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INTRODUCTION

Cardiovascular diseases (CVD) including coronary 
heart disease (CHD), stroke and peripheral artery 

disease are the leading causes of death worldwide 
(World Health Organization, 2021). In the UK, heart and 
circulatory diseases still account for 27% of total deaths 
and represent a substantial burden on health services 
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Abstract

Cardiovascular diseases (CVD) are a significant and growing burden on global 

health services, and it is now accepted that impairment of vascular function rep-

resents a major preliminary step in the development of CVD. There is consider-

able interest in identifying both causal factors of impaired vascular function, as 

well as related nutritional factors that may lower the risk of developing CVD, and 

food-derived bioactive peptides and amino acids have emerged as one such 

area. Dairy foods contain two groups of proteins, whey proteins and caseins, 

which represent a rich source of bioactive peptides that are released during food 

processing and/or digestion. These peptides have a number of physiological 

activities including the potential to reduce blood pressure. Research, includ-

ing acute and longer-term randomised controlled trials, animal models and in 

vitro models has demonstrated the potential impact of dairy proteins on vascular 

function. The purpose of this paper is to narratively review the evidence, primar-

ily from randomised controlled trials, examining the effects of whey proteins, 

their peptides and amino acids on vascular function and related issues including 

blood pressure. In addition, it will explore the potential underlying mechanisms 

responsible for these effects. It concludes that there is increasing evidence that 

whey proteins, and notably the bioactive peptides and amino acids released dur-

ing their digestion, can have beneficial effects on aspects of vascular function 

and thus contribute to CVD risk reduction. It also highlights a number of benefi-

cial effects of whey proteins including those on blood pressure, arterial stiffness, 

nitric oxide production and inflammation.
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(British Heart Foundation, 2021). Whilst still one of the 
leading causes of death, CVD-related death rates have 
progressively decreased in many high-income coun-
tries over the last 40 years, although the burden is still 
growing in low-income countries and morbidity remains 
high, impacting on the quality of life for many (Malik 
et al., 2013). Hypertension, a sustained abnormally 
high blood pressure, is another vascular disease and a 
modifiable risk factor for other related vascular issues 
notably stroke but also chronic kidney disease. With a 
prevalence of 31% and 26% in adult (>16 years) men 
and women in England (Health Survey for England, 
2015), hypertension (defined as systolic (SBP) and di-
astolic blood pressure (DBP) ≥140 and ≥90  mm Hg, 
respectively; NHS, 2019a), is a common precursor to 
reduced vascular function and a loss of control of vas-
cular reactivity and is a key risk factor for CVD. It is 
estimated that about 54% of strokes and 47% of CHD 
worldwide are the results of hypertension (Wu et al., 
2015). There is also good evidence that arterial stiff-
ness, especially of the large vessels, is an important 
predictor of CVD events (Cockcroft & Wilkinson, 2000). 
It is now clear that healthy functionality of the vascu-
lature is a crucial modifiable risk factor for CVD, and 
although data are limited, cohort studies (Livingstone 
et al., 2013) and randomised controlled trials (Fekete 
et al., 2018) suggest that dietary dairy proteins, and 
whey proteins, in particular, are associated with re-
duced vascular stiffness.

This paper aims to narratively review the evidence 
on the effects of whey proteins, and the peptides and 
amino acids they contain, on vascular health, including 
evidence from acute and chronic human intervention 
studies. It will initially cover key aspects of vascular 
function, detail common techniques used to investigate 
these effects, and briefly examine some proposed un-
derlying mechanisms for the action of whey proteins on 
vascular function.

VASCULAR FUNCTION

Vascular reactivity is a vital component of endothelial 
function, which modulates changes in blood flow when 
needed via alterations in vessel tone and diameter. 
Broadly, healthier arteries have a higher vasodilative 
capacity and are more reactive to external and physio-
logical stimuli. Due to the key health-related role played 
by the vascular endothelium, it has been termed ‘the 
gatekeeper of vessel health’ (Cahill & Redmond, 2016).

The vascular endothelium is responsible for the pro-
duction of several vasoactive agents including both 
relaxing and contracting factors. Vascular dysfunction 
occurs when there is a reduced availability or control of 
these compounds and functions, leading to a reduction 
in vascular reactivity, increased arterial stiffness and 
endothelial inflammation (Fekete et al., 2013). Nitric 

oxide (NO) is synthesised in the endothelium and is a 
key vasodilator, with reduced bioavailability of NO being 
a key factor in the development of vascular dysfunc-
tion (Schächinger & Zeiher, 2000). Blood lipids are also 
closely related to CVD risk. Higher circulating concen-
trations of low-density lipoprotein cholesterol (LDL-C) 
and triacylglycerol (TAG) may have a direct deleteri-
ous effect on the vascular endothelium and vascular 
function (Takaeko et al., 2021). Lipids, such as non-
esterified fatty acids, TAG and LDL-C can all impair en-
dothelial function, the latter, for example, inhibiting the 
enzyme NO synthase and thus reducing the available 
NO (Kim et al., 2012). One of the many functions of the 
vascular endothelium is to control the volume of blood 
vessels, influencing (along with the kidneys and other 
tissues) BP, with elevated BP being the most important 
independent risk factor for stroke and coronary artery 
disease, as well as renal failure and aneurysm rupture 
(Kjeldsen, 2018).

Globally, there is a range of classifications of hyper-
tension. In the UK, it is defined as a peripheral BP (bra-
chial artery) exceeding 140 mm Hg SBP and 90 mm 
Hg DBP (NHS, 2019a). Two main methods are used 
to measure peripheral BP; ‘office’ testing, with a single 
time point measurement, which is performed within a 
clinical setting, and ‘ambulatory’ testing which consists 
of multiple, automated tests at regular intervals over 
12–24  h, with the patient or participant not confined 
to a clinical or research setting. Due to the reduced 
chance of so-called ‘white coat syndrome’, the am-
bulatory measurement is seen as having greater clin-
ical relevance and reflects better the variability of BP 
throughout the day and night (NICE, 2013). It is worth 
noting that central aortic BP (either measured directly 
by invasive techniques or by means of derivation from 
waveforms measured at locations distal of the aorta), 
is more predictive of disease outcome than peripheral 
pressure (McEniery et al., 2014), although clearly more 
complex to measure, so less often used.

Vascular tissue is under constant mechanical 
loading from the haemodynamic forces generated by 
BP and these mechanical stresses can lead to mor-
phological and biochemical changes within the en-
dothelium. These alterations in the properties of the 
vasculature, including its reactivity and stiffness, in 
turn, lead to vascular dysfunction and the develop-
ment of CVD (Baeyens et al., 2016). Techniques used 
to study vascular function include measures of vascu-
lar reactivity and stiffness. Flow-mediated dilatation 
(FMD), a technique that measures vascular reactiv-
ity in the brachial artery, has become accepted as a 
highly reliable method of assessment of vascular re-
activity (Thijssen et al., 2019). FMD employs a cuff to 
occlude the brachial artery, followed by measuring the 
expansion of the artery after the cuff is deflated. After 
a period of occlusion, reactive hyperaemia increases 
shear stress on the endothelium, leading to a dilation 
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of the artery in a healthy vasculature. The extent of 
this dilation is usually expressed as a percentage of 
the baseline value and is used to gauge reactivity; it is 
considered the gold standard measure for assessing 
vascular function. Laser Doppler imaging with ionto-
phoresis (Sandoo & Kitas, 2015) measures the reac-
tivity of the peripheral microvasculature, the smallest 
blood vessels that are responsible for the transport of 
nutrients, water, heat and waste to and from tissues. 
The technique uses an electric current to move two 
different vasodilating compounds, sodium nitroprus-
side (SNP) and acetylcholine (ACh), into the top layer 
of the skin where they trigger dilation of the micro-
vasculature in the skin and an increase in blood per-
fusion. Whilst SNP donates NO directly by breaking 
down in the circulation independent of the vascular 
endothelium, ACh works by binding to receptors on 
the cells of the endothelium, and its activity is depen-
dent upon endothelial cell function. A laser is used to 
scan across the skin and the Doppler shift caused by 
laser light reflecting off moving red blood cells is then 
detected with imaging to identify changes in blood 
perfusion in response to these two locally vasoactive 
compounds (Turner et al., 2008).

Arterial stiffness is commonly measured by pulse 
wave analysis (PWA) and pulse wave velocity (PWV). 
PWA examines the wave form of the arterial pressure 
wave to calculate the augmentation index (AIx), which 
is a commonly used measure of arterial stiffness. The 
arterial pressure wave is composed of two compo-
nents, an initial pressure wave from contraction of the 
heart and a second pressure wave that is reflected off 
the branching points of the major blood vessels. The 
second wave augments the observed systolic pressure, 
and two systolic peaks are seen, the first is the non-
augmented wave and the second is the augmented 
wave. The final height of the reflected wave is in part 
due to the stiffness of the blood vessels the pressure 
wave is passing through, and AIx is defined as the ratio 
of the first and second systolic peaks (augmentation 
pressure) divided by the total pulse pressure  ×  100. 
PWV uses the speed of movement of the pressure 
wave caused by the ejected blood exiting the left ven-
tricle during systole. The speed of propagation of this 
pressure wave is a measure of arterial stiffness, the 
stiffer the vessel wall, the faster the propagation of the 
pulse wave, and it tends to increase with age. It is worth 
noting that wave speed is also positively correlated with 
adiposity (Wildman et al., 2003) and has been shown 
to increase by up to 20 cm/s per year in obese young 
adults (Tomiyama et al., 2011). There is now good ev-
idence that aortic PWV as a measure of arterial stiff-
ness represents a powerful predictor of future CVD 
events and all-cause mortality. The meta-analysis of 
Vlachopoulos et al. (2010) on the association between 
PWV and risk of CVD events and mortality confirmed 
the predictive power of high aortic PWV for CVD events 

and which was greater in individuals with a higher 
background CVD risk (Sequí-Domínguez et al., 2020).

Drug therapies for hypertension, such as beta-
blockers, ACE inhibitors, angiotensin-2 receptor antag-
onists and diuretics, whilst effective, can be associated 
with side effects such as fatigue and nausea (NHS, 
2019b). Other strategies such as dietary and lifestyle 
interventions to normalise BP are of interest; the DASH 
diet (Dietary Approaches to Stop Hypertension) being 
an example of one such strategy. Specific food groups 
and potentially bioactive nutrients they contain are also 
of interest, particularly dairy foods and proteins, such 
as those found in whey.

WHEY PROTEINS

Dairy foods are complex and contain several nutrients 
hypothesised to beneficially affect vascular function, in-
cluding proteins and their derived peptides and amino 
acids, fats, calcium, magnesium and phosphorus 
(Lovegrove & Hobbs, 2016). A number of studies have 
shown that calcium and magnesium can trigger mod-
est, but clinically significant reductions in SBP of 1.3–
4.6 mm Hg, although at doses higher than obtainable 
from typical dairy intakes (Kris-Etherton et al., 2009). 
Whey and casein proteins in dairy foods and their de-
rived peptides and amino acids are now increasingly 
being studied for their ability to reduce BP and im-
prove aspects of haemodynamics (Fekete et al., 2016b; 
Livingstone et al., 2013).

Whey proteins are a group of soluble proteins 
comprising approximately 20% of the protein con-
tent of cow's milk and are usually isolated from the 
liquid portion of milk during cheese making followed 
by filtration and drying. The whey protein fraction is 
made up of several proteins including β-lactoglobulin, 
ɑ-lactalbumin, immunoglobulins and glycomacropep-
tides, which have a range of properties (Table 1). They 
are high-quality proteins containing all the essential 
and non-essential amino acids and are relatively rich in 
the branched-chain amino acids (BCAA) leucine, isole-
ucine and valine. A number of different classes of whey 
protein products are commercially available and in-
clude the filtrates whey protein concentrate (WPC) and 
whey protein isolate (WPI) and filtered, then enzymati-
cally digested, whey protein hydrolysate (WPH). These 
differ in terms of nutrient profile with WPI and WPH 
containing the most protein in commercially available 
products, typically 85–95 g protein per 100 g product, 
and the highest concentration of BCAA in commercially 
available whey proteins, and indeed of all milk proteins 
(Almeida et al., 2016). Consumption of whey protein 
has, historically, been most commonly associated with 
bodybuilding and sports nutrition, where it is used as a 
supplemental protein source to enhance muscle pro-
tein synthesis. Interestingly, this application of whey 
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protein is now also being used to reduce sarcopenia 
in the elderly (Devries et al., 2018). Given the emerg-
ing evidence suggesting a potential role of dairy pro-
teins in improved vascular function, whey proteins have 
been examined in a number of studies to determine the 
short- and long-term effects on the vascular system.

CHRONIC EFFECT OF 
WHEY PROTEINS ON 
VASCULAR FUNCTION

There are a small but growing number of studies inves-
tigating whey protein and its chronic (>4 weeks) impact 
on vascular function. Eighteen studies covering the pe-
riod 1995–2021 were identified by searching Web of 
Science, MEDLINE, the Cochrane Library and Google 
Scholar, with search terms including ‘whey’, ‘whey pep-
tides’, ‘dairy protein’, ‘vascular’ and ‘BP’. Table 2 shows 
data from longer-term ‘chronic’ studies (>4 weeks) that 
have examined the effect of whey proteins in a number 
of different subject types. Table 3 provides a summary 
of the observed chronic effects of whey proteins on BP 
and vascular function from the identified studies.

The earliest study identified (Pal & Ellis, 2010) com-
pared isoenergetic intakes of whey and casein proteins 
(54  g total protein/day), with a glucose control (54  g/
day), over 12 weeks in 70 overweight adults. Compared 
to baseline, whey proteins significantly reduced periph-
eral SBP (from 119.3 ± 3.2 to 113.1 ± 3.02 mm Hg) and 
AIx by 14%. A similarly structured study conducted by 
our group (Fekete et al., 2016a) utilising a very similar 
protocol to that of Pal and Ellis (2010) compared the 
effects of WPI and casein proteins (2  ×  28  g/day) in 
men and women (n = 38) with mild hypertension, with 
a maltodextrin control over 8 weeks. Both casein and 
WPI treatments decreased blood pressure, with 24-h 

ambulatory systolic and diastolic blood pressures being 
significantly lower after the whey proteins (2.0 mm Hg 
±0.7 mm Hg and 2.9 mm Hg ±1.1 mm Hg SEM, respec-
tively) and with the whey protein treatment leading to 
0.59% (±0.2%) improvement in % FMD response com-
pared with baseline, whilst the casein group saw a 
0.11% (±0.2%) change. However, a more recent study 
in individuals who were overweight or obese (Kjølbæk 
et al., 2017) found no effect on BP between treatment 
and control groups when using a similar but lower WPC 
dose (equal to protein 45 g/person per day). Another 
notable difference with this study cohort as compared 
to Pal and Ellis (2010) and Fekete et al. (2016a) is that 
the test period came during a weight maintenance 
phase following an 8-week period of planned weight 
loss. Data collected during the weight-loss period 
showed the participants had lost 12.7  kg (±2.95  kg) 
of bodyweight, corresponding to 13.2% (±2.34% SD) 
of their initial bodyweight, which may have influenced 
BP responses during the weight maintenance phase. 
Small but non-significant reductions in BP have also 
been seen in overweight (BMI: 30.0 ± 2.8 kg/m2 SD), 
middle-aged (48 ± 7.9 years SD) men and women con-
suming 30 g protein from WPC/day for 9 months com-
pared with a glucose control (Weinheimer et al., 2012).

The relationship between obesity, BP and vascular 
stiffness is complex, and evidence strongly links both 
obesity and hypertension with increased vascular stiff-
ness (Oh, 2018). Nonetheless, in slightly overweight 
adolescents (12–15 years, mean pre-test BMI 25.1 kg/
m2) consuming 35 g protein/day in a parallel study, as 
either skimmed milk, WPI or casein, over 12  weeks 
(Arnberg et al., 2013), the WPI treatment showed a sig-
nificantly increased brachial SBP (2 ± 7.8 mm Hg SD). 
It is possibly important that mean baseline BP values 
were well within the normal range at 111.3 and 64.5 mm 
Hg for brachial systolic and diastolic blood pressure, 

TA B L E  1   Whey protein sub-fraction composition and biological activity (based on Brandelli et al., 2015; Chakrabarti & Wu, 2016; 
Madureira et al., 2010; Yadav et al., 2015)

Protein sub-fraction
Amount (by % weight of total 
protein)

Example biological roles of protein and its 
derived peptides

β-lactoglobulin 50%–55% Immunocompetence Antioxidant
ACE inhibitor
Antimicrobial
DPP IV inhibitors (anti proliferation)
Opioid agonist

ɑ-lactoalbumin 20%–25% Antioxidant
ACE inhibitors
Antimicrobial
Enhanced immunocompetence

Immunoglobulins 10%–15% Improved immune function

Glycomacropeptides 10%–15% Antithrombotic, antimicrobial

Bovine serum albumin 5%–10%

Lactoferrin 1%–2% Antimicrobial, anti-inflammatory

Lactoperoxidases <1% Antimicrobial
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respectively, with the authors speculating that whey 
may only have a hypotensive effect in individuals who 
are already hypertensive. An association of increased 
BMI in childhood with adult arterial stiffness has been 
reported previously, however it is thought to be medi-
ated predominantly through the chronic age-related in-
crease of BP (Liu et al., 2019).

Indeed, age is a non-modifiable risk factor for hy-
pertension, so the effect of whey proteins on BP regu-
lation in older individuals is of interest. Here again, the 
results have been mixed. Hodgson et al. (2012) stud-
ied the long-term impact of WPI in participants aged 
70–80 years with hypertension using 30 g/day versus 
an isoenergetic carbohydrate (maltodextrin) compari-
son in a randomised controlled parallel trial conducted 
over 2 years. Mean SBP was lowered in the whey pro-
teins treatment group by 2.3 mm Hg after 1 year and 
1.6 mm Hg at 2 years, with no significant differences 
between groups found using an ‘intention to treat anal-
ysis’. The authors speculated that the prevalence of 
anti-hypertensive medication and the relatively small 
amount of protein used in the intervention may have 
been limiting factors. More recently, Lefferts et al. 
(2020) also examined the effects of whey proteins in 
non-obese older adults, looking at a cognitive and vas-
cular function in a 12-week intervention of 50 g/day WPI 
against an isoenergetic carbohydrate control group. At 
0 and 12 weeks vascular function was assessed using 
carotid-femoral PWV, brachial BP and ‘haemodynamic 
loading’ score (heart rate multiplied by SBP). Although 
no change in cognitive function was found, there were 
small but significant reductions in heart rate and cen-
tral haemodynamic load in the WPI group. The ob-
served effect on PWV at 12-weeks in the whey group 
was relatively small (−0.5 m/s), however, the intergroup 
difference was 1 m/s, which, whilst still modest, is as-
sociated, as the authors note, with a 15% improvement 
in CVD risk.

Some studies on the effects on vascular function 
and hypertension have used whey proteins in conjunc-
tion with other interventions such as reduced energy 
diets (Aldrich et al., 2011), structured exercise (Arciero 
et al., 2014; Figueroa et al., 2014; Weinheimer et al., 
2012) and micronutrient supplementation (Daly et al., 
2014). Aldrich et al. (2011) compared energy-reduced 
diets designed to promote weight loss in middle-aged 
men and women who were overweight (n = 18, mean 
BMI 30.3  kg/m2, age 50  years). Energy intakes were 
tailored to the individual (mean intake 6.7 MJ per day), 
however, protein intake varied across the three groups, 
with the two extra protein groups’ diets being energy 
matched by reducing carbohydrate intake. The diets 
comprised a control diet (CD) containing 63.4 g (±0.2 g 
SEM) protein, and two higher protein arms with an 
additional 60 g/day, one of the mixed protein sources 
(MP), (mean daily total 124.1 g protein) and the other 
a WPI intervention, (mean daily total 124.2 g protein). R
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Although protein intakes were the same in the MP and 
WPI interventions, a 7.2 mm Hg decrease in SBP was 
observed in the WPI group at 5 months compared to 
baseline. Whilst SBP decreased in all three groups 
after two months only the WPI showed a significant re-
duction in SBP when compared to the control group.

Daily treatment of 30 g of whey proteins or casein 
with an isoenergetic (maltodextrin) control, in conjunc-
tion with resistance and interval training in 33 women 
with obesity showed the whey and casein proteins both 
significantly reduced brachial and aortic SBP and ar-
terial stiffness by the end of the 4-week intervention. 
The whey proteins led to reductions in brachial and 
aortic SBP (from 131  ±  4 to 126  ±  3 and 120  ±  5 to 
113 ± 4 mm Hg, respectively) and reduced arterial stiff-
ness measured by PWV (−57 cm/s) relative to baseline 
(Figueroa et al., 2014). Arciero et al. (2014) compared 
a whey protein intake of 3 × 20 g/day over 16 weeks 
in three different treatment groups: whey proteins only 
(n = 24), whey proteins plus resistance training (n = 27) 
and whey proteins plus a mixed modality training pro-
gramme (n = 28) in middle-aged men and women aged 
46  years (±9.4  years SEM), who were overweight or 
obese but weight stable. Although whey proteins alone 
significantly reduced body fat, there was no impact on 
BP across all treatments, which may be related to nor-
mal BP values at baseline, although these data were 
not provided in the paper.

The significance of the results from studies combin-
ing dietary and exercise interventions, or dietary and 
structured weight-loss interventions is unclear since 
exercise is a known driver of improved vascular func-
tion (Green & Smith, 2018) and both weight loss and 
exercise are two recognised methods of BP control 
(Bacon et al., 2004). The studies do acknowledge the 
potential impact of changes in both bodyweight and 
physical activity with investigators advising participants 
to not change their levels of physical activity, monitoring 

activity levels and excluding participants whose phys-
ical activity levels did not fit the requirements of the 
study. It is worth noting that activity levels were mon-
itored using questionnaires, such as the International 
Physical Activity questionnaire (Pal & Ellis, 2010). In 
the future, the measurement of activity may be better 
accomplished using direct measurement via the now 
commonplace wearable technologies such as smart 
watches.

Mainly due to their potentially lower environmental 
impact, there is increasing interest in plant proteins in 
relation to obesity development (Lin et al., 2015), hy-
pertension, overall cardiovascular health (Alexander 
et al., 2017), cardiometabolic risk factors (Zhubi-
Bakijaa et al., 2021) and overall and cause-specific 
mortality (Huang et al., 2020). The conclusions of 
Zhubi-Bakijaa et al. (2021) are of note. They confirm 
that specific amino acids have beneficial effects on 
risk factors for CVD such as hypertension and that 
proteins such as those in dairy foods, especially whey 
proteins, are inversely associated with hypertension 
and obesity and this needs recognition when replac-
ing animal proteins with those from plants. The study 
of Tahavorgar et al. (2015) had indeed highlighted 
this. It was a double-blinded randomised study that 
compared a daily treatment of 54 g whey protein with 
54 g soya protein isolate in men (age 30–65 years) 
who were overweight or obese over 12 weeks. Whilst 
both interventions led to a reduction in systolic and 
diastolic blood pressure, the effect was more pro-
nounced in the whey proteins group, with a within-
group reduction of −16.6 and −7.0 mm Hg for systolic 
and diastolic blood pressure, respectively, compared 
with −1.5 and −1.9 mm Hg in the soya protein group. 
However, due to the considerable differences be-
tween groups at baseline, these results may not be 
as large as they appear when looking at the change 
from baseline.

TA B L E  3   Summary of findings of studies using chronic whey protein treatments on blood pressure and vascular function, showing the 
supporting references with the total number of references including blood pressure data

Effect on blood pressure

Effect on other 
measures of vascular 
function

↓ DPB &↓SBP
↓ DPB 
only ↓SBP only ↑BP

No significant 
effects on BP

Benefits in terms of 
↓PWV and/or ↑FMD 
and/or ↓Aix

References Fekete et al. (2016a), 
Fluegel et al. (2010), 
Pal and Ellis (2010), 
Petyaev et al. (2012), 
Tahavorgar et al. 
(2015)

Figueroa 
et al. 
(2014)

Aldrich 
et al. (2011), 
Hodgson 
et al. (2012), 
Kawase et al. 
(2000)

Arnberg 
et al. 
(2013)

Arciero et al. (2014), 
Kjølbæk et al. 
(2017), Lee et al. 
(2007), Samaras 
et al. (2014), Vatani 
and Golzar (2012), 
Weinheimer et al. 
(2012)

Fekete et al. (2016a), 
Figueroa et al. 
(2014), Pal and Ellis 
(2010), Petyaev 
et al. (2012), 
Samaras et al. 
(2014)

Abbreviations: Aix, augmentation index; BP, blood pressure; DPB, diastolic blood pressure; FMD, flow-mediated dilatation; PWV, pulse wave velocity; SBP, 
systolic blood pressure.
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Clearly more data are needed on the compari-
son between whey proteins and plant proteins, and 
there are a number of factors that make comparing 
data across the various studies above a challenge. 
These include the wide range of participant types, 
types of whey proteins used and protein dose size. 
The studies above include adolescent, middle-aged 
and elderly, non-overweight, overweight and obese 
participants, and normotensive, pre-hypertensive and 
hypertensive cohorts. The forms of whey proteins 
used include WPI, WPC and unspecified whey pro-
teins, and whey proteins mixed with other dairy foods 
and in fermented preparations, with doses of protein 
used in the intervention studies ranging from 70 mg 
to 65 g/person per day. The techniques used to as-
sess vascular function also vary as do the choice of 
comparison and controls used which includes various 
food proteins and carbohydrates.

Despite this high degree of heterogeneity as well 
as the presence of other confounding factors, such as 
exercise, a number of studies show a beneficial effect 
of whey proteins on measures of vascular health and 
function, with data showing both within and between 
treatment reductions in BP, with generally more pro-
nounced effects seen in hypertensive participants and 
larger treatment doses. Whilst the evidence from some 
cohorts, in particular the elderly, is suggestive of an ef-
fect, other studies have failed to demonstrate an effect 
from whey protein treatments. Moreover, some of the 
larger effects have been shown in studies that com-
bined dietary and exercise/activity interventions. In co-
horts that are normotensive or have undergone recent 
periods of intended weight loss no reduction or non-
significant reductions in BP have been shown, with one 
group, Arnberg et al. (2013), demonstrating an increase 
in SBP. Given the difficulty in comparing results due 
to the reasons discussed, more studies are needed in 
this area.

POSTPRANDIAL EFFECT 
OF WHEY PROTEINS ON 
VASCULAR FUNCTION

Many people in Western societies spend much of the 
day in a postprandial state (Ruge et al., 2009). In this 
phase, the blood concentrations of glucose and lipids 
are raised as food is digested and absorbed, which can 
increase insulin production and also lead to a transient 
increase in other hormones and markers of inflamma-
tion (Dimina & Mariotti, 2019). Many of these circulating 
factors impact the functioning of the vascular endothe-
lium, for example, altering or inhibiting the production 
and reducing the bioavailability of NO, long-term reduc-
tions of which are associated with the reduced vascular 
function (Chen et al., 2008). Accordingly, investigating 
the effects of whey proteins and gauging their impact T
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on factors such as insulin secretion in this acute phase 
is of interest. It is also worth noting that in both healthy 
participants as well as those with impaired insulin me-
tabolism, whey proteins stimulate the release of insulin 
both with and without the co-ingestion of carbohydrates 
(Claessens et al., 2008). The studies on postprandial 
effects are summarised in Table 4.

Pal and Ellis (2011) investigated the effects of whey 
proteins in 20 overweight or obese post-menopausal, 
normotensive women for 6 hours following a mixed test 
meal and either WPI, casein (both 45 g protein) or glu-
cose (45 g). No difference was found in the area under 
the curve for SBP, DBP or AIx (measured via PWA) be-
tween groups, in the 6 h following the meal, with the 
authors speculating that a single dose of WPI is insuffi-
cient to observe any changes in postprandial vascular 
function. The authors pointed to their earlier chronic 
study that only found significant reductions in DBP after 
12 weeks but not six and also speculated that the meal 
composition may have slowed stomach emptying, de-
laying or inactivating bioactive compounds in the whey 
proteins, and so attenuating the postprandial effects. 
Similarly, Mariotti et al. (2015) reported no significant 
changes in vascular function in 10 healthy overweight 
men in the 6  h following the ingestion of a high-fat 
meal (fat 70% total energy) with either ɑ-lactalbumin 
enriched whey, standard WPI or casein (all 45 g pro-
tein total) against a 45 g sucrose control. A reduction in 
postprandial TAG and chylomicron particle concentra-
tions over 6 h was seen in response to the casein treat-
ment, with the authors speculating that these effects of 
casein may be due to a reduced rate of gastric empty-
ing, lipolysis and/or absorption rate of fats in the meal.

In contrast, Fekete et al. (2018), using adults with 
a sequential two test meal design, each contain-
ing either 28  g whey protein, 28  g calcium casein-
ate or a carbohydrate (maltodextrin) control, the 
whey proteins treatment reduced SBP compared 
to casein (−15.2  ±  13.6  mm Hg) and the control 
(−23.4  ±  10.5  mm Hg) up to 5  h post-consumption. 
The whey proteins also improved vascular stiffness 
compared with the control. This randomised, con-
trolled, double-blind, cross-over study included 30 
participants (30–77  years) with mildly elevated BP 
(between 120/80 and 159/99 mm Hg). The significant 
findings in this study may have been due to the par-
ticipants presenting with mild hypertension and that 
the interventions were given as two separate doses 
(breakfast and lunch).

Elevated insulin concentrations following a mixed 
meal may transiently impair vascular endothelial func-
tion via reduced synthesis of NO. McDonald et al. 
(2019) investigated the impact of dairy proteins on vas-
cular function in 23 individuals with prediabetes in a 
randomised crossover study. Participants consumed 
75  g of glucose alone or with 473  ml fat-free bovine 
milk or an isonitrogenous amount of whey protein or 

casein (16.5 g) with postprandial assessments made at 
30-min intervals for up to 180 min. The results showed 
that postprandial FMD response over 180  min (as-
sessed as the area under the curve) was impaired to 
the greatest extent on the glucose treatment (~−2% 
relative to the protein treatments) but declines in FMD 
were attenuated by all dairy-based treatments at 30–
90 min after test meals and by both whey and casein 
at 120–250 min after test meals. The study indicated 
that whey and casein proteins may attenuate postpran-
dial hyperglycaemia-mediated reductions in endothe-
lial function with the authors suggesting a number of 
mechanisms, including delayed stomach emptying and 
limiting oxidative stress which in turn improves NO bio-
availability to the endothelium by increasing arginine 
availability (Ballard et al., 2013b).

As with the chronic studies, the literature on post-
prandial effects shows a wide range of treatment doses, 
number of test meals (one or two sequential meals), as 
well as duration of postprandial study period (ranging 
from 120 to 520 min), which may limit the collective in-
terpretation of these results and possibly those related 
to mechanisms of action. However, larger and multiple 
doses of dairy proteins appear to show the greatest ef-
fect and particularly in participants with raised BP, with 
results in normotensive participants being mixed or not 
significant.

WHEY PROTEINS AND IMPROVED 
VASCULAR FUNCTION: 
POTENTIAL MECHANISMS

Digestion or processing of milk proteins provides a 
rich source of bioactive peptides and physiologically 
active amino acids. These nutrients have a range of 
properties that may affect various facets of endothe-
lial function and vascular health, including supporting 
the production and improving the bioavailability of 
NO, the reduction of inflammation and crucially, inhi-
bition of the angiotensin-converting enzyme (ACE) a 
key part of the renin–angiotensin system (RAS).

Whey protein peptides and the renin–
angiotensin system

The antihypertensive properties of dairy protein-
derived bioactive peptides are thought to act primar-
ily via the RAS, a major component of BP control 
(Figure 1). In the RAS system the hormone angioten-
sin I is converted to angiotensin II, a potent vasocon-
strictor, by the action of ACE located on the surface of 
vascular endothelial cells. The evidence that peptides 
from milk proteins can exhibit worthwhile ACE inhibition 
has been known for some time as covered in reviews 
of FitzGerald and Meisel (2000) and FitzGerald et al. 
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(2004). There is also in vitro evidence from our group 
that peptides of the type released from dairy proteins, 
such as isoleucine-proline-proline, act by inhibiting the 
ACE enzyme (Fekete et al., 2013). The antihyperten-
sive properties of bioactive peptides released from milk 
proteins have been observed both in vitro and in vivo, 
suggesting that some peptides may have BP-lowering 
properties on a par with pharmacological therapies 
(Alexander, 2014). Research from our own group dem-
onstrated significantly higher ACE inhibitory activity by 
in vitro digested whey proteins than digested soya pro-
tein (Giromini et al., 2019; Figure 2). ACE also degrades 
bradykinin, a 9-amino acid residue peptide produced 
by the kinin–kallikrein system in a number of cell types 
and tissues and is a potent vasodilator. Whilst much of 
the focus has been on whey-derived peptides inhibit-
ing the synthesis of angiotensin II from angiotensin I, 
recent evidence suggests that ACE inhibition, which re-
duces bradykinin breakdown, may be just as important. 
This allows the concentration of bradykinin to increase, 
in turn leading to a greater vasodilatory effect (Taddei 
& Bortolotto, 2016).

The impact of whey-derived peptides on the RAS 
system and in particular the inhibition of vasoconstric-
tion and the promotion of vasodilation may be a key 
component in the long-term reduction of BP and in 
turn the mechanical stress on the endothelium, with an 
overall improvement in vascular function.

Impact on oxidative stress and NO 
availability

Postprandial changes in blood nutrients such as fats 
and carbohydrates can induce oxidative stress, which 
in turn can have various deleterious effects on endothe-
lial function. NO itself is short-lived in the bloodstream 
and can react with the superoxide ion to form perox-
ynitrite, thus reducing the available NO. Additionally, 
reactive oxygen species can reduce the activity of the 
NO generating enzyme eNOS, reducing the produc-
tion of NO (Chen et al., 2008). Whey proteins have a 
number of potential antioxidant properties, including 
providing antioxidant peptides and it contains relatively 
large quantities of cysteine (2.2 g per 100 g of amino 
acid), which also has antioxidant properties. Cystine 
(the oxidised form of cysteine) is also an important sub-
strate for the production of the antioxidant glutathione 
(GSH) (Yu & Long, 2016). Whey proteins have been 
shown to increase circulating concentrations of plasma 
GSH in several human and animal studies, including 
randomised controlled trials (Corrochano et al., 2018). 
This ubiquitous tripeptide has been shown to be in-
volved with reducing oxidative stress, and although 
direct evidence in humans is limited, multiple studies 
in animal models have explored possible mechanisms 
(Espinosa-Díez et al., 2018; Watanabe et al., 2013). 

Such studies demonstrate a link between GSH concen-
trations and vascular function, and in humans, reduced 
GSH levels are associated with deleterious changes in 
the vascular system and ventricular function, and cardi-
omyopathy (Damy et al., 2009; Watanabe et al., 2013).

The impact of whey protein-derived peptides on 
oxidative stress has been explored in vitro (Ballatore, 
et al., 2020; Contreras et al., 2011), demonstrating 
significant oxygen radical and hydroxyl radical absor-
bency capacity tested via oxygen radical absorbency 
capacity (ORAC) assay, and cytoprotective properties, 
tested using cell models. O'Keeffe et al. (2014) using 
a hydrolysed WPC demonstrated both increased an-
tioxidant capacity using ORAC assay compared with 
undigested WPC. They also showed increased GSH 
activity when human umbilical vein endothelial cells 
were incubated with hydrolysed WPC, as well as ben-
eficial regulation of genes associated with antioxidant 
activity. However, the concentrations of peptides used 
in the cell studies, as well as their degree of hydro-
lysis, may not be physiologically representative and 
so it is unclear how these results would translate in 
vivo. Ferric reducing antioxidant power is an older but 
relatively common in vitro method of quantifying anti-
oxidant capacity. The hydrolysis of whey protein iso-
late has been shown to increase the iron(III) reducing 
capacity (Mohan et al., 2015), and simulated digestion 
of WPI using static in vitro gastrointestinal digestion 
(SGID) model has also demonstrated the increased 
antioxidant capacity of whey proteins, with peptides 
from α-lactalbumin showing the highest antioxidant 
capacity after SGID processing (Corrochano et al., 
2019). Although in vitro studies may not be totally rep-
resentative of the in vivo situation, they are a valuable 
method for exploring the potential underlying mecha-
nisms of action of whey proteins and their digestion 
products.

Improved NO production

Some whey-derived peptides may enhance NO pro-
duction. The commercially available peptide NOP-47, 
produced by in vitro enzymatic digestion of whey pro-
teins, has been shown to increase NO production in 
vitro and to improve vascular function in vivo. Ballard 
et al. (2009) examined the effects of NOP-47 on mark-
ers of vascular function. Twenty participants (21–
39 years) consumed 5 g/day for 2 weeks followed by 
measurement of vascular function via FMD for 2 h after 
ingestion of NOP-47 or placebo. There was no differ-
ence between the groups at baseline and whilst the 
placebo had no effect on FMD post-consumption, the 
FMD responses to NOP-47 were significantly improved 
by 8.9% at 30 min, 9.9% at 60 min and 9.0% at 90 min 
after ingestion. In addition, NOP-47 ingestion signifi-
cantly increased hyperaemia blood flow (measured via 
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strain gauge plethysmography) at 120 min and main-
tained higher plasma nitrate and nitrite concentrations 
than the placebo after 120 min. Ballard et al. (2013a) 
also showed that acute ingestion of 5 g of NOP-47 by 
older overweight or obese adults with an increased 
cardiovascular risk (age 45–65 years, BMI 25–40 kg/
m2), improved endothelium-dependent dilatation with a 
mechanism that was not dependent on changes in cir-
culating vasoactive compounds including NO. It should 
be noted that although interesting, these data may be 
of limited practical use given the quantities of whey-
derived peptides found in a typical diet and that the 
NOP-47 used was an enriched peptide preparation.

Whey proteins and some specific amino acids 
found in whey proteins (notably leucine, covered 
below) stimulate the production and activity of insu-
lin (Adams & Broughton, 2016), and in terms of NO 
production and bioavailability, insulin can be seen as 
a double-edged sword, with insulin-mediated path-
ways governing both vasorelaxation and vasocon-
striction. Stimulation of the ERK1/2 pathway by insulin 
leads to an increase in the production of endothelin, 
a vasoconstrictive polypeptide, but insulin signalling 
also stimulates the PI3K/AKT pathway, which leads 
to phosphorylation of eNOS and increased NO pro-
duction leading to vasorelaxation (De Nigris et al., 

F I G U R E  1   A schematic depiction 
of the renin–angiotensin-aldosterone 
system. ACE, angiotensin-converting 
enzyme; ADH, anti-diuretic hormone

Whey derived peptides
incl. ACE inhibitory peptides

Angiotensinogen 

Angiotensin I

Angiotensin II 

a. Vascular tissue →  smooth muscle contraction → vasoconstriction
b. Adrenal cortex → aldosterone secretion → water retention (kidney)
c. Kidney → Na+ reabsorption
d. Pituitary gland  → ADH secretion  → water retention (kidney)

Angiotensin 
Converting 

Enzyme

Digestion in gut. 
Food processing. 

Fermentation.Renin

Whey 
proteins

Inhibition of 
conversion of 
Angiotensin I → II

(a) (b) (c) (d)

F I G U R E  2   In vitro angiotensin-1 
converting enzyme (ACE-1) inhibitory 
effect of undigested, gastric digestion 
and intestinal permeate of whey protein 
isolate, casein protein and soya protein. 
Data are least-square means ± SE. 
Different letters a–c indicate significant 
differences (p < 0.05) between intestinal 
permeates which represent the absorbed 
fraction (derived from Giromini et al., 
2019)
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2015). An individual's degree of insulin sensitivity or 
resistance may also be a modifying factor. In people 
with good insulin sensitivity, the presence of insulin 
increases the availability of NO but in individuals with 
insulin resistance, the production of NO can become 
impaired, reducing vasodilation (Dhananjayan et al., 
2016). In vitro studies showed that in insulin resis-
tance there was impaired PI3K/AKT signalling (Janus 
et al., 2016) which reduced NO production, whereas 
the ERK1/2 pathway was unaffected. Animal studies 
suggest the same imbalance in insulin signalling in 
obese, glucose-intolerant versus lean models, lead-
ing to the suggestion that this may be a component of 
the reduced NO production observed in cardiometa-
bolic disease (Symons et al., 2009).

Whey proteins derived anti-inflammatory 
peptides and opioids

Inflammation plays a critical role in the short and long-
term development of atherosclerosis, involving acute 
alteration of the vasodilatory behaviour of the en-
dothelium. It can trigger long-term modifications to the 
endothelium, including thickening of the vessel wall, in-
creased permeability of the endothelium and increased 
expression of leucocyte adhesion molecules. This 
allows increased monocyte migration across the en-
dothelial lumen, an important early stage in the forma-
tion of atherosclerotic plaque (Gerhardt & Ley, 2015). 
The effect of consuming 45  g/day of WPI has been 
compared to other dietary proteins (cod, gluten or ca-
sein) in overweight and middle-aged participants after 
high-fat meals, and demonstrated WPI’s greater ability 
to reduce the markers of the inflammatory response, 
monocyte chemotactic protein-1 and CC chemokine li-
gand-5 (Holmer-Jensen et al., 2011). A number of whey 
protein-derived peptides have been proposed to have 
anti-inflammatory properties, and Swiss mouse models 
have demonstrated the ability of WPH, when dosed at 
300 mg/kg bodyweight, to reduce markers of inflamma-
tion as measured by examining oedema levels and leu-
cocyte activity (de Carvalho-Silva et al., 2012; Tavares 
et al., 2013). During digestion, α-lactalbumin and β-
lactoglobulin can release the peptides α-lactorphin 
and β-lactorphin, respectively, and in addition to their 
antioxidant capacity, both have been shown to have 
anti-inflammatory properties, suppressing the pro-
duction of the inflammatory cytokine interleukin-6 in 
the occluded blood vessels of male Sprague-Dawley 
rats (Yamaguchi & Uchida, 2007). Whilst interesting, it 
is important to note that far greater concentrations of 
peptides were used than would be obtainable through 
diet and that the peptides were introduced directly 
into the duodenum or by injection. As well as the anti-
inflammatory effect, these two peptides have also been 
shown to have mild opioid capacity. They bind to opioid 

receptors, also leading to an antihypertensive effect, 
and this effect is naloxone sensitive. Naloxone is an 
opioid receptor agonist and its addition inhibits these 
peptide-induced antihypertensive effects, suggesting 
that the opioid receptor binding is responsible for some 
of the observed hypotensive effects (Ijäs et al., 2004; 
Sipola et al., 2002).

Amino acids from whey proteins

Dairy proteins are a relatively rich source of physiologi-
cally active amino acids including arginine, a precur-
sor molecule for the synthesis of the potent vasodilator 
NO. The production of NO in the vascular endothelium 
is catalysed by endothelial NOS, using arginine and 
oxygen to produce NO and l-citrulline. The review of 
Khalaf et al. (2019) confirmed that few trials have been 
performed to fully assess the hypotensive effect of ar-
ginine, but they summarised the findings of an earlier 
meta-analysis (Dong et al., 2011). This included 11 
randomised, double-blind, placebo-controlled trials in-
volving 387 participants consuming a median dose of 
9 g arginine/day for a median period of 4 weeks. The 
treatment reduced SBP by 5.39 mm Hg (95% CI: 2.25–
8.54) and DBP by 2.66 mm Hg (95% CI: 1.54–3.77) rel-
ative to the placebo, but interestingly, no relationships 
between change in systolic or diastolic blood pressure 
and arginine dose, length of the intervention, or base-
line BP were seen. The amount of arginine normally 
present in dairy foods, typically 188 mg in a 250 g por-
tion of whole milk is far lower than the median of 9 g/
day in the above meta-analysis.

The three BCAA leucine, isoleucine and valine, are 
essential amino acids found in both whey proteins and 
casein, with the richest source of the two being whey 
proteins at approximately 17 g/100 g of total protein. 
Administration of BCAA has been demonstrated to 
alter cell signalling, particularly the mechanistic target 
of rapamycin (mTOR) which plays a key role in both 
nutrient sensing and cell growth and proliferation (El 
Hiani et al., 2019). Circulating BCAA concentrations 
have been positively correlated with CVD risk includ-
ing hypertension in a number of cohorts (Tobias et al., 
2018; Yamaguchi et al., 2017; Yang et al., 2014). In 
addition, whilst BCAA intake was positively associ-
ated with hypertension in an Iranian cohort (Teymoori 
et al., 2017), twin studies in a UK cohort demon-
strated an association between BCAA dietary intake 
and reduced in-twin risk of hypertension, reduced 
risk of insulin resistance and metabolites, such as 
alpha-hydroxyisovalerate, which are associated with 
adiposity (Jennings et al., 2016). Of the three BCAA, 
leucine appears to be responsible for most of the sig-
nalling properties, as administration with valine or 
isoleucine does not induce the same level of mTOR 
activity (Moberg et al., 2016; Tobias et al., 2020). The 
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signalling characteristics of leucine have made it of 
interest to those studying insulin metabolism since 
mTOR signalling can lead to pancreas β-cell prolif-
eration, with the protein complex mTORC1 acting in 
the postprandial phase via a negative feedback loop, 
with increased activation of mTORC1 inhibiting insu-
lin signalling (Yoon, 2017). However, sustained mTOR 
activity also leads to increased S6 kinase activity, ser-
ine phosphorylation and a decreased availability of in-
sulin receptor substrate, leading to insulin resistance. 
Additionally, mTOR over-activity can eventually lead to 
a decreased ability of the β cells of the pancreas to 
release insulin (Ong et al., 2016). Another proposed 
mechanism may be the inhibition of endothelium-
based NO synthesis by leucine stimulating mTOR, 
which in turn upregulates the production of glutamine, 
an inhibitor of NO production (Yang et al., 2015).

Leucine has been extensively studied in terms of its 
ability to stimulate anabolic processes such as mus-
cle protein synthesis, but data on the effect of leucine 
on vascular function are very limited, with most of the 
available literature being either from in vitro studies 
or animal models, although some human observa-
tional data are available. The PREDIMED intervention 
trial cohort was set up to examine the effects of two 
Mediterranean diets on endpoints of cardiovascular 
health (Estruch et al., 2013) and a random subset of 
970 individuals made up a case-cohort study (Ruiz-
Canela et al., 2016). With a median on-trial duration of 
4.6 years, the data highlighted a positive association 
between plasma leucine and isoleucine concentra-
tions and CVD events with a significant increase in 
CVD risk (as defined by hazard ratio, HR) for the high-
est versus lowest quartile (leucine: HR 1.71, 95% CI, 
1.06–2.75; isoleucine: HR 2.09, 95%CI, 1.27–3.44). It 
is notable that consumption of whey proteins has been 
shown to increase the plasma concentration of circu-
lating BCAA from 411 nmol/ml (± 26 nmol/ml SEM) to 
724 nmol/ml (± 58 nmol/ml SEM) in the 30 min follow-
ing ingestion of 29.6 g of WPI by fasted participants 
(Sharp et al., 2019). However, the causal connection 
with CVD is unclear. In addition, numerous studies 
have shown that insulin resistance can lead to the ac-
cumulation of BCAA in the blood (Soleimani, 2015), 
with recent longitudinal data suggesting that, in some 
cohorts at least, the relationship may be reversed with 
baseline BCAA concentrations being a predictor of 
the incidence of type 2 diabetes (de Almeida-Pititto 
et al., 2021).

Given that dairy foods are not associated with in-
creased risk of CVD or type 2 diabetes and indeed 
some are associated with risk reductions of both, the 
relevance of whey proteins as a key source of BCAA 
needs urgent clarification in relation to the risk of type 
2 diabetes. Also as whey proteins are consumed in rel-
atively large amounts by some sections of the popula-
tion, the effect of dose needs particular examination.

CONCLUSIONS AND FUTURE 
RESEARCH NEEDS

It is now known that impairment of vascular function is 
a major contributor to CVD risk and an understanding 
of the impact of dietary components on vascular func-
tion, such as on NO availability, is increasingly impor-
tant. Whilst the reduction of saturated fatty acid intake 
is a core component of public health dietary recom-
mendations, and dairy foods are a significant source of 
saturated fatty acids, there is good evidence that high 
dairy consumption is associated with either a neutral or 
reduced risk of CVD and type 2 diabetes (Guo et al., 
2017; Soedamah-Muthu & De Goede, 2018). Moreover, 
there is now increasing evidence that whey proteins, 
and notably the bioactive peptides and amino acids re-
leased during digestion, can have beneficial effects on 
aspects of vascular function and thus contribute to CVD 
risk reduction. This review has highlighted a number of 
beneficial effects of whey proteins including those on 
BP, vascular stiffness, NO production and inflammation.

Whilst there is an increasing number of human inter-
vention studies examining the effects of whey proteins 
on aspects of vascular function, these have a high de-
gree of heterogeneity related to treatments, exposure 
times and very variable measures of vascular function. 
Also, due to the possible changes in vascular function 
caused by, for example, metabolic dysregulation and 
age, studies in individuals from one population may 
have limited relevance to another. Some studies have 
also used diet supplements or high doses of whey pro-
teins, which may not reflect typical dietary patterns. 
There are also a very limited number of studies that 
address the mechanistic factors involved and there is 
clearly a need for robust randomised, controlled human 
dietary intervention studies to determine in detail the 
impact of whey proteins, its peptides and amino acids 
on the multifaceted aspects of vascular function, in-
cluding the emphasis on the form and dose of protein 
given. Dairy is a commonly consumed food group and a 
significant source of high-quality protein, so trials com-
paring the effects of whey protein with other commonly 
consumed, but non-dairy sources of protein on vascu-
lar function in both the acute and chronic settings are 
needed. Moreover, as whey proteins are an especially 
rich source of BCAA including leucine, future areas of 
study should include the impact of these amino acids 
on in vivo vascular function and also clarify the effect of 
BCAA from whey proteins on the risk of type 2 diabetes.

ACKNOWLEDGEMENT
The PhD studentship of DP is supported by the Jason 
and Daphne Mermikides Charitable Trust and the 
Barham Benevolent Foundation.

CONFLICTS OF INTEREST
DP is a consultant for Innermost, XXIV Ltd.



22  |      PRICE et al.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets 
were generated or analysed during the current study.

ORCID
Drew Price   https://orcid.org/0000-0003-3594-3327 

REFERENCES
Adams, R.L. & Broughton, K.S. (2016) Insulinotropic effects of whey: 

mechanisms of action, recent clinical trials, and clinical appli-
cations. Annals of Nutrition and Metabolism, 69, 56–63. https://
doi.org/10.1159/00044​8665

Aldrich, N.D., Reicks, M.M., Sibley, S.D., Redmon, J.B., Thomas, 
W. & Raatz, S.K. (2011) Varying protein source and quantity 
do not significantly improve weight loss, fat loss, or satiety in 
reduced energy diets among midlife adults. Nutrition Research, 
31, 104–112. https://doi.org/10.1016/j.nutres.2011.01.004

Alexander, S., Ostfeld, R.J., Allen, K. & Williams, K.A. (2017) 
A plant-based diet and hypertension. Journal of Geriatric 
Cardiology, 14, 327–330. https://doi.org/10.11909/​j.issn.167
1-5411.2017.05.014

Alexander, W. (2014) Hypertension: is it time to replace drugs with 
nutrition and nutraceuticals? Pharmacy and Therapeutics, 39, 
291–295. https://doi.org/10.11909/​j.issn.1671-5411.2017.05.014

Almeida, C.C., Alvares, T.S., Costa, M.P. & Conte-Junior, C.A. 
(2016) Protein and amino acid profiles of different whey protein 
supplements. Journal of Dietary Supplements, 13, 313–323. 
https://doi.org/10.3109/19390​211.2015.1036187

Blaha, M.J., de Almeida-Pititto, B., Dualib, P.M., Izar Helfenstein 
Fonseca, M., Jones, S.R., Jordão, M.C., et al. (2021) Branched-
chain amino acids predict incident diabetes in the Brazilian 
Longitudinal Study of Adult Health-ELSA-Brasil. Diabetes 
Research and Clinical Practice, 174, 108747. https://doi.
org/10.1016/j.diabr​es.2021.108747

Arciero, P.J., Baur, D., Connelly, S. & Ormsbee, M.J. (2014) Timed-
daily ingestion of whey protein and exercise training reduces 
visceral adipose tissue mass and improves insulin resistance: 
the PRISE study. Journal of Applied Physiology, 117, 1–10. 
https://doi.org/10.1152/jappl​physi​ol.00152.2014

Arnberg, K., Larnkjær, A., Michaelsen, K.F., Jensen, S.M., Hoppe, 
C. & Mølgaard, C. (2013) Casein improves brachial and cen-
tral aortic diastolic blood pressure in overweight adolescents: a 
randomised, controlled trial. Journal of Nutritional Science, 2, 
E43. https://doi.org/10.1017/jns.2013.29

Bacon, S.L., Sherwood, A., Hinderliter, A. & Blumenthal, J.A. (2004) 
Effects of exercise, diet and weight loss on high blood pressure. 
Sports Medicine, 34, 307–316. https://doi.org/10.2165/00007​
256-20043​4050-00003

Baeyens, N., Bandyopadhyay, C., Coon, B.G., Yun, S. & Schwartz, 
M.A. (2016) Endothelial fluid shear stress sensing in vascular 
health and disease. The Journal of Clinical Investigation, 126, 
821–828. https://doi.org/10.1172/JCI83083

Ballard, K.D., Bruno, R.S., Seip, R.L., Quann, E.E., Volk, 
B.M., Freidenreich, D.J. et al. (2009) Acute ingestion of a 
novel whey-derived peptide improves vascular endothe-
lial responses in healthy individuals: a randomized, pla-
cebo controlled trial. Nutrition Journal, 8, 34. https://doi.
org/10.1186/1475-2891-8-34

Ballard, K.D., Kupchak, B.R., Volk, B.M., Mah, E., Shkreta, A., 
Liptak, C. et al. (2013a) Acute effects of ingestion of a novel 
whey-derived extract on vascular endothelial function in 
overweight, middle-aged men and women. British Journal of 
Nutrition, 109, 882–893. https://doi.org/10.1017/S0007​11451​
2002061

Ballard, K.D., Mah, E., Yi, G., Pei, R., Volek, J.S., Bruno, R.S. et 
al. (2013b) Low-fat milk ingestion prevents postprandial 

hyperglycemia-mediated impairments in vascular endothelial 
function in obese individuals with metabolic syndrome. The 
Journal of Nutrition, 143, 1602–1610. https://doi.org/10.3945/
jn.113.179465

Ballatore, M.B., Bettiol, M.D.R., Vanden Braber, N.L., Aminahuel, 
C.A., Rossi, Y.E., Petroselli, G. et al. (2020) Antioxidant and cy-
toprotective effect of peptides produced by hydrolysis of whey 
protein concentrate with trypsin. Food Chemistry, 319, 126472. 
https://doi.org/10.1016/j.foodc​hem.2020.126472

Brandelli, A., Daroit, D. & Corrêa, A.P.F. (2015) Whey as a source of 
peptides with remarkable biological activities. Food Research 
International, 73, 149–161. https://doi.org/10.1016/j.foodr​
es.2015.01.016

British Heart Foundation (2021) Heart and circulatory disease statis-
tics 2021. Available from: https://www.bhf.org.uk/what-we-do/
our-resea​rch/heart​-stati​stics/​heart​-stati​stics​-publi​catio​ns/cardi​
ovasc​ular-disea​se-stati​stics​-2021 [Accessed 5th August 2021].

Cahill, P.A. & Redmond, E.M. (2016) Vascular endothelium–
gatekeeper of vessel health. Atherosclerosis, 248, 97–109. 
https://doi.org/10.1016/j.ather​oscle​rosis.2016.03.007

de Carvalho-Silva, L.B., Pacheco, M.T.B., Bertoldo, R., de Carvalho, 
V.C., Teodoro, L.C., Giusti-Paiva, A. et al. (2012) Anti-
inflammatory activities of enzymatic (alcalase) hydrolysate of a 
whey protein concentrate. African Journal of Biotechnology, 11, 
2993–2999. https://doi.org/10.5897/AJB11.2330

Chakrabarti, S. & Wu, J. (2016) Bioactive peptides on endothelial 
function. Food Science and Human Wellness, 5, 1–7. https://
doi.org/10.1016/j.fshw.2015.11.004

Chen, K., Pittman, R.N. & Popel, A.S. (2008) Nitric oxide in the vas-
culature: where does it come from and where does it go? A 
quantitative perspective. Antioxidants & Redox Signalling, 10, 
1185–1198. https://doi.org/10.1089/ars.2007.1959

Claessens, M., Saris, W.H. & van Baak, M.A. (2008) Glucagon and 
insulin responses after ingestion of different amounts of intact 
and hydrolysed proteins. British Journal of Nutrition, 100, 61–
69. https://doi.org/10.1017/s0071​14507​886314

Cockcroft, J.R. & Wilkinson, I.B. (2000) Large arterial stiffness: an 
important therapeutic target. Journal of Human Hypertension, 
14, 533–535. https://doi.org/10.1038/sj.jhh.1001104

Contreras, M.M., Hernández-Ledesma, B., Amigo, L., Martín-
Álvarez, P.J. & Recio, I. (2011) Production of antioxidant hy-
drolyzates from a whey protein concentrate with thermolysin: 
optimization by response surface methodology. LWT-Food 
Science Technology, 44, 9–15. https://doi.org/10.1016/j.
lwt.2010.06.017

Corrochano, A.R., Buckin, V., Kelly, P.M. & Giblin, L. (2018) Invited 
review: whey proteins as antioxidants and promoters of cellu-
lar antioxidant pathways. Journal of Dairy Science, 101, 4747–
4761. https://doi.org/10.3168/jds.2017-13618

Corrochano, A.R., Sariçay, Y., Arranz, E., Kelly, P.M., Buckin, V. & 
Giblin, L. (2019) Comparison of antioxidant activities of bovine 
whey proteins before and after simulated gastrointestinal di-
gestion. Journal of Dairy Science, 102, 54–67. https://doi.
org/10.3168/jds.2018-14581

Daly, R.M., Miller, E.G., Dunstan, D.W., Kerr, D.A., Solah, V., 
Menzies, D. et al. (2014) The effects of progressive resistance 
training combined with a whey-protein drink and vitamin D sup-
plementation on glycaemic control, body composition and car-
diometabolic risk factors in older adults with type 2 diabetes: 
study protocol for a randomized controlled trial. Trials, 15, 431. 
https://doi.org/10.1186/1745-6215-15-431

Damy, T., Kirsch, M., Khouzami, L., Caramelle, P., Le Corvoisier, 
P., Roudot-Thoraval, F. et al. (2009) Glutathione deficiency in 
cardiac patients is related to the functional status and struc-
tural cardiac abnormalities. PLoS One, 4, e4871. https://doi.
org/10.1371/journ​al.pone.0004871

De Nigris, V., Pujadas, G., La Sala, L., Testa, R., Genovese,  S.  & 
Ceriello, A. (2015) Short-term high glucose exposure impairs 

https://orcid.org/0000-0003-3594-3327
https://orcid.org/0000-0003-3594-3327
https://doi.org/10.1159/000448665
https://doi.org/10.1159/000448665
https://doi.org/10.1016/j.nutres.2011.01.004
https://doi.org/10.11909/j.issn.1671-5411.2017.05.014
https://doi.org/10.11909/j.issn.1671-5411.2017.05.014
https://doi.org/10.11909/j.issn.1671-5411.2017.05.014
https://doi.org/10.3109/19390211.2015.1036187
https://doi.org/10.1016/j.diabres.2021.108747
https://doi.org/10.1016/j.diabres.2021.108747
https://doi.org/10.1152/japplphysiol.00152.2014
https://doi.org/10.1017/jns.2013.29
https://doi.org/10.2165/00007256-200434050-00003
https://doi.org/10.2165/00007256-200434050-00003
https://doi.org/10.1172/JCI83083
https://doi.org/10.1186/1475-2891-8-34
https://doi.org/10.1186/1475-2891-8-34
https://doi.org/10.1017/S0007114512002061
https://doi.org/10.1017/S0007114512002061
https://doi.org/10.3945/jn.113.179465
https://doi.org/10.3945/jn.113.179465
https://doi.org/10.1016/j.foodchem.2020.126472
https://doi.org/10.1016/j.foodres.2015.01.016
https://doi.org/10.1016/j.foodres.2015.01.016
https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2021
https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2021
https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2021
https://doi.org/10.1016/j.atherosclerosis.2016.03.007
https://doi.org/10.5897/AJB11.2330
https://doi.org/10.1016/j.fshw.2015.11.004
https://doi.org/10.1016/j.fshw.2015.11.004
https://doi.org/10.1089/ars.2007.1959
https://doi.org/10.1017/s007114507886314
https://doi.org/10.1038/sj.jhh.1001104
https://doi.org/10.1016/j.lwt.2010.06.017
https://doi.org/10.1016/j.lwt.2010.06.017
https://doi.org/10.3168/jds.2017-13618
https://doi.org/10.3168/jds.2018-14581
https://doi.org/10.3168/jds.2018-14581
https://doi.org/10.1186/1745-6215-15-431
https://doi.org/10.1371/journal.pone.0004871
https://doi.org/10.1371/journal.pone.0004871


      |  23WHEY PROTEINS AND VASCULAR FUNCTION

insulin signalling in endothelial cells. Cardiovascular Diabetology, 
14, 1–7. https://doi.org/10.1186/s1293​3-015-0278-0

Devries, M.C., McGlory, C. & Bolster, D.R. (2018) Leucine, not 
total protein, content of a supplement is the primary determi-
nant of muscle protein anabolic responses in healthy older 
women. The Journal of Nutrition, 148, 1088–1095. https://doi.
org/10.1093/ajcn/nqx028

Dhananjayan, R., Koundinya, K.S., Malati, T. & Kutala, V.K. (2016) 
Endothelial dysfunction in type 2 diabetes mellitus. Indian 
Journal of Clinical Biochemistry, 31, 372–379. https://doi.
org/10.1007/s1229​1-015-0516-y

Dimina, L. & Mariotti, F. (2019) The postprandial appearance of fea-
tures of cardiometabolic risk: acute induction and prevention 
by nutrients and other dietary substances. Nutrients, 11, 1963. 
https://doi.org/10.3390/nu110​91963

Dong, J.-Y., Qin, L.-Q., Zhang, Z., Zhao, Y., Wang, J., Arigoni, F. 
et al. (2011) Effect of oral L-arginine supplementation on 
blood pressure: a meta-analysis of randomized, double-blind, 
placebo-controlled trials. American Heart Journal, 162, 959–
965. https://doi.org/10.1016/j.ahj.2011.09.012

El Hiani, Y., Egom, E.E.A. & Dong, X.P. (2019) mTOR signalling: 
jack-of-all-trades. Biochemistry and Cell Biology, 97, 58–67. 
https://doi.org/10.1139/bcb-2018-0004

Espinosa-Díez, C., Miguel, V., Vallejo, S., Sánchez, F.J., Sandoval, 
E., Blanco, E. et al. (2018) Role of glutathione biosynthesis in 
endothelial dysfunction and fibrosis. Redox Biology, 14, 88–99. 
https://doi.org/10.1016/j.redox.2017.08.019

Estruch, R., Ros, E., Salas-Salvadó, J., Covas, M.-I., Corella, D., 
Arós, F. et al. (2013) Primary prevention of cardiovascular 
disease with a Mediterranean diet. New England Journal of 
Medicine, 368, 1279–1290. https://doi.org/10.1056/NEJMo​
a1200303

Fekete, Á.A., Giromini, C., Chatzidiakou, Y., Givens, D.I. & Lovegrove, 
J.A. (2016a) Whey protein lowers blood pressure and improves 
endothelial function and lipid biomarkers in adults with pre-
hypertension and mild hypertension: results from the chronic 
Whey2Go randomized controlled trial. The American Journal 
of Clinical Nutrition, 104, 1534–1544. https://doi.org/10.3945/
ajcn.116.137919

Fekete, Á.A., Giromini, C., Chatzidiakou, Y., Givens, D.I. & 
Lovegrove, J.A. (2018) Whey protein lowers systolic blood 
pressure and Ca-caseinate reduces serum TAG after a high-
fat meal in mildly hypertensive adults. Scientific Reports, 8, 
5026. https://doi.org/10.1038/s4159​8-018-23333​-2

Fekete, Á.A., Givens, D.I. & Lovegrove, J.A. (2013) The impact of 
milk proteins and peptides on blood pressure and vascular 
function: a review of evidence from human intervention stud-
ies. Nutrition Research Reviews, 26, 177–190. https://doi.
org/10.1017/S0954​42241​3000139

Fekete, Á.A., Givens, D.I. & Lovegrove, J.A. (2016b) Can milk 
proteins be a useful tool in the management of cardiometa-
bolic health? An updated review of human intervention trials. 
Proceedings of the Nutrition Society, 75, 328–341. https://doi.
org/10.1017/S0029​66511​6000264

Figueroa, A., Wong, A., Kinsey, A., Kalfon, R., Eddy, W. & Ormsbee, 
M.J. (2014) Effects of milk proteins and combined exercise 
training on aortic hemodynamics and arterial stiffness in 
young obese women with high blood pressure. American 
Journal of Hypertension, 27, 338–344. https://doi.org/10.1093/
ajh/hpt224

FitzGerald, R.J. & Meisel, H. (2000) Milk protein-derived peptide 
inhibitors of angiotensin-I-converting enzyme. British Journal 
of Nutrition, 84, 33–37. https://doi.org/10.1017/s0007​11450​
0002221

FitzGerald, R.J., Murray, B.A. & Walsh, D.J. (2004) The emerg-
ing role of dairy proteins and bioactive peptides in nutrition 
and health. Journal of Nutrition, 134, 980S–988S. https://doi.
org/10.1093/jn/134.4.980S

Fluegel, S.M., Shultz, T.D., Powers, J.R., Clark, S., Barbosa-Leiker, 
C., Wright, B.R. et al. (2010) Whey beverages decrease blood 
pressure in prehypertensive and hypertensive young men and 
women. International Dairy Journal, 20, 753–760. https://doi.
org/10.1016/j.idair​yj.2010.06.005

Gerhardt, T. & Ley, K. (2015) Monocyte trafficking across the ves-
sel wall. Cardiovascular Research, 107, 321–330. https://doi.
org/10.1093/cvr/cvv147

Giromini, C., Lovegrove, J.A., Givens, D.I., Rebucci, R., Pinotti, L., 
Maffioli, E. et al. (2019) In vitro digested milk proteins: evalua-
tion of angiotensin-converting enzyme inhibitory and antioxi-
dant activities, peptidomic profile and mucin gene expression 
in HT29-MTX cells. Journal of Dairy Science, 102, 10760–
10771. https://doi.org/10.3168/jds.2019-16833

Green, D.J. & Smith, K.J. (2018) Effects of exercise on vascular 
function, structure, and health in humans. Cold Spring Harbor 
Perspectives in Medicine, 8, a029819. https://doi.org/10.1101/
cshpe​rspect.a029819

Guo, J., Astrup, A., Lovegrove, J.A., Gijsbers, L., Givens, D.I. & 
Soedamah-Muthu, S.S. (2017) Milk and dairy consumption 
and risk of cardiovascular diseases and all-cause mortality: 
dose–response meta-analysis of prospective cohort studies. 
European Journal of Epidemiology, 32, 269–287. https://doi.
org/10.1007/s1065​4-017-0243-1

Health Survey for England (2015) Available from: https://digit​
al.nhs.uk /data-and-infor​matio​n/publi​catio​ns/stati​stica​l /
healt​h-surve​y-for-engla​nd/healt​h-surve​y-for-engla​nd-2015 
[Accessed September 2021]

Hodgson, J.M., Zhu, K., Lewis, J.R., Kerr, D., Meng, X., Solah, V. 
et al. (2012) Long-term effects of a protein-enriched diet on 
blood pressure in older women. British Journal of Nutrition, 107, 
1664–1672. https://doi.org/10.1017/S0007​11451​1004740

Holmer-Jensen, J., Karhu, T., Mortensen, L.S., Pedersen, S.B., 
Herzig, K.H. & Hermansen, K. (2011) Differential effects 
of dietary protein sources on postprandial low-grade in-
flammation after a single high fat meal in obese non-
diabetic subjects. Nutrition Journal, 10, 1–8. https://doi.
org/10.1186/1475-2891-10-115

Huang, J., Liao, L.M., Weinstein, S.J., Sinha, R., Graubard, B.I. & 
Albanes, D. (2020) Association between plant and animal 
protein intake and overall and cause-specific mortality. JAMA 
Internal Medicine, 180, 1173–1184. https://doi.org/10.1001/
jamai​ntern​med.2020.2790

Ijäs, H., Collin, M., Finckenberg, P., Pihlanto-Leppälä, A., Korhonen, 
H., Korpela, R. et al. (2004) Antihypertensive opioid-like milk 
peptide α-lactorphin: lack of effect on behavioural tests in 
mice. International Dairy Journal, 14, 201–205. https://doi.
org/10.1016/j.idair​yj.2003.08.002

Janus, A., Szahidewicz-Krupska, E., Mazur, G. & Doroszko, A. 
(2016) Insulin resistance and endothelial dysfunction con-
stitute a common therapeutic target in cardiometabolic dis-
orders. Mediators of Inflammation, 2016, 1–10. https://doi.
org/10.1155/2016/3634948

Jennings, A., MacGregor, A., Pallister, T., Spector, T. & Cassidy, A. 
(2016) Associations between branched chain amino acid in-
take and biomarkers of adiposity and cardiometabolic health 
independent of genetic factors: a twin study. International 
Journal of Cardiology, 223, 992–998. https://doi.org/10.1016/j.
ijcard.2016.08.307

Kawase, M., Hashimoto, H., Hosoda, M., Morita, H. & Hosono, A. 
(2000) Effect of administration of fermented milk containing 
whey protein concentrate to rats and healthy men on serum lip-
ids and blood pressure. Journal of Dairy Science, 83, 255–263. 
https://doi.org/10.3168/jds.S0022​-0302(00)74872​-7

Khalaf, D., Krüger, M., Wehland, M., Infanger, M. & Grimm, D. (2019) 
The effects of oral L-arginine and L-citrulline supplementation 
on blood pressure. Nutrients, 11, 1679. https://doi.org/10.3390/
nu110​71679

https://doi.org/10.1186/s12933-015-0278-0
https://doi.org/10.1093/ajcn/nqx028
https://doi.org/10.1093/ajcn/nqx028
https://doi.org/10.1007/s12291-015-0516-y
https://doi.org/10.1007/s12291-015-0516-y
https://doi.org/10.3390/nu11091963
https://doi.org/10.1016/j.ahj.2011.09.012
https://doi.org/10.1139/bcb-2018-0004
https://doi.org/10.1016/j.redox.2017.08.019
https://doi.org/10.1056/NEJMoa1200303
https://doi.org/10.1056/NEJMoa1200303
https://doi.org/10.3945/ajcn.116.137919
https://doi.org/10.3945/ajcn.116.137919
https://doi.org/10.1038/s41598-018-23333-2
https://doi.org/10.1017/S0954422413000139
https://doi.org/10.1017/S0954422413000139
https://doi.org/10.1017/S0029665116000264
https://doi.org/10.1017/S0029665116000264
https://doi.org/10.1093/ajh/hpt224
https://doi.org/10.1093/ajh/hpt224
https://doi.org/10.1017/s0007114500002221
https://doi.org/10.1017/s0007114500002221
https://doi.org/10.1093/jn/134.4.980S
https://doi.org/10.1093/jn/134.4.980S
https://doi.org/10.1016/j.idairyj.2010.06.005
https://doi.org/10.1016/j.idairyj.2010.06.005
https://doi.org/10.1093/cvr/cvv147
https://doi.org/10.1093/cvr/cvv147
https://doi.org/10.3168/jds.2019-16833
https://doi.org/10.1101/cshperspect.a029819
https://doi.org/10.1101/cshperspect.a029819
https://doi.org/10.1007/s10654-017-0243-1
https://doi.org/10.1007/s10654-017-0243-1
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2015
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2015
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2015
https://doi.org/10.1017/S0007114511004740
https://doi.org/10.1186/1475-2891-10-115
https://doi.org/10.1186/1475-2891-10-115
https://doi.org/10.1001/jamainternmed.2020.2790
https://doi.org/10.1001/jamainternmed.2020.2790
https://doi.org/10.1016/j.idairyj.2003.08.002
https://doi.org/10.1016/j.idairyj.2003.08.002
https://doi.org/10.1155/2016/3634948
https://doi.org/10.1155/2016/3634948
https://doi.org/10.1016/j.ijcard.2016.08.307
https://doi.org/10.1016/j.ijcard.2016.08.307
https://doi.org/10.3168/jds.S0022-0302(00)74872-7
https://doi.org/10.3390/nu11071679
https://doi.org/10.3390/nu11071679


24  |      PRICE et al.

Kim, J.A., Montagnani, M., Chandrasekran, S. & Quon, M.J. (2012) 
Role of lipotoxicity in endothelial dysfunction. Heart Failure 
Clinics, 8, 589–607. https://doi.org/10.1016/j.hfc.2012.06.012

Kjeldsen, S.E. (2018) Hypertension and cardiovascular risk: general 
aspects. Pharmacological Research, 129, 95–99. https://doi.
org/10.1016/j.phrs.2017.11.003

Kjølbæk, L., Sørensen, L.B., Søndertoft, N.B., Rasmussen, C.K., 
Lorenzen, J.K., Serena, A. et al. (2017) Protein supplements 
after weight loss do not improve weight maintenance compared 
with recommended dietary protein intake despite beneficial ef-
fects on appetite sensation and energy expenditure: a random-
ized, controlled, double-blinded trial. The American Journal 
of Clinical Nutrition, 106, 684–697. https://doi.org/10.3945/
ajcn.115.129528

Kris-Etherton, P.M., Grieger, J.A., Hilpert, K.F. & West, S.G. (2009) 
Milk products, dietary patterns and blood pressure manage-
ment. Journal of the American College of Nutrition, 28, 103S–
119S. https://doi.org/10.1080/07315​724.2009.10719804

Lee, Y.M., Skurk, T., Hennig, M. & Hauner, H. (2007) Effect of 
a milk drink supplemented with whey peptides on blood 
pressure in patients with mild hypertension. European 
Journal of Nutrition, 46, 21–27. https://doi.org/10.1007/s0039​
4-006-0625-8

Lefferts, W.K., Augustine, J.A., Spartano, N.L., Hughes, W.E., 
Babcock, M.C., Heenan, B.K. et al. (2020) Effects of whey pro-
tein supplementation on aortic stiffness, cerebral blood flow, 
and cognitive function in community-dwelling older adults: find-
ings from the ANCHORS A-WHEY Clinical Trial. Nutrients, 12, 
1054. https://doi.org/10.3390/nu120​41054

Lin, Y.I., Mouratidou, T., Vereecken, C., Kersting, M., Bolca, S., 
de Moraes, A.C.F. et al. (2015) Dietary animal and plant pro-
tein intakes and their associations with obesity and cardio-
metabolic indicators in European adolescents: the HELENA 
cross-sectional study. Nutrition Journal, 14, 10. https://doi.
org/10.1186/1475-2891-14-10

Liu, Y., Yan, Y., Yang, X., Li, S., Bazzano, L., He, J. et al. (2019) 
Long-term burden of higher body mass index and adult arte-
rial stiffness are linked predominantly through elevated blood 
pressure. Hypertension, 73, 229–234. https://doi.org/10.1161/
HYPER​TENSI​ONAHA.118.12106

Livingstone, K.M., Lovegrove, J.A., Cockcroft, J.R., Elwood, P.C., 
Pickering, J.E. & Givens, D.I. (2013) Does dairy food intake 
predict arterial stiffness and blood pressure in men? Evidence 
from the Caerphilly Prospective Study. Hypertension, 61, 42–
47. https://doi.org/10.1161/HYPER​TENSI​ONAHA.111.00026

Lovegrove, J.A. & Hobbs, D.A. (2016) New perspectives on dairy 
and cardiovascular health. Proceedings of the Nutrition 
Society, 75, 247–258. https://doi.org/10.1017/S0029​66511​
600001X

Madureira, A.R., Tavares, T., Gomes, A.M., Pintado, M.E. & 
Malcata, F.X. (2010) Invited review: physiological properties 
of bioactive peptides obtained from whey proteins. Journal 
of Dairy Science, 93, 437–455. https://doi.org/10.3168/
jds.2009-2566

Malik, V.S., Willett, W.C. & Hu, F.B. (2013) Global obesity: trends, risk 
factors and policy implications. Nature Reviews Endocrinology, 
9, 13–27. https://doi.org/10.1038/nrendo.2012.199

Mariotti, F., Valette, M., Lopez, C., Fouillet, H., Famelart, M.-H., 
Mathé, V. et al. (2015) Casein compared with whey proteins af-
fects the organization of dietary fat during digestion and atten-
uates the postprandial triglyceride response to a mixed high-fat 
meal in healthy, overweight men. The Journal of Nutrition, 145, 
2657–2664. https://doi.org/10.3945/jn.115.216812

McDonald, J.D., Mah, E., Chitchumroonchokchai, C., Dey, P., Labyk, 
A.N., Villamena, F.A. et al. (2019) Dairy milk proteins attenuate 
hyperglycemia-induced impairments in vascular endothelial 
function in adults with prediabetes by limiting increases in glyce-
mia and oxidative stress that reduce nitric oxide bioavailability. 

The Journal of Nutritional Biochemistry, 63, 165–176. https://
doi.org/10.1016/j.jnutb​io.2018.09.018

McEniery, C.M., Cockcroft, J.R., Roman, M.J., Franklin, S.S. & 
Wilkinson, I.B. (2014) Central blood pressure: current evidence 
and clinical importance. European Heart Journal, 35, 1719–
1725. https://doi.org/10.1093/eurhe​artj/eht565

Moberg, M., Apró, W., Ekblom, B., Van Hall, G., Holmberg, H.C. & 
Blomstrand, E. (2016) Activation of mTORC1 by leucine is po-
tentiated by branched-chain amino acids and even more so by 
essential amino acids following resistance exercise. American 
Journal of Physiology-Cell Physiology, 310, 874–884. https://
doi.org/10.1152/ajpce​ll.00374.2015

Mohan, A., Udechukwu, M.C., Rajendran, S.R. & Udenigwe, C.C. 
(2015) Modification of peptide functionality during enzymatic 
hydrolysis of whey proteins. RSC Advances, 5, 97400–97407. 
https://doi.org/10.1039/C5RA1​5140F

NHS (2019a) https://www.nhs.uk/condi​tions/​high-blood​-press​ure-
hyper​tensi​on/ [Accessed 16th March 2021]

NHS (2019b) https://www.nhs.uk/condi​tions/​beta-block​ers/ 
[Accessed 16th March 2021].

NICE. (2013) National Institute for Health and Care Excellence. 
Available from: https://www.nice.org.uk/guida​nce/qs28 
[Accessed 23rd August 2020]. https://doi.org/10.1002/14651858

Oh, Y.S. (2018) Arterial stiffness and hypertension. Clinical 
Hypertension, 24, 1–3.

O'Keeffe, M.B., Martina, B. & FitzGerald, R.J. (2014) Antioxidant ef-
fects of enzymatic hydrolysates of whey protein concentrate on 
cultured human endothelial cells. International Dairy Journal, 
36, 128–135. https://doi.org/10.1016/j.idair​yj.2014.01.013

Ong, P.S., Wang, L.Z., Dai, X., Tseng, S.H., Loo, S.J. & Sethi, G. 
(2016) Judicious toggling of mTOR activity to combat insulin 
resistance and cancer: current evidence and perspectives. 
Frontiers in Pharmacology, 7, 395. https://doi.org/10.3389/
fphar.2016.00395

Pal, S. & Ellis, V. (2010) The chronic effects of whey proteins on 
blood pressure, vascular function, and inflammatory markers 
in overweight individuals. Obesity, 18, 1354–1359. https://doi.
org/10.1038/oby.2009.397

Pal, S. & Ellis, V. (2011) Acute effects of whey protein isolate on 
blood pressure, vascular function and inflammatory mark-
ers in overweight postmenopausal women. British Journal of 
Nutrition, 105, 1512–1519. https://doi.org/10.1017/S0007​11451​
0005313

Petyaev, I.M., Dovgalevsky, P.Y., Klochkov, V.A., Chalyk, N.E. & 
Kyle, N. (2012) Whey protein lycosome formulation improves 
vascular functions and plasma lipids with reduction of mark-
ers of inflammation and oxidative stress in prehyperten-
sion. The Scientific World Journal, 2012, 269476. https://doi.
org/10.1100/2012/269476

Ruge, T., Hodson, L., Cheeseman, J., Dennis, A.L., Fielding, B.A., 
Humphreys, S.M. et al. (2009) Fasted to fed trafficking of fatty 
acids in human adipose tissue reveals a novel regulatory step 
for enhanced fat storage. The Journal of Clinical Endocrinology 
& Metabolism, 94, 1781–1788. https://doi.org/10.1210/
jc.2008-2090

Ruiz-Canela, M., Toledo, E., Clish, C.B., Hruby, A., Liang, L., Salas-
Salvadó, J. et al. (2016) Plasma branched-chain amino acids 
and incident cardiovascular disease in the PREDIMED trial. 
Clinical Chemistry, 62, 582–592. https://doi.org/10.1373/clinc​
hem.2015.251710

Samaras, A., Tsarouhas, K., Paschalidis, E., Giamouzis, G., 
Triposkiadis, F., Tsitsimpikou, C. et al. (2014) Effect of a special 
carbohydrate-protein bar and tomato juice supplementation on 
oxidative stress markers and vascular endothelial dynamics in 
ultra-marathon runners. Food and Chemical Toxicology, 69, 
231–236. https://doi.org/10.1016/j.fct.2014.03.029

Sandoo, A. & Kitas, G.D. (2015) A methodological approach to non-
invasive assessments of vascular function and morphology. 

https://doi.org/10.1016/j.hfc.2012.06.012
https://doi.org/10.1016/j.phrs.2017.11.003
https://doi.org/10.1016/j.phrs.2017.11.003
https://doi.org/10.3945/ajcn.115.129528
https://doi.org/10.3945/ajcn.115.129528
https://doi.org/10.1080/07315724.2009.10719804
https://doi.org/10.1007/s00394-006-0625-8
https://doi.org/10.1007/s00394-006-0625-8
https://doi.org/10.3390/nu12041054
https://doi.org/10.1186/1475-2891-14-10
https://doi.org/10.1186/1475-2891-14-10
https://doi.org/10.1161/HYPERTENSIONAHA.118.12106
https://doi.org/10.1161/HYPERTENSIONAHA.118.12106
https://doi.org/10.1161/HYPERTENSIONAHA.111.00026
https://doi.org/10.1017/S002966511600001X
https://doi.org/10.1017/S002966511600001X
https://doi.org/10.3168/jds.2009-2566
https://doi.org/10.3168/jds.2009-2566
https://doi.org/10.1038/nrendo.2012.199
https://doi.org/10.3945/jn.115.216812
https://doi.org/10.1016/j.jnutbio.2018.09.018
https://doi.org/10.1016/j.jnutbio.2018.09.018
https://doi.org/10.1093/eurheartj/eht565
https://doi.org/10.1152/ajpcell.00374.2015
https://doi.org/10.1152/ajpcell.00374.2015
https://doi.org/10.1039/C5RA15140F
https://www.nhs.uk/conditions/high-blood-pressure-hypertension/
https://www.nhs.uk/conditions/high-blood-pressure-hypertension/
https://www.nhs.uk/conditions/beta-blockers/
https://www.nice.org.uk/guidance/qs28
https://doi.org/10.1002/14651858
https://doi.org/10.1016/j.idairyj.2014.01.013
https://doi.org/10.3389/fphar.2016.00395
https://doi.org/10.3389/fphar.2016.00395
https://doi.org/10.1038/oby.2009.397
https://doi.org/10.1038/oby.2009.397
https://doi.org/10.1017/S0007114510005313
https://doi.org/10.1017/S0007114510005313
https://doi.org/10.1100/2012/269476
https://doi.org/10.1100/2012/269476
https://doi.org/10.1210/jc.2008-2090
https://doi.org/10.1210/jc.2008-2090
https://doi.org/10.1373/clinchem.2015.251710
https://doi.org/10.1373/clinchem.2015.251710
https://doi.org/10.1016/j.fct.2014.03.029


      |  25WHEY PROTEINS AND VASCULAR FUNCTION

Journal of Visualized Experiments, 96, e52339. https://doi.
org/10.3791/52339

Schächinger, V. & Zeiher, A.M. (2000) Atherosclerosis-associated 
endothelial dysfunction. Zeitschrift für Kardiologie, 89, IX70–
IX74. https://doi.org/10.1007/s0039​20070033

Sequí-Domínguez, I., Cavero-Redondo, I., Álvarez-Bueno, C., 
Pozuelo-Carrascosa, D.P., Nunez de Arenas-Arroyo, S. & 
Martínez-Vizcaíno, V. (2020) Accuracy of pulse wave velocity 
predicting cardiovascular and all-cause mortality. A system-
atic review and meta-analysis. Journal of Clinical Medicine, 9, 
2080. https://doi.org/10.3390/jcm90​72080

Sharp, M.H., Stefan, M.W., Lowery, R.P. & Wilson, J.M. (2019) 
Postprandial plasma amino acid responses between standard 
whey protein isolate and whey protein isolate plus novel technol-
ogy. Nutrition and Metabolic Insights, 12, 1178638819827970. 
https://doi.org/10.1177/11786​38819​827970

Sipola, M., Finckenberg, P., Vapaatalo, H., Pihlanto-Leppälä, A., 
Korhonen, H., Korpela, R. et al. (2002) α-Lactorphin and β-
lactorphin improve arterial function in spontaneously hyperten-
sive rats. Life Sciences, 71, 1245–1253. https://doi.org/10.1016/
s0024​-3205(02)01793​-9

Soedamah-Muthu, S.S. & de Goede, J. (2018) Dairy consumption 
and cardiometabolic diseases: systematic review and up-
dated meta-analyses of prospective cohort studies. Current 
Nutrition Reports, 7, 171–172. https://doi.org/10.1007/s1366​
8-018-0253-y

Soleimani, M. (2015) Insulin resistance and hypertension: new 
insights. Kidney International, 87, 497–499. https://doi.
org/10.1038/ki.2014.392

Symons, J.D., McMillin, S.L., Riehle, C., Tanner, J., Palionyte, M., 
Hillas, E. et al. (2009) Contribution of insulin and Akt1 signalling 
to endothelial nitric oxide synthase in the regulation of endo-
thelial function and blood pressure. Circulation Research, 104, 
1085–1094. https://doi.org/10.1161/CIRCR​ESAHA.108.189316

Taddei, S. & Bortolotto, L. (2016) Unravelling the pivotal role of 
bradykinin in ACE inhibitor activity. American Journal of 
Cardiovascular Drugs, 16, 309–321. https://doi.org/10.1007/
s4025​6-016-0173-4

Tahavorgar, A., Vafa, M., Shidfar, F., Gohari, M. & Heydari, I. (2015) 
Beneficial effects of whey protein preloads on some cardio-
vascular diseases risk factors of overweight and obese men 
are stronger than soy protein preloads–A randomized clinical 
trial. Journal of Nutrition & Intermediary Metabolism, 2, 69–75. 
https://doi.org/10.1016/j.jnim.2015.08.002

Takaeko, Y., Maruhashi, T., Kajikawa, M., Kishimoto, S., Yamaji, T., 
Harada, T. et al. (2021) Lower triglyceride levels are associated 
with better endothelial function. Journal of Clinical Lipidology, 
15, 500–511.

Tavares, T.G., Spindola, H., Longato, G., Pintado, M.E., Carvalho, J.E. 
& Malcata, F.X. (2013) Antinociceptive and anti-inflammatory 
effects of novel dietary protein hydrolysate produced from 
whey by proteases of Cynara cardunculus. International 
Dairy Journal, 32, 156–162. https://doi.org/10.1016/j.idair​
yj.2013.05.010

Teymoori, F., Asghari, G., Mirmiran, P. & Azizi, F. (2017) Dietary 
amino acids and incidence of hypertension: a principle compo-
nent analysis approach. Scientific Reports, 7, 1–9. https://doi.
org/10.1038/s4159​8-017-17047​-0

Thijssen, D.H.J., Bruno, R.M., van Mil, A.C.C.M., Holder, S.M., Faita, 
F., Greyling, A. et al. (2019) Expert consensus and evidence-
based recommendations for the assessment of flow-mediated 
dilation in humans. European Heart Journal, 40, 2534–2547. 
https://doi.org/10.1093/eurhe​artj/ehz350

Tobias, D.K., Hazra, A., Lawler, P.R., Chandler, P.D., Chasman, D.I., 
Buring, J.E. et al. (2020) Circulating branched-chain amino 
acids and long-term risk of obesity-related cancers in women. 
Scientific Reports, 10, 1–9. https://doi.org/10.1038/s4159​8-
020-73499​-x

Tobias, D.K., Lawler, P.R., Harada, P.H., Demler, O.V., Ridker, 
P.M., Manson, J.E. et al. (2018) Circulating branched-chain 
amino acids and incident cardiovascular disease in a pro-
spective cohort of US women. Circulation: Genomic and 
Precision Medicine, 11, 2157. https://doi.org/10.1161/CIRCG​
EN.118.00215​7/-/DC1

Tomiyama, H., Hashimoto, H., Matsumoto, C., Odaira, M., Yoshida, 
M., Shiina, K. et al. (2011) Effects of aging and persistent prehy-
pertension on arterial stiffening. Atherosclerosis, 217, 130–134. 
https://doi.org/10.1016/j.ather​oscle​rosis.2011.03.028

Turner, J., Belch, J.J. & Khan, F. (2008) Current concepts in assess-
ment of microvascular endothelial function using laser Doppler 
imaging and iontophoresis. Trends in Cardiovascular Medicine, 
18, 109–116. https://doi.org/10.1016/j.tcm.2008.02.001

Vatani, D.S. & Golzar, F.A.K. (2012) Changes in antioxidant status 
and cardiovascular risk factors of overweight young men after 
six weeks supplementation of whey protein isolate and resis-
tance training. Appetite, 59, 673–678. https://doi.org/10.1016/j.
appet.2012.08.005

Vlachopoulos, C., Aznaouridis, K. & Stefanadis, C. (2010) Prediction 
of cardiovascular events and all-cause mortality with arterial 
stiffness: a systematic review and meta-analysis. American 
College of Cardiology, 55, 1318–1327. https://doi.org/10.1016/j.
jacc.2009.10.061

Watanabe, Y., Watanabe, K., Kobayashi, T., Saito, Y., Fujioka, D., 
Nakamura, T. et al. (2013) Chronic depletion of glutathione 
exacerbates ventricular remodelling and dysfunction in the 
pressure-overloaded heart. Cardiovascular Research, 97, 
282–292. https://doi.org/10.1093/cvr/cvs333

Weinheimer, E.M., Conley, T.B., Kobza, V.M., Sands, L.P., Lim, E., 
Janle, E.M. et al. (2012) Whey protein supplementation does 
not affect exercise training-induced changes in body compo-
sition and indices of metabolic syndrome in middle-aged over-
weight and obese adults. The Journal of Nutrition, 142, 1532–
1539. https://doi.org/10.3945/jn.111.153619

Wildman, R.P., Mackey, R.H., Bostom, A., Thompson, T. & Sutton-
Tyrrell, K. (2003) Measures of obesity are associated with vas-
cular stiffness in young and older adults. Hypertension, 42, 468–
473. https://doi.org/10.1161/01.HYP.00000​90360.78539.CD

World Health Organisation (2021) Cardiovasuclar diseases fact 
sheet. Available from: https://www.who.int/news-room/fact-
sheet​s/detai​l/cardi​ovasc​ular-disea​ses-(cvds) [Accessed 11th 
November 2021].

Wu, C.Y., Hu, H.Y., Chou, Y.J., Huang, N., Chou, Y.C. & Li, C.P. (2015) 
High blood pressure and all-cause and cardiovascular disease 
mortalities in community-dwelling older adults. Medicine, 94, 
e2160. https://doi.org/10.1097/MD.00000​00000​002160

Yadav, J.S.S., Yan, S., Pilli, S., Kumar, L., Tyagi, R.D. & Surampalli, 
R.Y. (2015) Cheese whey: a potential resource to transform 
into bioprotein, functional/nutritional proteins and bioactive 
peptides. Biotechnology Advances, 33, 756–774. https://doi.
org/10.1016/j.biote​chadv.2015.07.002

Yamaguchi, M. & Uchida, M. (2007) α-Lactalbumin suppresses in-
terleukin-6 release after intestinal ischemia/reperfusion via 
nitric oxide in rats. Inflammopharmacology, 15, 43–47. https://
doi.org/10.1007/s1078​7-006-1558-9

Yamaguchi, N., Mahbub, M.H., Takahashi, H., Hase, R., Ishimaru, 
Y., Sunagawa, H. et al. (2017) Plasma free amino acid profiles 
evaluate risk of metabolic syndrome, diabetes, dyslipidemia, 
and hypertension in a large Asian population. Environmental 
Health and Preventive Medicine, 22, 1–8.

Yang, R., Dong, J., Zhao, H., Li, H., Guo, H., Wang, S. et al. (2014) 
Association of branched-chain amino acids with carotid intima-
media thickness and coronary artery disease risk factors. PLoS 
One, 9, e99598. https://doi.org/10.1371/journ​al.pone.0099598

Yang, Y., Wu, Z., Meininger, C.J. & Wu, G. (2015) L-Leucine and NO-
mediated cardiovascular function. Amino Acids, 47, 435–447. 
https://doi.org/10.1007/s0072​6-014-1904-y

https://doi.org/10.3791/52339
https://doi.org/10.3791/52339
https://doi.org/10.1007/s003920070033
https://doi.org/10.3390/jcm9072080
https://doi.org/10.1177/1178638819827970
https://doi.org/10.1016/s0024-3205(02)01793-9
https://doi.org/10.1016/s0024-3205(02)01793-9
https://doi.org/10.1007/s13668-018-0253-y
https://doi.org/10.1007/s13668-018-0253-y
https://doi.org/10.1038/ki.2014.392
https://doi.org/10.1038/ki.2014.392
https://doi.org/10.1161/CIRCRESAHA.108.189316
https://doi.org/10.1007/s40256-016-0173-4
https://doi.org/10.1007/s40256-016-0173-4
https://doi.org/10.1016/j.jnim.2015.08.002
https://doi.org/10.1016/j.idairyj.2013.05.010
https://doi.org/10.1016/j.idairyj.2013.05.010
https://doi.org/10.1038/s41598-017-17047-0
https://doi.org/10.1038/s41598-017-17047-0
https://doi.org/10.1093/eurheartj/ehz350
https://doi.org/10.1038/s41598-020-73499-x
https://doi.org/10.1038/s41598-020-73499-x
https://doi.org/10.1161/CIRCGEN.118.002157/-/DC1
https://doi.org/10.1161/CIRCGEN.118.002157/-/DC1
https://doi.org/10.1016/j.atherosclerosis.2011.03.028
https://doi.org/10.1016/j.tcm.2008.02.001
https://doi.org/10.1016/j.appet.2012.08.005
https://doi.org/10.1016/j.appet.2012.08.005
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1093/cvr/cvs333
https://doi.org/10.3945/jn.111.153619
https://doi.org/10.1161/01.HYP.0000090360.78539.CD
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://doi.org/10.1097/MD.0000000000002160
https://doi.org/10.1016/j.biotechadv.2015.07.002
https://doi.org/10.1016/j.biotechadv.2015.07.002
https://doi.org/10.1007/s10787-006-1558-9
https://doi.org/10.1007/s10787-006-1558-9
https://doi.org/10.1371/journal.pone.0099598
https://doi.org/10.1007/s00726-014-1904-y


26  |      PRICE et al.

Yoon, M.S. (2017) The role of mammalian target of rapamycin 
(mTOR) in insulin signalling. Nutrients, 9, 1176–1193. https://
doi.org/10.3390/nu911​1176

Yu, X. & Long, Y.C. (2016) Crosstalk between cystine and glutathi-
one is critical for the regulation of amino acid signalling path-
ways and ferroptosis. Scientific Reports, 6, 1–11. https://doi.
org/10.1038/srep3​0033

Zhubi-Bakija, F., Bajraktari, G., Bytyçi, I., Mikhailidis, D.P., Henein, 
M.Y., Latkovskis, G. et al. (2021) The impact of type of dietary 
protein, animal versus vegetable, in modifying cardiometa-
bolic risk factors: a position paper from the International Lipid 
Expert Panel (ILEP). Clinical Nutrition, 40, 255–276. https://doi.
org/10.1016/j.clnu.2020.05.017

How to cite this article: Price, D., Jackson, K.G., 
Lovegrove, J.A. & Givens, D.I. (2022) The effects 
of whey proteins, their peptides and amino acids 
on vascular function. Nutrition Bulletin, 47, 9–26. 
Available from: https://doi.org/10.1111/nbu.12543

https://doi.org/10.3390/nu9111176
https://doi.org/10.3390/nu9111176
https://doi.org/10.1038/srep30033
https://doi.org/10.1038/srep30033
https://doi.org/10.1016/j.clnu.2020.05.017
https://doi.org/10.1016/j.clnu.2020.05.017
https://doi.org/10.1111/nbu.12543

