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Abstract

Purpose The purpose of this study was to evaluate acute effects of coffee with a high content of chlorogenic acids and dif-
ferent hydroxyhydroquinone contents on postprandial endothelial dysfunction.

Methods This was a single-blind, randomized, placebo-controlled, crossover-within-subject clinical trial. A total of 37
patients with borderline or stage 1 hypertension were randomized to two study groups. The participants consumed a test
meal with a single intake of the test coffee. Subjects in the Study 1 group were randomized to single intake of coffee with
a high content of chlorogenic acids and low content of hydroxyhydroquinone or coffee with a high content of chlorogenic
acids and a high content of hydroxyhydroquinone with crossover. Subjects in the Study 2 group were randomized to single
intake of coffee with a high content of chlorogenic acids and low content of hydroxyhydroquinone or placebo coffee with
crossover. Endothelial function assessed by flow-mediated vasodilation and plasma concentration of 8-isoprostanes were
measured at baseline and at 1 and 2 h after coffee intake.

Results Compared with baseline values, single intake of coffee with a high content of chlorogenic acids and low content of
hydroxyhydroquinone, but not coffee with a high content of chlorogenic acids and high content of hydroxyhydroquinone or
placebo coffee, significantly improved postprandial flow-mediated vasodilation and decreased circulating 8-isoprostane levels.
Conclusions These findings suggest that a single intake of coffee with a high content of chlorogenic acids and low content
of hydroxyhydroquinone is effective for improving postprandial endothelial dysfunction.

Clinical Trial Registration URL for Clinical Trial: https://upload.umin.ac.jp; Registration Number for Clinical Trial:
UMINO000013283.
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Introduction

Endothelial dysfunction occurs in the early stage of athero-
sclerosis and plays an important role in the development of
atherosclerotic conditions, resulting in cardiovascular com-
plications [1, 2]. Measurements of flow-mediated vasodila-
tion (FMD) as an index of endothelium-dependent vasodila-
tion in the brachial artery have been widely used in clinical
research to evaluate endothelial function [3-6]. Endothelial
dysfunction has been shown to be an independent predictor
of cardiovascular events [7—10]. Postprandial hyperglycemia
is associated with endothelial dysfunction and is a risk fac-
tor for cardiovascular events [11, 12]. Acute hyperglycemia
induces oxidative stress, which is a key trigger of endothelial
dysfunction by reducing nitric oxide (NO) bioavailability
[11, 12]. Therefore, it is important to determine interven-
tions that can restore endothelial function under the condi-
tion of postprandial hyperglycemia.

Coffee is a popular beverage that is consumed worldwide.
Coffee contains an abundance of polyphenols, which is the
major source of dietary antioxidants [13, 14]. Drinking cof-
fee is associated with lower risks of metabolic syndrome,
diabetes, and coronary heart disease [15-19]. However,
there have been conflicting results regarding the association
between coffee drinking and risk of cardiovascular disease
[19-23]. The effect of coffee on endothelial function is also
controversial [24-27]. One possible reason for the different
results of studies is that the contents of chlorogenic acids,
which are the most abundant antioxidants in coffee, may
vary depending on several factors [16]. Coffee has a complex
chemical mixture with hundreds of compounds. Roasting
coffee results in the loss of chlorogenic acids and generation
of hydroxyhydroquinone [28]. A previous study showed that
hydroxyhydroquinone inhibits the chlorogenic acid-induced
restoration of endothelial function in a rat model of hyper-
tension [29]. It has also been shown that hydroxyhydroqui-
none increased the production of reactive oxygen species in
a dose-dependent manner [30]. Some clinical studies have
shown that coffee with a high content of chlorogenic acids
and a low content of hydroxyhydroquinone is effective for
reducing blood pressure [31, 32].

Howeyver, there is no information on the effects of a com-
bination of chlorogenic acids and hydroxyhydroquinone on
endothelial function in humans. Therefore, in this study,
we evaluated acute effects of coffee with a high content of
chlorogenic acids and different contents of hydroxyhydro-
quinone on endothelial function, especially postprandial
endothelial dysfunction, in patients with borderline or stage
1 hypertension.
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Materials and methods
Subjects

Between October 2014 and January 2016, we enrolled 37
patients with borderline or stage 1 hypertension at Hiro-
shima University Hospital. The inclusion criteria were as
follows: (1) patients with borderline or stage 1 hyperten-
sion, (2) 30 years of age or older, (3) non-smoker, and (4)
alcohol intake <20 g/day. The exclusion criteria were as
follows: (1) patients with diabetes mellitus, (2) treatment
with renin angiotensin system inhibitors or statins, and (3)
premenopausal women. It is well known that RAS inhibi-
tors, but not calcium channel blockers, significantly influ-
ence the value of FMD [33]. Therefore, subjects on calcium
channel blockers were not excluded in this study. None
of participants took any medications other than calcium
channel blockers. Borderline hypertension was defined
as systolic blood pressure of 130-139 mmHg or diastolic
blood pressure of 85-89 mmHg. Stage 1 hypertension was
defined as systolic blood pressure of 140-159 mmHg or
diastolic blood pressure of 90-99 mmHg [34]. Diabetes
mellitus was defined according to the American Diabe-
tes Association [35]. Dyslipidemia was defined according
to the third report of the National Cholesterol Education
Program [36]. This study was approved by the ethical com-
mittees of Hiroshima University. All subjects gave written
informed consent for participation in the study.

Study protocol

This was a single-blind, randomized, placebo-controlled,
crossover-within-subject clinical trial. A total of 37 sub-
jects were randomized to Study 1 group or Study 2 group
(Fig. 1). Study 1 group was randomized to single intake of
beverage A (chlorogenic acids: 412 mg, hydroxyhydroqui-
none: 0.11 mg, and caffeine: 69 mg) or beverage B (chlo-
rogenic acids: 373 mg, hydroxyhydroquinone: 0.76 mg,
and caffeine: 75 mg) with crossover. Study 2 group was
randomized to single intake of beverage A or beverage C
(chlorogenic acids: 0 mg, hydroxyhydroquinone: 0.1 mg,
and caffeine: 59 mg) with crossover. Each study was sepa-
rated by a washout period of at least 7 days. The scientific
conduct of the study (design, implementation, analysis
and interpretation of the data) and manuscript prepara-
tion were independent of the sponsor. The subjects were
instructed to avoid alcohol, coffee, and food containing
chlorogenic acids for 24 h before the study, to abstain from
eating for 12 h before the study and to drink only com-
mercially available bottled water for 24 h before the study.
The study began at 8:30 AM. Measurement of FMD was



European Journal of Nutrition (2019) 58:989-996 991
Fig. 1 Flow chart of study
design Enrolled (n=37)
Randomized
Study 1 (n=19) Study 2 (n=18)
Randomized in the Randomized in the
crossover design crossover design
n=10 | n=9 n=9 | n=9
| Beverage A | | Beverage B | | Beverage A | | Beverage C ‘
l >7 days washout l l >7 days washout l
| Beverage B | | Beverage A | | Beverage C | | Beverage A ‘

performed while each subject was in the supine position in
a quiet, dark, air-conditioned room (constant temperature
of 22-25 °C). Venous blood samples were obtained from
the left antecubital vein. The subjects then ingested a test
meal (592 kcal/115 g, carbohydrate:fat:protein =75.0:28.
5:8.0 g, Meal Test C; Saraya Co, Ltd, Osaka, Japan) with a
single intake of a test beverage within 12 min. Blood sam-
ples were collected and FMD was measured at 1 and 2 h
after ingestion. Chlorogenic acids in plasma were meas-
ured by liquid chromatography—tandem mass spectrom-
etry. Plasma 8-isoprostane levels were measured using an
EIA kit (Cayman Chemical Co., Ann Arbor, MI, USA).

Test beverages

Ordinary coffee contains variable amounts of chlorogenic
acids depending on the coffee bean species, brewing condi-
tions, and roasting method. Darker roasts contain a smaller
amount of chlorogenic acids [16]. Hydroxyhydroquinone is
a compound that is generated from the roasting of coffee
beans [28]. Direct measurements of commercially available
brewed coffee showed that less than 200 mg chlorogenic
acids is generally contained in one serving [37]. The bever-
ages were manufactured industrially (Kao Co. Tokyo, Japan)
and were taste- and flavor-matched (coffee-flavored). The
compositions of the test beverages are shown in Table 1.

Beverage A was roasted coffee for which an absorption puri-
fication process was used to remove hydroxyhydroquinone
by active carbon, maintaining a large amount of chlorogenic
acids. Beverage B was ordinary brewed coffee containing
chlorogenic acids and hydroxyhydroquinone. Beverage C
was an artificial placebo beverage prepared by using coffee-
flavored agents.

Measurement of FMD

A high-resolution ultrasonography (UNEXEF18G, UNEX
Co, Nagoya, Japan) was used to evaluate FMD. The pro-
tocol for measurements of FMD have been described in
detail previously [38]. Briefly, the longitudinal image of the
brachial artery was assessed before and after generation of
vascular response to reactive hyperemia by a 5-min period
of forearm occlusion to evaluate FMD. FMD was defined
as the maximal percentage change in vessel diameter from
the baseline value.

Statistical analysis

Results are presented as means + SD for continuous vari-
ables and as percentages for categorical variables. Statisti-
cal significance was set at a level of P <0.05. Comparison
of continuous variables between 2 groups was performed

Table 1 Composition of the

. . Beverage A Beverage B Beverage C
intervention products
Drink volume, g/serving 185 185 185
Chlorogenic acids (9 analogues), mg/serving 412 378 0
Hydroxyhydroquinone, mg/serving 0.11 0.76 0.10
Caffeine, mg/serving 69 75 59
Energy, kcal/serving 9 11 2

Chlorogenic acids (9 analogues) analogues present are the caffeoylquinic acids (3-CQA, 4-CQA, and
5-CQA), feruloylquinic acids (3-CQA, 4-CQA, and 5-CQA), and dicaffeoylquinic acids (3,4-di-CQA,

3,5-di-CQA, and 4,5-di-CQA)
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using the Student’s t test or the Chi-squared test for cat-
egorical data. Changes in FMD and parameters between
before and after drinking test beverages were evaluated
using paired t test. Differences in FMD and parameters
between beverage A and beverage B, and beverage A
and beverage C were evaluated using repeated measures
ANOVA with Tukey’s post hoc test. Relations between
variables were determined by Pearson’s correlation analy-
sis. The data were processed using the software package
Stata version 9 (Stata Co., College Station, Texas, USA).

Results
Clinical characteristics

Baseline characteristics of Study 1 group and Study 2
group are summarized in Table 2. Baseline characteristics
in the two groups were similar. All participants reported
that they adhered to dietary restrictions, which was con-
firmed by low concentrations of plasma chlorogenic acids
at baseline (Table 3). All participants completed the trial.

Table 2 Clinical characteristics of the subjects

Variables Study 1 (n=19) Study 2 (n=18)
Age, year 53+19 56+15
Sex, men/women 14/5 12/6
Body mass index, kg/m? 245+4.1 232+3.1
Systolic blood pressure, mmHg 130+ 11 128 +13
Diastolic blood pressure, mmHg 77 +9 81+8
Heart rate, bpm 65+8 63+9
HbAlc, % 54+03 55+04
Medical history, n (%)

Borderline hypertension 6 (31.6) 3(16.7)

Stage 1 hypertension 13 (68.4) 15 (83.3)

Dyslipidemia 947.4) 7(38.9)

Diabetes mellitus 0(0) 00

Previous coronary heart disease 0 (0) 00

Previous stroke 0(0) 00

Current smoker 0(0) 0 (0)
Medications, n (%)

Calcium-channel blockers 7 (36.7) 9 (50.0)

Renin angiotensin system 0(0) 00

inhibitors

Statins 0 (0) 0 (0)
Medically treated diabetes

Any 0(0) 0(0)

Insulin-dependent 0(0) 0@

Results are presented as mean + SD or number (%)
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Table 3 FMD values at baseline and during follow-up

Study 1 Study 2

Beverage A Beverage B Beverage A Beverage C

Systolic blood pressure, mmHg

Baseline  130+11 131+11 128 +13 130+ 14

1h 13113 128 +11 129+12 132+16

2h 13012 129+13 128+ 16 129+ 16
Chlorogenic acid, ng/mL

Baseline  0.7+2.0 1.1+3.0 1.1+2.7 0.7+2.8

1h 54.0+20.5% 56.5+£22.7* 51.5+22.5% 03x1.3}

2h 50.3+16.0% 55.1+£23.3*% 56.7+21.2*% 03+1.2}
Triglycerides, mg/dL

Baseline  124+63 117 £ 65 121+ 67 111+49

1h 159 +76* 143 +72% 140 + 66* 132 +48%*

2h 181+90* 188 +104*  174+74% 167 + 64*
Glucose, mg/dL

Baseline 95+10 93+6 92+8 92+7

1h 140+ 32%* 139 +32% 124 +23* 130+22%

2h 120 +29* 122 +24% 112 +16* 110+18*
Insulin, pIU/L

Baseline 7+5 6+4 6+4 6+3

1h 55+39% 51+36% 42 +39* 42 +27*

2h 41+28* 45 +46* 26+22% 27+25%
8-Isoprostane, pg/mL

Baseline 75+48 55+23 88+67 73+£57

1h 56+41 59+46 T5+67* 55+23

2h 73+60 69+74 72+59* 64+32
High-sensitivity C-reactive protein, mg/dL

Baseline 0.10+0.17 0.05+0.04 0.07+0.07 0.08+0.17

1h 0.10+0.17 0.05+0.04 0.07+0.07 0.09+0.21

2h 0.10+0.16  0.05+0.04 0.07+0.07 0.11+0.25
FMD, %

Baseline  4.5+4.0 54+438 3.1+3.6 42+3.6

1h 5.4+4.5% 49+4.6 49+2.1% 41+33

2h 6.0+£2.4% 6.4+44 4.6+£34* 3.8+3.7

*P <0.05 vs. baseline
TP <0.05 vs. Beverage A

Effects of beverages on parameters and endothelial
function

Study 1

Absolute changes in parameters after drinking test beverages
are shown in Table 3. There were no significant differences
in baseline and postprandial parameters at each observation
time point between beverage A and beverage B (Table 3).
The concentrations of triglycerides, glucose, insulin, and
chlorogenic acid were significantly increased compared with
baseline values at 1 h and at 2 h after ingestion of bever-
age A and after ingestion of beverage B. Single intake of
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beverage A significantly increased FMD from 4.5 +4.0%
to 5.4+4.5% at 1 h (an increase of 20%, P=0.03) and to
6.0+2.4% at 2 h (an increase of 33%, P=0.04). FMD and
8-isoprostane were not different from baseline values after
drinking beverage B. There were no significant differences
in other postprandial parameters between beverage A and
beverage B (Table 3).

Study 2

There were no significant differences in systolic blood pres-
sure, triglycerides, glucose, insulin, 8-isoprostane, hs-CRP,
and FMD at each observation time point between beverage
A and beverage C (Table 3). The plasma chlorogenic acid
concentrations were significantly higher after ingestion of
beverage A than after ingestion of beverage C (Table 3).
The concentrations of triglycerides, glucose, and insulin
were significantly increased compared with baseline val-
ues at 1 and at 2 h after ingestion of beverage A and after
ingestion of beverage C. Single intake of beverage A sig-
nificantly increased FMD from 3.1+3.6t04.9+2.1% at 1 h
(an increase of 58%, P=0.02) and to 4.6 +3.4% at 2 h (an
increase of 48%, P=0.02) and significantly decreased serum
level of 8-isoprostane from 88 +67 to 75+67 pg/mL at 1 h
(P=0.03) and to 72+59 pg/mL at 2 h (P=0.02) (Table 3).

-
o
)

Beverage A (@)
o Beverage B (0)
Beverage C @)

r=0.24
. P=0.04

Changes in FMD (2 hours - baseline, %)
o o A N O N A~ O ©
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o
o

-20 0 20 40 60 80 100 120

Changes in Chlorogenic acid (2 hours - baseline, ng/mL)

Fig.2 Scatter plot shows the relationships between postprandial
changes in FMD and postprandial changes in chlorogenic acid

Fig.3 Scatter plots show the
relationships between post-
prandial changes in FMD (a

1 h after ingestion, b 2 h after
ingestion) and 8-isoprostane at
baseline

Beverage A (@)
Beverage C (O) r=0.32 P=0.28

FMD and 8-isoprostane were not different from baseline
values after drinking beverage C. There were no significant
differences in postprandial parameters between beverage A
and beverage C (Table 3).

Correlations between parameters and endothelial
function

Changes in FMD were positively correlated with changes
in chlorogenic acids after drinking test beverages (Fig. 2).
Changes in FMD after ingestion of beverage A were posi-
tively correlated with 8-isoprostane at baseline, while
changes in FMD after ingestion of beverage C were not cor-
related with 8-isoprostane at baseline (Fig. 3a, b).

Discussion

This study is the first single-blind, randomized, placebo-
controlled, crossover trial to evaluate the acute effects of
coffee with a high content of chlorogenic acids and different
contents of hydroxyhydroquinone on postprandial endothe-
lial dysfunction in patients with borderline or stage 1 hyper-
tension. A single intake of coffee with a high content of
chlorogenic acids and low content of hydroxyhydroquinone
restored postprandial endothelial dysfunction by decreasing
in oxidative stress.

Epidemiologic studies have shown that coffee drinking
is associated with lower risk of cardiovascular disease [15,
17-19]. In the present study, single intake of coffee with a
high content of chlorogenic acids and low content of hydrox-
yhydroquinone, but not single intake of coffee with a high
content of chlorogenic acids and high content of hydroxyhy-
droquinone or placebo coffee, significantly improved post-
prandial endothelial dysfunction. In addition, changes in
FMD after drinking the test beverage with a high content of
chlorogenic acids and low content of hydroxyhydroquinone
positively correlated with changes in levels of chlorogenic
acids. These findings suggest that dietary intake of coffee
with a high content of chlorogenic acids and low content of

r=0.59 P=0.01

Beverage A (@) r=0.57 P=0.01
Beverage C (O) r=0.25 P=0.33

Changes in FMD (1 hour - baseline, %)

8-isoprostane (baseline, pg/mL)

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

Changes in FMD (2 hours - baseline, %)

8-isoprostane (baseline, pg/mL)
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hydroxyhydroquinone is a healthy habit to improve endothe-
lial function.

Oxidative stress has been shown to play a critical role in
the maintenance and development of endothelial dysfunction
by reducing the bioavailability of NO [1, 2]. Plasma levels of
8-isoprostane, a marker of oxidative stress, were increased
in patients with vascular disease [39]. In the present study,
single intake of coffee with a high content of chlorogenic
acids and low content of hydroxyhydroquinone, but not
single intake of coffee with a high content of chlorogenic
acids and high content of hydroxyhydroquinone or placebo
coffee, decreased circulating 8-isoprostane levels. In addi-
tion, coffee with a high content of chlorogenic acids and low
content of hydroxyhydroquinone improved FMD in patients
who had high levels of 8-isoprostane. These findings sug-
gest that the beneficial effects of coffee with a high content
of chlorogenic acids and low level of hydroxyhydroquinone
on endothelial function are induced, at least in part, by a
decrease in oxidative stress.

A major compound in coffee is caffeine. It is well known
that caffeine influences systemic hemodynamics, including
elevation of blood pressure and vascular function [40, 41].
Although both coffee with and without caffeine have simi-
lar associations with cardiovascular disease [15, 42], in the
present study, to avoid the effects of caffeine on systemic
hemodynamics and endothelial function, the test beverages
contained the same amounts of caffeine.

A recent meta-analysis revealed antihypertensive effects
of chlorogenic acids [43]. Suzuki et al. [29] reported that
hydroxyhydroquinone inhibits the antihypertensive effect of
chlorogenic acids in spontaneous hypertensive rats. These
findings suggest that coffee with a high content of chloro-
genic acids and low content of hydroxyhydroquinone has a
beneficial effect in patients with hypertension. Indeed, long-
term intake of coffee with a high content of chlorogenic
acids and low content of hydroxyhydroquinone was shown
to be effective for reducing blood pressure in patients with
mild hypertension [31, 32]. Therefore, we enrolled patients
with borderline or stage 1 hypertension in this study. In the
present study, acute intake of coffee with a high content of
chlorogenic acids and low content of hydroxyhydroquinone
did not alter blood pressure in these subjects (Table 3). Sev-
eral investigators, including us, have reported that caffeine
intake is associated with acute increase in blood pressure
[40, 41]. Conversely, chronic caffeine consumption was
shown to have no significant effect on blood pressure [41].
In the case of acute coffee intake, interaction of chlorogenic
acids and caffeine may regulate changes in blood pressure.
It is likely that the antioxidant effect of chlorogenic acids,
not the blood pressure-lowering effect of chlorogenic acids,
is involved in the restoration of postprandial endothelial
dysfunction.
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Some studies have shown that acute administration of
coffee has a harmful effect on endothelial function in healthy
subjects [24, 25], while other studies have shown that coffee
improves endothelial function [26, 27]. In addition, the asso-
ciation between coffee drinking and risk of cardiovascular
disease remains inconclusive [15, 17-23]. The reason for the
controversial results remains unclear. Hydroxyhydroquinone
inhibits the chlorogenic acid-induced restoration of endothe-
lial function and increases production of reactive oxygen
species in a dose-dependent manner [29, 30]. To evaluate
the effects of hydroxyhydroquinone on endothelial func-
tion, we compared the effects of coffees with a high content
of chlorogenic acids and different contents of hydroxyhy-
droquinone in Study 1. We confirmed that intake of coffee
with a high content of chlorogenic acids and low content of
hydroxyhydroquinone, but not intake of coffee with a high
content of chlorogenic acids and high content of hydroxyhy-
droquinone, improved postprandial endothelial dysfunction.
Intake of coffee with reduced hydroxyhydroquinone per se
also may be beneficial for maintenance of vascular function
and prevention of cardiovascular events.

Study limitations

The present study has a number of limitations. First, the
number of patients was relatively small. A single-blind,
randomized, placebo-controlled, crossover trial was per-
formed to increase the power of the study. We confirmed
that a single intake of coffee with a high content of chloro-
genic acids and low content of hydroxyhydroquinone was
effective for restoring postprandial endothelial dysfunc-
tion in both Study 1 and Study 2. Second, we evaluated the
acute effects of chlorogenic acids and chlorogenic acids
with different hydroxyhydroquinone contents on endothe-
lial function. Long-term interventions are needed to deter-
mine whether acute effects of coffee with a high content
of chlorogenic acids and low content of hydroxyhydroqui-
none are sustained over time. Third, coffee is a rich source
of chlorogenic acids, which have strong anti-inflammatory
properties [13, 14]. Inflammation also plays a critical role
in endothelial dysfunction [44, 45]. In the present study,
there were no significant differences in serum levels of high-
sensitivity C-reactive protein between beverage A and bever-
age B (Table 3). It is unlikely that inflammation contributes
to high content of chlorogenic acid-induced improvement
in postprandial vascular injury. Fourth, we had no informa-
tion on the participants’ coffee consumption background.
Although we confirmed that the concentrations of plasma
chlorogenic acids at baseline were low, we cannot deny the
possibility that the participants’ coffee consumption back-
ground affected the results of the study. Finally, coffee con-
tains hundreds of compounds that might affect endothelial
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function. We cannot rule out the possibility that compounds
other than chlorogenic acids and hydroxyhydroquinone have
a greater influence on endothelial function.

In conclusion, a single intake of coffee with a high con-
tent of chlorogenic acids and low hydroxyhydroquinone is
effective for improving postprandial endothelial dysfunction.
Further studies are needed to assess the long-term effects of
drinking coffee with a high content of chlorogenic acids and
low content of hydroxyhydroquinone on vascular function,
onset of cardiovascular disease, and cardiovascular events.
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