 
2012;95:925-33. 
[7] Muraki I, Imamura F, Manson JE, Hu FB, Willett WC, van Dam RM, et al. Fruit consumption and 
risk of type 2 diabetes: results from three prospective longitudinal cohort studies. BMJ. 
2013;347:f5001. 
[8] Rienks J, Barbaresko J, Oluwagbemigun K, Schmid M, Nothlings U. Polyphenol exposure and risk 
of type 2 diabetes: dose-response meta-analyses and systematic review of prospective cohort 
studies. Am J Clin Nutr. 2018;108:49-61. 
[9] Jennings A, Welch AA, Spector T, Macgregor A, Cassidy A. Intakes of anthocyanins and flavones 
are associated with biomarkers of insulin resistance and inflammation in women. J Nutr. 
2014;144:202-8. 
[10] Cassidy A, O'Reilly EJ, Kay C, Sampson L, Franz M, Forman JP, et al. Habitual intake of flavonoid 
subclasses and incident hypertension in adults. Am J Clin Nutr. 2011;93:338-47. 
[11] Jennings A, Welch AA, Fairweather-Tait SJ, Kay C, Minihane AM, Chowienczyk P, et al. Higher 
anthocyanin intake is associated with lower arterial stiffness and central blood pressure in women. 
The American Journal of Clinical Nutrition. 2012;96:781-8. 
[12] Fairlie-Jones L, Davison K, Fromentin E, Hill AM. The Effect of Anthocyanin-Rich Foods or 
Extracts on Vascular Function in Adults: A Systematic Review and Meta-Analysis of Randomised 
Controlled Trials. Nutrients. 2017;9. 
[13] Yang L, Ling W, Du Z, Chen Y, Li D, Deng S, et al. Effects of Anthocyanins on Cardiometabolic 
Health: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Advances in 
nutrition. 2017;8:684-93. 
[14] Daneshzad E, Shab-Bidar S, Mohammadpour Z, Djafarian K. Effect of anthocyanin 
supplementation on cardio-metabolic biomarkers: A systematic review and meta-analysis of 
randomized controlled trials. Clin Nutr. 2019;38:1153-65. 
[15] Curtis PJ, van der Velpen V, Berends L, Jennings A, Feelisch M, Umpleby AM, et al. Blueberries 
improve biomarkers of cardiometabolic function in participants with metabolic syndrome-results 
from a 6-month, double-blind, randomized controlled trial. Am J Clin Nutr. 2019;109:1535-45. 
[16] Stull AJ, Cash KC, Champagne CM, Gupta AK, Boston R, Beyl RA, et al. Blueberries improve 
endothelial function, but not blood pressure, in adults with metabolic syndrome: a randomized, 
double-blind, placebo-controlled clinical trial. Nutrients. 2015;7:4107-23. 
[17] McAnulty LS, Collier SR, Landram MJ, Whittaker DS, Isaacs SE, Klemka JM, et al. Six weeks daily 
ingestion of whole blueberry powder increases natural killer cell counts and reduces arterial stiffness 
in sedentary males and females. Nutr Res. 2014;34:577-84. 
[18] Lautt WW. Postprandial insulin resistance as an early predictor of cardiovascular risk. Ther Clin 
Risk Manag. 2007;3:761-70. 



27 
 

[19] Rodriguez-Mateos A, Del Pino-Garcia R, George TW, Vidal-Diez A, Heiss C, Spencer JP. Impact of 
processing on the bioavailability and vascular effects of blueberry (poly)phenols. Mol Nutr Food Res. 
2014;58:1952-61. 
[20] Kay CD, Holub BJ. The effect of wild blueberry (Vaccinium angustifolium) consumption on 
postprandial serum antioxidant status in human subjects. Br J Nutr. 2002;88:389-98. 
[21] Ono-Moore KD, Snodgrass RG, Huang S, Singh S, Freytag TL, Burnett DJ, et al. Postprandial 
Inflammatory Responses and Free Fatty Acids in Plasma of Adults Who Consumed a Moderately 
High-Fat Breakfast with and without Blueberry Powder in a Randomized Placebo-Controlled Trial. J 
Nutr. 2016;146:1411-9. 
[22] Clegg ME, Pratt M, Meade CM, Henry CJ. The addition of raspberries and blueberries to a starch-
based food does not alter the glycaemic response. Br J Nutr. 2011;106:335-8. 
[23] Stote K, Corkum A, Sweeney M, Shakerley N, Kean T, Gottschall-Pass K. Postprandial Effects of 
Blueberry (Vaccinium angustifolium) Consumption on Glucose Metabolism, Gastrointestinal 
Hormone Response, and Perceived Appetite in Healthy Adults: A Randomized, Placebo-Controlled 
Crossover Trial. Nutrients. 2019;11. 
[24] Blacker BC, Snyder SM, Eggett DL, Parker TL. Consumption of blueberries with a high-
carbohydrate, low-fat breakfast decreases postprandial serum markers of oxidation. Br J Nutr. 
2013;109:1670-7. 
[25] Rodriguez-Mateos A, Rendeiro C, Bergillos-Meca T, Tabatabaee S, George TW, Heiss C, et al. 
Intake and time dependence of blueberry flavonoid-induced improvements in vascular function: a 
randomized, controlled, double-blind, crossover intervention study with mechanistic insights into 
biological activity. Am J Clin Nutr. 2013;98:1179-91. 
[26] Bell L, Lamport DJ, Butler LT, Williams CM. A study of glycaemic effects following acute 
anthocyanin-rich blueberry supplementation in healthy young adults. Food Funct. 2017;8:3104-10. 
[27] Del Bo C, Riso P, Campolo J, Moller P, Loft S, Klimis-Zacas D, et al. A single portion of blueberry 
(Vaccinium corymbosum L) improves protection against DNA damage but not vascular function in 
healthy male volunteers. Nutr Res. 2013;33:220-7. 
[28] Eker ME, Aaby K, Budic-Leto I, Brncic SR, El SN, Karakaya S, et al. A Review of Factors Affecting 
Anthocyanin Bioavailability: Possible Implications for the Inter-Individual Variability. Foods. 2019;9. 
[29] Rodriguez-Mateos A, Istas G, Boschek L, Feliciano RP, Mills CE, Boby C, et al. Circulating 
Anthocyanin Metabolites Mediate Vascular Benefits of Blueberries: Insights From Randomized 
Controlled Trials, Metabolomics, and Nutrigenomics. J Gerontol A Biol Sci Med Sci. 2019;74:967-76. 
[30] Sobolev AP, Ciampa A, Ingallina C, Mannina L, Capitani D, Ernesti I, et al. Blueberry-Based Meals 
for Obese Patients with Metabolic Syndrome: A Multidisciplinary Metabolomic Pilot Study. 
Metabolites. 2019;9. 
[31] Czank C, Cassidy A, Zhang Q, Morrison DJ, Preston T, Kroon PA, et al. Human metabolism and 
elimination of the anthocyanin, cyanidin-3-glucoside: a (13)C-tracer study. The American Journal of 
Clinical Nutrition. 2013;97:995-1003. 
[32] Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, et al. Harmonizing the 
metabolic syndrome: a joint interim statement of the International Diabetes Federation Task Force 
on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart 
Association; World Heart Federation; International Atherosclerosis Society; and International 
Association for the Study of Obesity. Circulation. 2009;120:1640-5. 
[33] Kang M, Ragan BG, Park JH. Issues in outcomes research: an overview of randomization 
techniques for clinical trials. Journal of athletic training. 2008;43:215-21. 
[34] Bondia-Pons I, Maukonen J, Mattila I, Rissanen A, Saarela M, Kaprio J, et al. Metabolome and 
fecal microbiota in monozygotic twin pairs discordant for weight: a Big Mac challenge. FASEB journal 
: official publication of the Federation of American Societies for Experimental Biology. 2014;28:4169-
79. 
[35] Bingham SA, Gill C, Welch A, Cassidy A, Runswick SA, Oakes S, et al. Validation of dietary 
assessment methods in the UK arm of EPIC using weighed records, and 24-hour urinary nitrogen and 



28 
 

potassium and serum vitamin C and carotenoids as biomarkers. International journal of 
epidemiology. 1997;26 Suppl 1:S137-51. 
[36] Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-density 
lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin Chem. 
1972;18:499-502. 
[37] de Ferrars RM, Czank C, Saha S, Needs PW, Zhang Q, Raheem KS, et al. Methods for isolating, 
identifying, and quantifying anthocyanin metabolites in clinical samples. Analytical chemistry. 
2014;86:10052-8. 
[38] J T, L B, T H, J R, M W, M H. Different ways to estimate treatment effects in randomised 
controlled trials. Contemp Clin Trials Commun. 2018;10:80-5. 
[39] Lin HJ, Lee BC, Ho YL, Lin YH, Chen CY, Hsu HC, et al. Postprandial glucose improves the risk 
prediction of cardiovascular death beyond the metabolic syndrome in the nondiabetic population. 
Diabetes Care. 2009;32:1721-6. 
[40] Huang Y, Cai X, Mai W, Li M, Hu Y. Association between prediabetes and risk of cardiovascular 
disease and all cause mortality: systematic review and meta-analysis. BMJ. 2016;355:i5953. 
[41] Alcala-Diaz JF, Delgado-Lista J, Perez-Martinez P, Garcia-Rios A, Marin C, Quintana-Navarro GM, 
et al. Hypertriglyceridemia influences the degree of postprandial lipemic response in patients with 
metabolic syndrome and coronary artery disease: from the CORDIOPREV study. PLoS One. 
2014;9:e96297. 
[42] Caillavet F, Darmon N, Letoile F, Nichele V. Is nutritional quality of food-at-home purchases 
improving? 1969-2010: 40 years of household consumption surveys in France. Eur J Clin Nutr. 
2018;72:220-7. 
[43] Poti JM, Mendez MA, Ng SW, Popkin BM. Is the degree of food processing and convenience 
linked with the nutritional quality of foods purchased by US households? Am J Clin Nutr. 
2015;101:1251-62. 
[44] Azadbakht L, Haghighatdoost F, Keshteli AH, Larijani B, Esmaillzadeh A. Consumption of energy-
dense diets in relation to metabolic syndrome and inflammatory markers in Iranian female nurses. 
Public Health Nutr. 2017;20:893-901. 
[45] Shahim B, De Bacquer D, De Backer G, Gyberg V, Kotseva K, Mellbin L, et al. The Prognostic 
Value of Fasting Plasma Glucose, Two-Hour Postload Glucose, and HbA1c in Patients With Coronary 
Artery Disease: A Report From EUROASPIRE IV: A Survey From the European Society of Cardiology. 
Diabetes Care. 2017;40:1233-40. 
[46] Decode Study Group tEDEG. Glucose tolerance and cardiovascular mortality: comparison of 
fasting and 2-hour diagnostic criteria. Arch Intern Med. 2001;161:397-405. 
[47] Bhat SL, Abbasi FA, Blasey C, Reaven GM, Kim SH. Beyond fasting plasma glucose: the 
association between coronary heart disease risk and postprandial glucose, postprandial insulin and 
insulin resistance in healthy, nondiabetic adults. Metabolism. 2013;62:1223-6. 
[48] Frost GS, Brynes AE, Dhillo WS, Bloom SR, McBurney MI. The effects of fiber enrichment of 
pasta and fat content on gastric emptying, GLP-1, glucose, and insulin responses to a meal. Eur J Clin 
Nutr. 2003;57:293-8. 
[49] Gentilcore D, Chaikomin R, Jones KL, Russo A, Feinle-Bisset C, Wishart JM, et al. Effects of fat on 
gastric emptying of and the glycemic, insulin, and incretin responses to a carbohydrate meal in type 
2 diabetes. J Clin Endocrinol Metab. 2006;91:2062-7. 
[50] American Diabetes A. Postprandial blood glucose. American Diabetes Association. Diabetes 
Care. 2001;24:775-8. 
[51] Edirisinghe I, Banaszewski K, Cappozzo J, Sandhya K, Ellis CL, Tadapaneni R, et al. Strawberry 
anthocyanin and its association with postprandial inflammation and insulin. The British journal of 
nutrition. 2011;106:913-22. 
[52] Park E, Edirisinghe I, Wei H, Vijayakumar LP, Banaszewski K, Cappozzo JC, et al. A dose-response 
evaluation of freeze-dried strawberries independent of fiber content on metabolic indices in 



29 
 

abdominally obese individuals with insulin resistance in a randomized, single-blinded, diet-controlled 
crossover trial. Mol Nutr Food Res. 2016;60:1099-109. 
[53] Kerimi A, Nyambe-Silavwe H, Gauer JS, Tomas-Barberan FA, Williamson G. Pomegranate juice, 
but not an extract, confers a lower glycemic response on a high-glycemic index food: randomized, 
crossover, controlled trials in healthy subjects. Am J Clin Nutr. 2017;106:1384-93. 
[54] Gutierrez-Salmean G, Ortiz-Vilchis P, Vacaseydel CM, Rubio-Gayosso I, Meaney E, Villarreal F, et 
al. Acute effects of an oral supplement of (-)-epicatechin on postprandial fat and carbohydrate 
metabolism in normal and overweight subjects. Food Funct. 2014;5:521-7. 
[55] Dong H, Rendeiro C, Kristek A, Sargent LJ, Saunders C, Harkness L, et al. Addition of Orange 
Pomace to Orange Juice Attenuates the Increases in Peak Glucose and Insulin Concentrations after 
Sequential Meal Ingestion in Men with Elevated Cardiometabolic Risk. J Nutr. 2016;146:1197-203. 
[56] Xiao D, Zhu L, Edirisinghe I, Fareed J, Brailovsky Y, Burton-Freeman B. Attenuation of Postmeal 
Metabolic Indices with Red Raspberries in Individuals at Risk for Diabetes: A Randomized Controlled 
Trial. Obesity (Silver Spring). 2019;27:542-50. 
[57] Fuchs D, Nyakayiru J, Draijer R, Mulder TP, Hopman MT, Eijsvogels TM, et al. Impact of 
flavonoid-rich black tea and beetroot juice on postprandial peripheral vascular resistance and 
glucose homeostasis in obese, insulin-resistant men: a randomized controlled trial. Nutrition & 
metabolism. 2016;13:34. 
[58] Burton-Freeman B, Brzezinski M, Park E, Sandhu A, Xiao D, Edirisinghe I. A Selective Role of 
Dietary Anthocyanins and Flavan-3-ols in Reducing the Risk of Type 2 Diabetes Mellitus: A Review of 
Recent Evidence. Nutrients. 2019;11. 
[59] Baldi S, Bonnet F, Laville M, Morgantini C, Monti L, Hojlund K, et al. Influence of apolipoproteins 
on the association between lipids and insulin sensitivity: a cross-sectional analysis of the RISC Study. 
Diabetes Care. 2013;36:4125-31. 
[60] Wojczynski MK, Glasser SP, Oberman A, Kabagambe EK, Hopkins PN, Tsai MY, et al. High-fat 
meal effect on LDL, HDL, and VLDL particle size and number in the Genetics of Lipid-Lowering Drugs 
and Diet Network (GOLDN): an interventional study. Lipids Health Dis. 2011;10:181. 
[61] Ouimet M, Barrett TJ, Fisher EA. HDL and Reverse Cholesterol Transport. Circ Res. 
2019;124:1505-18. 
[62] Khera AV, Cuchel M, de la Llera-Moya M, Rodrigues A, Burke MF, Jafri K, et al. Cholesterol efflux 
capacity, high-density lipoprotein function, and atherosclerosis. N Engl J Med. 2011;364:127-35. 
[63] Basu A, Betts NM, Leyva MJ, Fu D, Aston CE, Lyons TJ. Acute Cocoa Supplementation Increases 
Postprandial HDL Cholesterol and Insulin in Obese Adults with Type 2 Diabetes after Consumption of 
a High-Fat Breakfast. J Nutr. 2015;145:2325-32. 
[64] Schell J, Betts NM, Foster M, Scofield RH, Basu A. Cranberries improve postprandial glucose 
excursions in type 2 diabetes. Food Funct. 2017;8:3083-90. 
[65] Del Bo C, Deon V, Campolo J, Lanti C, Parolini M, Porrini M, et al. A serving of blueberry (V. 
corymbosum) acutely improves peripheral arterial dysfunction in young smokers and non-smokers: 
two randomized, controlled, crossover pilot studies. Food Funct. 2017;8:4108-17. 
[66] Thom NJ, Early AR, Hunt BE, Harris RA, Herring MP. Eating and arterial endothelial function: a 
meta-analysis of the acute effects of meal consumption on flow-mediated dilation. Obesity reviews : 
an official journal of the International Association for the Study of Obesity. 2016;17:1080-90. 
[67] Vafeiadou K, Weech M, Sharma V, Yaqoob P, Todd S, Williams CM, et al. A review of the 
evidence for the effects of total dietary fat, saturated, monounsaturated and n-6 polyunsaturated 
fatty acids on vascular function, endothelial progenitor cells and microparticles. The British journal of 
nutrition. 2012;107:303-24. 
[68] do Rosario VA, Chang C, Spencer J, Alahakone T, Roodenrys S, Francois M, et al. Anthocyanins 
attenuate vascular and inflammatory responses to a high fat high energy meal challenge in 
overweight older adults: A cross-over, randomized, double-blind clinical trial. Clin Nutr. 2021;40:879-
89. 



30 
 

[69] Alqurashi RM, Galante LA, Rowland IR, Spencer JP, Commane DM. Consumption of a flavonoid-
rich acai meal is associated with acute improvements in vascular function and a reduction in total 
oxidative status in healthy overweight men. Am J Clin Nutr. 2016;104:1227-35. 
[70] Bondonno NP, Bondonno CP, Blekkenhorst LC, Considine MJ, Maghzal G, Stocker R, et al. 
Flavonoid-Rich Apple Improves Endothelial Function in Individuals at Risk for Cardiovascular Disease: 
A Randomized Controlled Clinical Trial. Mol Nutr Food Res. 2018;62. 
[71] Bondonno NP, Bondonno CP, Ward NC, Woodman RJ, Hodgson JM, Croft KD. Enzymatically 
modified isoquercitrin improves endothelial function in volunteers at risk of cardiovascular disease. 
Br J Nutr. 2020;123:182-9. 
[72] Saarenhovi M, Salo P, Scheinin M, Lehto J, Lovro Z, Tiihonen K, et al. The effect of an apple 
polyphenol extract rich in epicatechin and flavan-3-ol oligomers on brachial artery flow-mediated 
vasodilatory function in volunteers with elevated blood pressure. Nutr J. 2017;16:73. 
[73] Keane KM, George TW, Constantinou CL, Brown MA, Clifford T, Howatson G. Effects of 
Montmorency tart cherry (Prunus Cerasus L.) consumption on vascular function in men with early 
hypertension. Am J Clin Nutr. 2016;103:1531-9. 
[74] Zhu Y, Sun J, Lu W, Wang X, Wang X, Han Z, et al. Effects of blueberry supplementation on blood 
pressure: a systematic review and meta-analysis of randomized clinical trials. J Hum Hypertens. 
2017;31:165-71. 
[75] Langer S, Kennel A, Lodge JK. The influence of juicing on the appearance of blueberry 
metabolites 2 h after consumption: a metabolite profiling approach. Br J Nutr. 2018;119:1233-44. 

 


