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ABSTRACT Greater than one-third of adults in the United States have metabolic syndrome (MetS), a cluster of risk factors

highly associated with the development of cardiovascular diseases. Premature vascular dysfunction in MetS may lead to accelerated

age-related atherogenesis and arterial stiffening, thereby increasing cardiovascular risk. Montmorency tart cherries (Prunus cerasus

L.) are rich in bioactive compounds, such as anthocyanins, known to exert cardiovascular protective effects. Previous research

suggests that tart cherry juice consumption may improve cardiovascular health. The objective of this study was to evaluate the

effects of daily consumption of tart cherry juice on hemodynamics, arterial stiffness, and blood biomarkers of cardiovascular and

metabolic health in men and women with MetS. In a randomized, single-blind, placebo-controlled, parallel-arm pilot clinical trial,

19 men and women 20 to 60 years of age with MetS consumed 240 mL of tart cherry juice (Tart Cherry; n = 5 males, 4 females) or

an isocaloric placebo-control drink (Control; n = 5 males, 5 females) twice daily for 12 weeks. Arterial stiffness (pulse wave

velocity), brachial and aortic blood pressures, wave reflection (augmentation index), and blood biomarkers of cardiovascular and

metabolic health were assessed at baseline and 6 and 12 weeks. Oxidized low-density lipoprotein and soluble vascular cell adhesion

molecule-1 were significantly lower (P = .047 and P = .036, respectively) in Tart Cherry than Control at 12 weeks, but were not

significantly lower than baseline values. There was a trend for total cholesterol to be lower (P = .08) in Tart Cherry than Control at 12

weeks. No significant changes were observed in hemodynamics, arterial stiffness, or other blood biomarkers assessed. These results

suggest that daily tart cherry consumption may attenuate processes involved in accelerated atherogenesis without affecting he-

modynamics or arterial stiffness parameters in this population. The pilot nature of this study warrants interpreting these findings with

caution, and future clinical trials with a larger sample size are needed to confirm these findings.
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INTRODUCTION

Metabolic syndrome (MetS) is characterized by ab-
dominal obesity, elevated blood pressure, dyslipide-

mia, and hyperglycemia, as well as a proinflammatory and
prothrombotic state.1 It has been estimated that *35% of all
adults and 50% of adults 60 years of age or older in the
United States (U.S.) have MetS.2 MetS is highly associated
with the development of chronic diseases including
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cardiovascular disease (CVD), the leading cause of death in
the U.S. and worldwide, and type 2 diabetes mellitus, which
further increases CVD risk.1 In fact, premature vascular
dysfunction in MetS may lead to atherosclerosis and arterial
stiffness, thereby further increasing CVD risk.3–6 These
processes are caused, in large part, by oxidative stress and
inflammation in the vasculature.7–10

Numerous treatment options for MetS exist, but lifestyle
modifications are the recommended initial approach.1

Medications are often prescribed, but can lead to undesir-
able side effects.11 Thus, effective lifestyle strategies that
can improve and/or preserve cardiovascular health in this
high-risk population are needed.

Montmorency tart cherries (Prunus cerasus L.) contain
polyphenols that have been implicated as cardiovascular pro-
tective, in part, due to the antioxidant and anti-inflammatory
effects of these compounds and their metabolites in vivo.12,13

Specifically, they are a rich source of anthocyanins, including
cyanidin 3-glucosylrutinoside, cyanidin 3-rutinoside, cyanidin
sophoroside, and peonidin 3-glucoside, as well as flavonols,
including isorhamnetin rutinoside, kaempferol, and quercetin,
and flavonols, including catechin, epicatechin, and procyani-
dins B1 and B2.14,15 There is preclinical evidence that tart
cherry consumption improves several parameters associated
with MetS and its clinical sequelae, including hyperlipidemia,
insulin resistance, inflammation, hepatic steatosis, and ab-
dominal adiposity.16,17

The results of previous clinical studies are promising, but not
consistent. For instance, recent clinical research has demon-
strated that tart cherry juice consumption lowers blood pressure
and blood biomarkers of inflammation and oxidative stress in
older adults,18,19 while another study showed improvements in
biomarkers of inflammation individuals with overweight and
obesity.20 Another clinical trial21 demonstrated that acute
consumption of a tart cherry juice concentrate improved
systolic blood pressure 2 h postconsumption in men with
early hypertension, and improvements were associated with
circulating polyphenol metabolites. However, a previous
clinical trial22 demonstrated no effect of 6 weeks of tart
cherry juice concentrate consumption on arterial stiffness,
blood pressure, or blood biomarkers of lipid metabolism or
inflammation in healthy men and women, although they did
observe an improvement in antioxidant status. Nonetheless,
the subjects in that study were relatively young and healthy,
which could be a major reason for their observations.

While the effects of tart cherry juice are of interest for the
reduction of CVD risk, the effects of chronic consumption of
tart cherry juice on cardiovascular health in humans with MetS
remain unknown. The objective of this study was to evaluate
the effects of daily consumption of tart cherry juice on hemo-
dynamics, arterial stiffness, and blood biomarkers of cardio-
vascular and metabolic health in men and women with MetS.

MATERIALS AND METHODS

Participants

Men and women with MetS were recruited from greater
Tallahassee, FL area, through campus and community ad-

vertisements. Participants were included if they were be-
tween the ages of 20 and 40 and had three or more of the
MetS diagnostic criteria according to the American Heart
Association and the National Heart, Lung, and Blood In-
stitute: elevated waist circumference (‡102 cm [40 in] in
men and 88 cm [35 in] in women), elevated triglycerides
(TG; ‡150 mg/dL), reduced high-density lipoprotein-
cholesterol (HDL-C; £40 mg/dL in men and 50 mg/dL in
women), elevated blood pressure (systolic blood pressure
‡130 mm Hg and/or diastolic blood pressure ‡85 mm Hg),
and elevated fasting blood glucose (‡100 mg/dL).1 Exclusion
criteria included diagnosed CVD, uncontrolled hypertension
(>160/100 mmHg), hormone replacement therapy or insulin
use, active cancer, asthma, glaucoma, thyroid, kidney, liver,
and pancreatic disease, heavy smoking (>20 cigarettes/day;
however, no smokers were enrolled in this trial per chance),
and heavy drinking (>7 alcoholic drinks/week for women
and >14 alcoholic drinks/week for men).

After an initial prescreening over the telephone, qualified
participants were invited to the study site for a screening
visit, during which they provided written informed consent,
and inclusion and exclusion criteria were confirmed. An-
thropometric measurements (height, weight, and waist and
hip circumferences) were performed by trained research
associates. Measurements of brachial blood pressure were
taken in duplicate 5 min apart after 10 min of seated rest
using an automatic device (Omron Healthcare, Inc., Ban-
nockburn, IL). A finger stick blood draw was performed to
assess blood glucose and lipid profiles (Alere Cholestech
LDX� Analyzer). A health history was obtained from par-
ticipants by a Registered Dietitian Nutritionist for screening
purposes.

Recruitment began in April 2014 and continued until
October 2016 when the last participant finished the study. In
July 2015, due to low enrollment, the inclusion criteria were
revised to allow individuals between the ages of 40 and 60 to
participate in the study. Final ages included ranged from 20
to 60 years. The Florida State University Institutional Re-
view Board approved the study protocol and all participants
provided written informed consent. This trial was registered
at clinicaltrials.gov as NCT02154100.

Study design and dietary intervention

We performed a 12-week, randomized, single-blind,
placebo-controlled, parallel-arm pilot clinical trial. Using a
statistician pregenerated randomization list, the study co-
ordinator randomly assigned qualified participants to one of
two treatment groups: (1) 480 mL tart cherry juice (Tart
Cherry) or (2) 480 mL calorie-matched placebo-control
drink (Control) daily for 12 weeks. Participants were asked
to consume 240 mL in the morning and 240 mL in the
evening at least 6–8 h apart.

The tart cherry juice consisted of Montmorency tart
cherry juice and concentrate (Indian Summer, Inc., Traverse
City, MI). The placebo-control drink consisted of water,
sugar, malic acid, sodium citrate, natural and artificial fla-
vors, silica, FD&C Red #40, and FD&C Blue #1 (Flavor
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Dynamics, Inc., South Plainfield, NJ). Nutritional and phe-
nolic compositions of the Tart Cherry Juice and Control
Drink are provided in Table 1. To monitor treatment com-
pliance, participants were given daily treatment logs and
were asked to record the days and times of treatment con-
sumption, as well as to document any missed treatments and
reasons for missing treatment doses. In addition, they were
asked to return any unused treatments. Compliance was
defined as missing £2 doses per week. Participants agreed to
maintain their normal diet and physical activity patterns
throughout the duration of the study.

Anthropometric and fat mass assessments

Height without shoes was measured using a wall-mounted
stadiometer to the nearest 0.5 cm and weight was assessed
using a digital scale (Seca Corporation, Hanover, MD) to the
nearest 0.1 kg. Body mass index (BMI) was calculated as
kg/m2. Mid-abdominal waist (measured according to the
American Heart Association1) and hip circumferences were
measured using a Gulick fiber glass measuring tape with a
tension handle (Creative Health Products, Inc., Ann Arbor,
MI) to the nearest 0.1 cm. Height was measured at baseline,
and body weight and waist and hip circumferences were
measured at baseline and 6- and 12-week visits. Waist-to-
hip ratio was calculated as waist circumference divided by
hip circumference. Body composition, including fat mass,
android fat, gynoid fat, and android/gynoid ratio, was as-
sessed at baseline and 6- and 12-week visits using dual-
energy x-ray absorptiometry (DXA; GE Healthcare Lunar,
Madison, WI).

Hemodynamics and arterial stiffness

Cardiovascular measurements were performed at baseline
and 6 and 12 weeks after 10 min of supine rest, in a quiet,
temperature-controlled room (23�C – 1�C) after an over-
night fast and avoidance of alcohol and caffeine for at least
24 h. Carotid-femoral pulse wave velocity (cfPWV),
brachial-ankle pulse wave velocity (baPWV), and femoral-
ankle pulse wave velocity (faPWV), all measures of arterial
stiffness, were measured using an automatic device (VP-
2000; Omron Healthcare, Vernon Hills, IL).

Appropriate-size blood pressure cuffs were wrapped
around both arms (brachial artery) and ankles (posterior
tibial artery). Electrocardiogram electrodes were placed on
the forearms, and a heart sound microphone was placed on
the chest. Participants rested for at least 20 min before data
collection. Transit time was automatically determined from
the time delay between the feet of the pulse waves related to
the R-wave of the electrocardiogram. The distance from the
carotid to femoral artery was measured with a nonelastic
tape measure as a straight line, while the distance from the
brachial to tibial arteries, and femoral to tibial arteries, was
calculated automatically according to the participant’s
height. Pulse wave velocity was calculated as distance di-
vided by transit time.23 Two measurements were collected
and averaged at each time point. Heart rate was determined
from the electrocardiogram.

Aortic blood pressure and augmentation index (AIx) were
assessed using pulse wave analysis (SphygmoCor; AtCor
Medical Pty Ltd., Australia). Blood pressure waveforms
were obtained from the right radial using applanation to-
nometry with a high-fidelity micromanometer (Millar SPT-
301; Millar Instruments, Inc., Houston, TX), and a validated
transfer function to generate the corresponding aortic blood
pressure and AIx.24 The average of 10 successive waves
accepted by the internal quality checks of the software was
used for each measurement. Two measurements were col-
lected at each time point and averaged. This technique has
been validated and has good repeatability.25–27

Blood collection and biomarker analysis

At baseline and 6- and 12-week visits, fasting venous
blood samples were collected in appropriate vacutainers.
Serum and plasma were separated through centrifugation
using an IEC CL31R multispeed centrifuge (Thermo Elec-
tron Corporation, Waltham, MA), aliquoted, and stored at
-80�C until analysis.

Plasma samples were analyzed for total cholesterol (TC),
HDL-C, low-density lipoprotein-cholesterol (LDL-C), TG,
and glucose concentrations, and serum samples were ana-
lyzed for total antioxidant status using a AU480 Automated
Chemistry Analyzer (Beckman Coulter, Brea, CA) at the
University of Colorado-Denver (UC-Denver) Colorado
Clinical and Translational Sciences Institute (CCTSI, Den-
ver, CO). Plasma insulin and serum adiponectin and leptin
concentrations were measured using radioimmunoassay
(Millipore) at the UC-Denver CCTSI (Denver, CO). Serum
intercellular adhesion molecule 1 (ICAM-1) and vascular

Table 1. Nutritional and Phenolic Composition

of the Tart Cherry Juice and Placebo-Control Drinks

Nutrients and phenolics
(per 240 mL)

Tart cherry
juicea

Control
drinkb

Calories 140 (kcal) 140 (kcal)
Total carbohydrate 34 (g) 35 (g)
Protein 1 (g) 0 (g)
Sodium 25 (mg) 4 (mg)
Potassium 360 (mg) 1 (mg)
Total phenolics

(gallic acid equivalents)
1070 (mg) —

Total anthocyanins
(cyanidin-3-glucoside equivalents)

88 (mg) —

Anthocyanin species
Cyanidin sophoroside 1.21 (mg) —
Cyanidin glucosylrutinoside 0.48 (mg) —
Cyanidin-glucoside 1.38 (mg) —
Cyanidin xylosylrutinoside 0.52 (mg) —
Cyanidin rutinoside 33.34 (mg) —
Peonidin rutinoside 3.23 (mg) —

aNutritional information obtained from Indian Summer, Inc., (Traverse City,

MI) and phenolic data provided by Ara Kirakosyan at the University of

Michigan. Phenolics were measured using liquid chromatography-mass

spectrometry using a TSQ Quantum Ultra AM triple quadrupole mass

spectrometer (Thermo-Finnigan, San Jose, CA).
bNutritional information provided by Flavor Dynamics, Inc., (South

Plainfield, NJ).
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cell adhesion molecule-1 (VCAM-1) concentrations were
measured using commercially available enzyme-linked im-
munosorbent assay kits according to the manufacturers’ in-
structions (R&D Systems).

The Homeostatic Model Assessment (HOMA) of insulin
resistance (HOMA-IR) and pancreatic b-cell function
(HOMA-%B) were calculated using the HOMA2 Calculator
v2.2.3 based on fasting insulin and glucose measurements.28

Dietary assessment

A 3-day food record was obtained at baseline and 12-
week time points. Analysis of the records was performed
using food analysis software (Food Processor version 7.50;
ESHA Research, Salem, OR).

Statistical analysis

Statistical analysis was performed using SAS Version 9.3
(SAS Institute, Cary, NC). Baseline values were compared
using two-sample t-tests. The main and interaction effects of
the treatments and time on outcome variables were evalu-
ated. A split-plot model of repeated measures ANOVA was
used for statistical analysis both within and between treat-
ment groups. The mean changes in outcome variables dur-

ing the intervention periods were compared by analyzing
interaction effects of treatment and time, using the SLICE
option in a least square means statement. Values are re-
ported as least square means – SEM. In all statistical com-
parisons, differences with P < .05 are considered significant,
and differences with P < .1 are considered trending toward
statistical significance.

RESULTS

Participant characteristics

A flowchart of the study enrollment is presented in
Figure 1. A total of 26 men and women who met the in-
clusion and exclusion criteria were randomly assigned to
receive either 480 mL of tart cherry juice (n = 13) or 480 mL
of a control drink (n = 13) daily for 12 weeks. The overall
attrition rate for the 12-week intervention study was *27%
(31% for the Tart Cherry group and 23% for the Control
group). Common reasons for not finishing the study in-
cluded failure to contact subject, claims of medical and
health-related issues such as gastrointestinal complaints, and
personal reasons such as lack of time. The 19 participants
who completed the study were compliant with their treat-
ments as indicated in their daily dosing diaries.

FIG. 1. Consolidated Standards of Reporting
Trials (CONSORT) diagram of participant flow
throughout the study.
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Baseline characteristic data for participants who com-
pleted the study are presented in Table 2. Age was signifi-
cantly (P < .05) different between groups. There were no
statistically significant difference between groups for other
baseline characteristics including height, weight, BMI, and
waist and hip circumferences.

Hemodynamics and arterial stiffness

Hemodynamic and arterial stiffness results are presented
in Table 3. No significant time or time-by-treatment inter-
action effects were observed.

Blood biomarkers

Blood biomarker results are presented in Figure 2 and
Table 4. The Tart Cherry group had significantly lower oxi-
dized LDL (7.0 – 1.0 U/L, time-by-treatment P = .047) and
VCAM-1 (591 – 46 ng/mL, time-by-treatment P = .036) levels
than the Control group (10.0 – 1.4 U/L and 727 – 43 ng/mL,
respectively) at 12 weeks. TC tended (time-by-treatment
P = .08) to be lower in Tart Cherry (166 – 10 mg/dL) than
Control (191 – 9 mg/dL) at 12 weeks. HOMA-%B was sig-
nificantly higher in Tart Cherry at 6 (149.8 – 15.5, time-by-
treatment P = .002) and 12 (126.6 – 11.9, time-by-treatment
P = .035) weeks than Control (92.1 – 13.4 and 88.4 – 13.1,
respectively), and when compared to baseline within the Tart
Cherry group (100.4 – 8.9, time P < .05). No significant dif-
ferences were observed for the remaining parameters.

Anthropometrics and fat mass

The mean body weights, BMI, waist and hip circumfer-
ences, and body composition assessments at baseline and 6
and 12 weeks are presented in Table 5. At 6 weeks, there
was a significant time-by-treatment interaction for waist-to-
hip ratio (0.81 – 0.10 in Tart Cherry vs. 0.95 – 0.03 in
Control, time-by-treatment P = .03). No significant time or

Table 2. Baseline Characteristics of Study Participants

Who Completed the 12-Week Intervention

Tart Cherry (n = 9) Control (n = 10)

Male:female (n) 5:4 5:5
Age (years) 29.3 – 1.1* 44.2 – 4.1
Height (cm) 172.6 – 2.5 171.6 – 3.3
Weight (kg) 102.7 – 6.3 98.1 – 5.9
BMI (kg/m2) 34.3 – 1.9 33.5 – 1.8
WC (cm) 107.4 – 3.9 108.8 – 3.7
SBP (mmHg) 124 – 4 128 – 4
DBP (mmHg) 77 – 3 78 – 4
Glucose (mg/dL) 92.9 – 15.4 117.0 – 14.7
TG (mg/dL) 172.6 – 28.9 129.1 – 27.4
HDL-C (mg/dL) 44.3 – 2.1 46.6 – 2.0

Data are mean – SEM.

*Significantly different from Control.

BMI, body mass index; DBP, diastolic blood pressure; HDL-C, high-density

lipoprotein-cholesterol; SBP, systolic blood pressure; TG, triglycerides; WC,

waist circumference.

Table 3. Hemodynamics and Arterial Stiffness

at Baseline and 6 and 12 Weeks After Daily Tart

Cherry Juice and Control Drink Consumption

Tart Cherry
(n = 9)

Control
(n = 10)

Time-by-treatment,
P-value

P-SBP (mmHg)
Baseline 124 – 4 128 – 4 .37
6 Weeks 125 – 4 127 – 2 .81
12 Weeks 122 – 3 124 – 2 .67

P-DBP (mmHg)
Baseline 77 – 3 78 – 4 .86
6 Weeks 76 – 3 81 – 3 .43
12 Weeks 80 – 5 80 – 3 .71

P-MAP (mmHg)
Baseline 94 – 4 96 – 4 .60
6 Weeks 93 – 3 98 – 3 .32
12 Weeks 93 – 3 97 – 3 .55

HR (beats/min)
Baseline 63 – 3 65 – 3 .74
6 Weeks 60 – 2 65 – 2 .21
12 Weeks 60 – 3 68 – 2 .05

C-AP (mmHg)
Baseline 7 – 1 10 – 2 .25
6 Weeks 8 – 1 10 – 1 .36
12 Weeks 8 – 1 8 – 2 .91

C-SBP (mmHg)
Baseline 113 – 4 118 – 5 .39
6 Weeks 113 – 4 118 – 3 .47
12 Weeks 112 – 3 116 – 4 .69

C-DBP (mmHg)
Baseline 78 – 3 79 – 4 .82
6 Weeks 77 – 3 82 – 3 .34
12 Weeks 77 – 3 81 – 3 .63

C-MAP (mmHg)
Baseline 94 – 4 96 – 4 .60
6 Weeks 93 – 3 98 – 3 .32
12 Weeks 93 – 3 97 – 3 .55

AIx (%)
Baseline 20 – 2 24 – 4 .41
6 Weeks 21 – 2 27 – 3 .19
12 Weeks 22 – 2 22 – 4 .77

AIx@75 (%)
Baseline 15 – 3 19 – 4 .40
6 Weeks 14 – 3 22 – 3 .08
12 Weeks 15 – 2 19 – 4 .57

cfPWV (cm/s)
Baseline 1022 – 57 1102 – 96 .41
6 Weeks 1044 – 68 1179 – 77 .17
12 Weeks 991 – 47 1127 – 65 .19

baPWV (cm/s)
Baseline 1279 – 41 1290 – 56 .90
6 Weeks 1280 – 59 1321 – 52 .63
12 Weeks 1244 – 69 1345 – 64 .23

faPWV (cm/s)
Baseline 997 – 29 933 – 40 .50
6 Weeks 962 – 32 963 – 32 .98
12 Weeks 954 – 39 962 – 36 .87

Data are mean – SEM.

AIx, augmentation index; AIx@75, augmentation index normalized at heart

rate of 75 beats per minute; baPWV, brachial-ankle pulse wave velocity; C-AP,

central arterial pressure; C-DBP, central diastolic blood pressure; cfPWV,

carotid-femoral pulse wave velocity; C-MAP, central mean arterial pressure;

C-SBP, central systolic blood pressure; faPWV, femoral-ankle pulse wave

velocity; HR, heart rate; P-DBP, peripheral diastolic blood pressure; P-MAP,

peripheral mean arterial pressure; P-SBP, peripheral systolic blood pressure.
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time-by-treatment interaction effect for the other parameters
or time points was observed.

Dietary assessment

Energy and macronutrient intake did not change from
baseline to 12 weeks in either the Tart Cherry or Control
groups, and there were no significant difference between
groups at baseline or 12-week time points (data not shown).

DISCUSSION

The purpose of this study was to investigate the effects of
tart cherry juice consumption on hemodynamics, arterial
stiffness, and blood biomarkers of cardiovascular and meta-
bolic health in men and women with MetS. We found that
consuming two cups of tart cherry juice per day for 12 weeks
reduced oxidized LDL and VCAM-1, two cardiometabolic
biomarkers involved in atherosclerosis, in men and women
with MetS. Other blood biomarkers, hemodynamics, and ar-
terial stiffness parameters were unaltered by the treatments.

Although advancing age is the primary risk factor for
developing CVD, MetS can accelerate this process, in large
part, due to vascular dysfunction. This includes vascular
endothelial dysfunction and arterial stiffness, which are
largely driven by oxidative stress and inflammation in the
vasculature.7,8 These processes not only impair blood flow
and lead to increases in systolic blood pressure but also
promote the formation of atherosclerotic plaque within the
arterial intima. When activated by stimuli such as high
LDL-C levels and reactive oxygen species, circulating im-
mune cells produce proinflammatory cytokines that interact
with and provoke inflammation in endothelial cells. En-
dothelial cell inflammation, in turn, promotes oxidative

stress and atherogenesis. Indeed, activated endothelial cells
express adhesion molecules, such as VCAM-1 and ICAM-1,
which promote the recruitment and adhesion of monocytes
to the endothelium and subsequently to the arterial intima
where they differentiate into macrophages, take up oxidized
LDL, and subsequently form foam cells. Foam cell forma-
tion promotes the development of atherosclerotic plaque.9,29

As such, our findings that oxidized LDL and VCAM-1
levels (with a trend for cholesterol levels to be lower in the
Tart Cherry group vs. Control) were lower following 12
weeks of tart cherry juice consumption compared to a
control drink are promising with respect to reducing the risk
of atherosclerosis in this population (Fig. 2). Nonetheless,
although there were significant time-by-treatment interac-
tions such that oxidized LDL and VCAM-1 were signifi-
cantly lower than Control and a trend for cholesterol levels
to be lower in the Tart Cherry group than Control, these
values were not statistically lower than baseline at 12 weeks
and thus should be interpreted with caution.

Limited clinical research has examined the impact of
chronic tart cherry juice consumption on parameters impli-
cated in atherosclerosis. Our findings that tart cherry juice
consumption significantly reduced oxidized LDL levels are
supported by those of Chai et al.19 who observed a border-
line significant reduction in oxidized LDL in older adults
following 12 weeks of consuming two cups per day of tart
cherry juice. They also observed a significant difference
between groups for TC (19.11 mg/dL difference), while we
observed a trend for a significant difference between groups
(25 mg/dL difference, Fig. 2). Chai et al.19 also observed
significant reductions in other biomarkers of oxidative stress
and inflammation, including C-reactive protein (CRP) and
malondialdehyde. Martin et al.20 observed significant

FIG. 2. (A) Total cholesterol,
(B) oxidized low-density lipoprotein
(oxLDL), (C) vascular cell adhesion
molecule-1, and (D) intercellular ad-
hesion molecule-1 responses following
6 and 12 weeks of consuming 480 mL
tart cherry juice or placebo in adults
with metabolic syndrome. Data are
presented as mean – SEM. *P < 0.05,
**P < 0.1.
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improvements in blood biomarkers of inflammation (i.e.,
erythrocyte sedimentation rate, monocyte chemoattractant
protein-1, and tumor necrosis factor-alpha) following 4
weeks of consuming one cup per day of tart cherry juice in
adults with overweight and obesity, although they did not

observe reductions in CRP. Conversely, a recent study by
Lear et al.30 found that consumption of 30 mL tart cherry
juice concentrate twice daily for 4 weeks did not alter
the proinflammatory biomarkers interleukin-6 or CRP in a
middle-aged population. Lipid profiles, oxidized LDL, and
adhesion molecules were not assessed in that study. The
aforementioned proinflammatory and oxidative stress bio-
markers were not assessed in this study; however, we did
observe lower levels of the VCAM-1 following tart cherry
juice consumption compared to control (Fig. 2). VCAM-1 is
an adhesion molecule induced by proinflammatory cyto-
kines and thus is suggestive of reduced inflammation.
Although these studies have discrepant study designs, pop-
ulations, and outcome measures, the findings suggest that
daily consumption of tart cherry juice may modulate lipid
metabolism, inflammation, and oxidative stress in humans,
thereby reducing the risk of atherosclerosis.

Table 4. Blood Biomarkers of Cardiovascular

and Metabolic Health at Baseline and 6 and 12 Weeks

After Daily Tart Cherry Juice and Control

Drink Consumption

Tart cherry
(n = 9)

Control
(n = 10)

Time-by-treatment,
P-value

TG (mg/dL)
Baseline 173 – 29 129 – 27 .29
6 Weeks 148 – 29 137 – 27 .80
12 Weeks 162 – 29 128 – 27 .40

HDL-C (mg/dL)
Baseline 44 – 2 47 – 2 .45
6 Weeks 41 – 2 45 – 2 .21
12 Weeks 41 – 2 44 – 2 .31

LDL-C (mg/dL)
Baseline 104 – 9 121 – 8 .16
6 Weeks 97 – 9 116 – 8 .12
12 Weeks 88 – 9 106 – 8 .14

TAS (mg/dL)
Baseline 1.44 – 0.06 1.49 – 0.06 .59
6 Weeks 1.43 – 0.06 1.54 – 0.06 .25
12 Weeks 1.52 – 0.06 1.51 – 0.06 .94

Leptin (ng/mL)
Baseline 41.2 – 7.7 44.3 – 6.9 .76
6 Weeks 44.0 – 7.7 44.7 – 6.9 .95
12 Weeks 42.4 – 7.7 44.5 – 6.9 .84

Adiponectin (lg/mL)
Baseline 5.2 – 0.8 5.9 – 0.7 .52
6 Weeks 5.8 – 0.8 5.5 – 0.7 .79
12 Weeks 5.9 – 0.8 6.0 – 0.7 .87

Glucose (mg/dL)
Baseline 93 – 15 117 – 15 .27
6 Weeks 91 – 15 120 – 15 .18
12 Weeks 91 – 15 121 – 15 .17

Insulin (pmol/L)
Baseline 74.8 – 14.8 70.1 – 14.0 .82
6 Weeks 114.2 – 14.8 84.0 – 14.0 .15
12 Weeks 84.9 – 14.8 72.2 – 14.0 .54

HOMA-%B
Baseline 100.4 – 8.9 87.8 – 11.2 .48
6 Weeks 149.8 – 15.5* 92.1 – 13.4 .002
12 Weeks 126.6 – 11.9* 88.4 – 13.1 .035

HOMA-%S
Baseline 102.2 – 16.0 96.6 – 15.2 .80
6 Weeks 67.1 – 16.0 88.0 – 15.2 .35
12 Weeks 72.2 – 16.0 94.5 – 15.2 .32

HOMA-IR
Baseline 1.2 – 0.3 1.4 – 0.3 .72
6 Weeks 2.1 – 0.3 1.6 – 0.3 .21
12 Weeks 1.6 – 0.3 1.4 – 0.3 .65

Data are mean – SEM.

*Statistical significance compared to baseline.

HOMA-%B, homeostatic model assessment of beta cell function; HOMA-

%S, homeostatic model assessment of insulin sensitivity; HOMA-IR, homeo-

static model assessment of insulin resistance; LDL-C, low-density lipoprotein-

cholesterol; TAS, total antioxidant status.

Table 5. Anthropometric and Dual-Energy X-ray

Absorptiometry Derived Fat Mass Measurements

at Baseline and 6 and 12 Weeks After Daily Tart Cherry

Juice and Control Drink Consumption

Tart cherry
(n = 9)

Control
(n = 10)

Time-by-treatment,
P-value

Weight (kg)
Baseline 102.7 – 6.3 98.1 – 5.9 .61
6 Weeks 104.2 – 6.3 97.6 – 5.9 .46
12 Weeks 103.9 – 6.3 98.9 – 5.9 .57

BMI (kg/m2)
Baseline 34.3 – 1.9 33.5 – 1.8 .76
6 Weeks 34.8 – 1.9 33.3 – 1.8 .58
12 Weeks 34.7 – 1.8 33.7 – 1.8 .72

WC (cm)
Baseline 107.4 – 3.9 108.8 – 3.7 .80
6 Weeks 107.1 – 3.9 109.0 – 3.7 .73
12 Weeks 109.2 – 3.9 110.6 – 3.7 .80

HC (cm)
Baseline 121.0 – 4.5 115.0 – 4.3 .35
6 Weeks 119.2 – 4.5 115.0 – 4.3 .50
12 Weeks 119.0 – 4.5 115.2 – 4.3 .54

WC:HC
Baseline 0.89 – 0.03 0.95 – 0.03 .38
6 Weeks 0.81 – 0.10 0.95 – 0.03 .03
12 Weeks 0.92 – 0.02 0.96 – 0.02 .48

Android fat mass
Baseline 4538.6 – 442.6 4416.4 – 419.8 .84
6 Weeks 4569.8 – 442.6 4354.68 – 419.8 .73
12 Weeks 4549.5 – 442.6 4265.8 – 419.8 .65

Gynoid fat mass
Baseline 6882.9 – 876.7 6386.6 – 831.7 .69
6 Weeks 6887.9 – 876.7 6375.3 – 831.7 .68
12 Weeks 6863.8 – 876.7 5839.9 – 831.7 .41

Total fat mass
Baseline 43,305 – 4385 41,806 – 4159 .81
6 Weeks 42,946 – 4385 41,330 – 4159 .79
12 Weeks 43,054 – 4385 39,508 – 4159 .56

Data are mean – SEM.

HC, hip circumference; WC, waist circumference.
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We did not observe any improvement in hemodynamic or
arterial stiffness parameters in this study (Table 2). With
respect to arterial stiffness and vascular function in general,
our findings are supported by previous observations that tart
cherry juice consumption did not improve measures of ar-
terial stiffness.21,22 Contrary to our findings, others have
demonstrated improvements in blood pressure following
acute and chronic tart cherry juice consumption in older
adults with elevated blood pressure or hypertension.18,21

This discrepancy may be due to not everyone having ele-
vated systolic blood pressure (n = 3 out of 19) or hyperten-
sion (n = 9 out of 19) at baseline in our study. Although our
study population had MetS, participants in the intervention
group were relatively young and MetS characteristics were
not required to be the same among all individuals included.

The previous research that observed acute reductions in
blood pressure was performed in young and middle-aged adults
with elevated blood pressure or stage 1-hypertension.21,31

Although Chai et al.18 reported a significant impact of 12
weeks of tart cherry juice consumption on systolic blood
pressure, there was no significant decrease in systolic blood
pressure from baseline in the intervention group. Therefore,
the significant time-by-treatment interaction may indicate
that the change in systolic blood pressure was influenced by
the greater value at baseline. Thus, it is possible that tart
cherry juice consumption is more effective at improving
blood pressure and vascular function in populations with
greater impairments at baseline.

It is also possible that the polyphenols in tart cherry juice
absorbed in the acute setting, that is, those absorbed in the
small intestine vs. colonic metabolites, may be responsible
for acute modulation of hemodynamics and vascular func-
tion. In fact, Keane et al.21 noted that acute improvements in
blood pressure were closely associated with increases in
circulating protocatechuic acid and vanillic acid at 1–2 h.
Similarly, blueberries are also rich in polyphenols such as
anthocyanins and phenolic acids, and acute modulation of
vascular endothelial function assessed as flow-mediated
dilation has been correlated with circulating phenolic acids
absorbed in the small intestine.32–34 Nonetheless, chronic
blueberry consumption has been shown to modulate blood
pressure, arterial stiffness, and vascular endothelial func-
tion.33,35,36 However, those studies used a whole food
freeze-dried blueberry powder, whereas the tart cherry in-
terventions were provided in the form of juice, which is
devoid of dietary fiber. Whether or not use of a whole food
tart cherry intervention would exert differential effects on
hemodynamic and vascular function parameters following
chronic consumption remains unknown, but is worth ex-
ploration. In addition, previous research has not explored the
impact of tart cherry juice consumption on vascular endo-
thelial function, with the exception of the study by Keane
et al.21 who assessed microvascular reactivity in response to
skin perfusion. The acute and chronic effects of tart cherry
juice consumption on vascular endothelial function should
be investigated in future research.

The mechanisms responsible for the observed improve-
ments in parameters associated with atherogenesis cannot be

determined from this study. It is possible that tart cherry
polyphenols and their metabolites inhibit vascular oxidative
stress and inflammation. Total antioxidant status was not
improved by tart cherry juice consumption; however, this
and other nonspecific biomarkers may not reflect what is
occurring at the cellular level in the vascular endothelium.
Importantly, oxidized LDL and VCAM-1 are biomarkers
specific to the vascular tissue.37 Future animal studies are
needed to directly investigate the impact of tart cherry juice
consumption on atherosclerosis, while focusing on deter-
mining mechanisms of action. Also, these findings warrant
further investigation into the impact of tart cherry juice
consumption on factors associated with atherosclerosis in
humans. Specifically, larger sample sizes are needed for
future clinical studies, and inclusion/exclusion criteria
should standardize specific MetS criteria, while ensuring
that groups are age matched.

Study limitations

There are several limitations of this study that should be
acknowledged. First, the inclusion and exclusion criteria were
not designed to standardize which MetS criteria study par-
ticipants needed to have to qualify for the study (i.e., quali-
fication was based on having any three of the five MetS
criteria). Hence, not all individuals met the same criteria.
Thus, it is possible that standardization of which three MetS
criteria participants were required to have to enroll in the trial
may have provided a more homogenous study population.
Second, the age requirement for inclusion and exclusion
criteria (20–40 years) was revised halfway through the study
(to 20–60 years) to increase enrollment. Due to pregenerated
randomization, subjects recruited later in the study were
primarily in the Control group, many of whom were older in
age, thereby leading to a significant difference between
groups for age. It is possible this led to selection bias in this
study, and thus the findings of this study. Specifically, as age
is associated with vascular dysfunction and increased cardi-
ometabolic risk, this could have affected the results of the
study. However, the increase in aortic PWV is significant in
individuals older than 50 years38 and the mean age of the
control group was 44 years. In addition, cardiometabolic
parameters were similar in both groups at baseline, despite
the age difference, suggesting that arterial aging was not
evident in the control group. Nevertheless, the findings of this
study are promising, even in the presence of selection bias.
Although blood glucose levels were numerically higher in the
Control group versus the Tart Cherry group, there were no
significant differences between groups at screening or base-
line for blood glucose levels. It is possible that the Control
group had a higher level of insulin resistance than the Tart
Cherry group; however, because fasting blood glucose levels
provide a snapshot in time rather than average blood glucose
control, and hemoglobin A1c was not assessed in this study,
this cannot be confirmed at this time.

Another remaining question, and limitation of this study,
is which compounds may have contributed to the effects of
tart cherry juice consumption in this study. The tart cherry
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juice used contained higher amounts of sodium and potas-
sium than the placebo, and both minerals are known to affect
cardiovascular health.39 However, the amount of sodium
present in the treatment was small (the equivalent to *1%
of the recommended maximum 2300 mg daily intake of
sodium) and thus is not likely to have a major effect. Be-
cause hemodynamic and vascular parameters were not af-
fected by the tart cherry juice treatment, the potassium
content is also unlikely to have exerted much of an effect on
the outcomes assessed in this study. Finally, as this clinical
trial was designed as a pilot, the sample size was small and
thus, the number of subjects enrolled could be insufficient to
detect significant modulation of some of the biomarkers
examined. Considering the limitations of this study, our
findings should be interpreted with caution. Nonetheless, the
study does have several strengths, including the randomized,
single-blind, placebo-controlled design, the 12-week dura-
tion of treatment, and the population studied. These findings
provide enough information to support future clinical trials.

In conclusion, the results of this study suggest that daily
consumption of tart cherry juice may attenuate processes
involved in atherosclerosis in adults with MetS without
having an effect on hemodynamics or arterial stiffness.
These findings are important to the field of nutrition as they
provide evidence that the addition of a single functional
food to the diet may reduce the risk for atherosclerosis in a
high-risk population. However, the pilot nature of the study,
population, potential selection bias, and strength of the ev-
idence necessitate these findings to be interpreted with
caution. Larger, more rigorous randomized controlled trials
and mechanistic studies are needed.
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