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Abstract: Increased arterial stiffness during acute hyperglycemia is a risk factor for cardiovascular
disease, but the type of carbohydrate that inhibits it is unknown. The purpose of this study was to
determine the efficacy of low-glycemic-index isomaltulose on arterial stiffness during hyperglycemia
in middle-aged and older adults. Ten healthy middle-aged and older adult subjects orally ingested
a solution containing 25 g of isomaltulose (ISI trial) and sucrose (SSI trial) in a crossover study. In
the SSI trial, the brachial–ankle (ba) pulse wave velocity (PWV) increased 30, 60, and 90 min after
ingestion compared with that before ingestion (p < 0.01); however, in the ISI trial, the baPWV did not
change after ingestion compared with that before ingestion. Blood glucose levels 30 min after intake
were lower in the ISI trial than in the SSI trial (p < 0.01). The baPWV and systolic blood pressure
were positively correlated 90 min after isomaltulose and sucrose ingestion (r = 0.640, p < 0.05). These
results indicate that isomaltulose intake inhibits an acute increase in arterial stiffness. The results
of the present study may have significant clinical implications on the implementation of dietary
programs for middle-aged and elderly patients.
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1. Introduction

Previous studies have reported acute hyperglycemia as an independent risk factor
for cardiovascular disease [1]. An increased postprandial blood glucose level is also a risk
factor for cardiovascular disease and exerts a greater effect than the fasting blood glucose
level [2]. Moreover, increased arterial stiffness owing to impaired vascular endothelial
function underlies the increased risk of cardiovascular disease in acute hyperglycemia [3].
Gordin et al. [4] suggested that arterial stiffness increased with increasing postprandial
blood glucose levels in healthy middle-aged and older individuals. Furthermore, we
previously demonstrated that systemic arterial stiffness increased in middle-aged and older
people after the ingestion of a 25 g glucose solution [5]. Since postprandial blood glucose
increases with age [6] and arterial stiffness progresses, there is a significant relationship
between arterial stiffness and postprandial blood glucose levels [7]. Japan has a super-
aging society [8]; it is important to control the progression of arterial stiffness during acute
hyperglycemia in older Japanese individuals.

The increase in arterial stiffness occurs immediately after food intake [7] and may be
influenced by the glycemic index (GI) value of the cardiovascular disease indices [9]. In
fact, vascular endothelial function, the underlying mechanism of arterial stiffness, varies
with GI [10]. A previous study reported that arterial stiffness increased in middle-aged
and older people consuming a glucose solution, but the changes differed between different
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carbohydrate intakes [5]. A high-GI diet has been shown to increase arterial stiffness
compared with a low-GI diet. In other words, a low-GI diet may reduce the acute adverse
effects on arterial stiffness [11]. For example, isomaltulose is a natural carbohydrate found
in honey that has a low GI and is certified as a novel food (European Food Safety Authority)
because of its nutritional quality [12]. Isomaltulose has similar amounts of sweetness and
energy to sucrose; however, the rate at which it is broken down in the small intestine
is slower than that of sucrose, which moderates the rise in blood glucose levels after
ingestion [13]. In a previous study, a comparison of acute changes in blood glucose levels
after the ingestion of isomaltulose or sucrose in 10 healthy subjects showed that the highest
blood glucose levels were lower in patients who ingested isomaltulose than in those who
ingested sucrose [14]. In addition, when 10 patients with type 2 diabetes were asked
to consume either isomaltulose or sucrose and the changes in blood glucose levels after
ingestion were examined, it was found that the blood glucose levels rose rapidly after
sucrose ingestion and increased gradually after isomaltulose ingestion, with the peak values
being lower for isomaltulose than for sucrose [13]. In other words, isomaltulose, which has
a lower GI than sucrose, is expected to reduce the increase in arterial stiffness. However,
the changes in arterial stiffness after ingestion of isomaltulose compared with that after
the ingestion of sucrose are not sufficiently clear. Therefore, it is necessary to investigate
whether arterial stiffness is altered after isomaltulose intake in healthy middle-aged and
older people.

In this study, we hypothesized that sucrose intake will increase arterial stiffness with
increasing blood glucose levels, but isomaltulose intake will not influence arterial stiffness.
To test this hypothesis, we investigated the acute effects of isomaltulose and sucrose intake
on arterial stiffness.

2. Materials and Methods
2.1. Participants

The participants were 10 healthy middle-aged and older adults (five men and five
women). Participants were recruited by distributing flyers for research cooperation with
residents of the Teikyo University of Science. Finally, we received 20 applications, from
which we selected 10 participants who met the following conditions. All participants were
normotensive (Japanese standard: <140/90 mmHg), non-smokers, no obvious disease
on electrocardiogram or other diagnostic tests, and no exercise habit before the study
according to the physical activity questionnaire. Patients with abnormalities in blood tests,
urine tests, chest radiographs, or electrocardiograms in the year prior to the study; with
diabetes mellitus (American Diabetes Association/ European Association for the Study
of Diabetes diagnostic criteria); and who had problems with exercise (e.g., those with
musculoskeletal injuries) were excluded from the study. This study was conducted in
compliance with the Declaration of Helsinki in terms of ethics, human rights, and protection
of participants’ personal information. Ethical approval for this study was obtained from the
Ethics Committee of Teikyo University of Science (approval no. 20A013). In addition, this
study was registered with the University Hospital Medical Information Network Center
(UMIN Center; Study No. UMIN000041622). All hardcopy (paper) study data were stored
in a locked filing cabinet, and electronic data were stored on a secured network drive,
accessible only to those working in the laboratory. The study was conducted in accordance
with the guidelines for human experimentation published by the Institutional Review
Board.

2.2. Study Design

The participants were 10 healthy middle-aged and older adults. They were instructed
to maintain a normal diet and activities of daily living for the duration of the study. Intense
exercise (training and activities of daily living), caffeine, and alcohol consumption were
prohibited for 24 h prior to the experiment. Fasting (10–12 h) was started at 9:00 p.m.
the day before the start of the experiment. Arterial stiffness, blood pressure (BP) at the
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level of the brachial artery and at the ankle, heart rate (HR), and blood glucose (BG) levels
were measured before (baseline) and 30, 60, and 90 min after 25-g isomaltulose or sucrose
loading. Before each measurement, the subjects were asked to rest in a supine position
(Figure 1).
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Figure 1. Study design. Arterial stiffness, BP, HR, and BG levels were measured at baseline and at 30, 60, and 90 min after
isomaltulose or sucrose ingestion. The participants rested in a supine position for 10 min before the test. BP, blood pressure;
HR, heart rate; BG, blood glucose.

2.3. Body Composition

Height was measured using a height meter in increments of 0.1 cm. Body weight,
body fat percentage, and body mass index (BMI) were measured in 0.1 kg increments using
a precision instrument body-composition analyzer (WB-150 PMA, Tanita, Tokyo, Japan).

2.4. Arterial Stiffness

Pulse wave velocity (PWV) at the brachial and ankle (ba) and at the brachial and
heart (hb) of all participants was measured using an automated oscillometric device
(PWV/Ankle Brachial Index (ABI), Colin Medical Technology, Komaki, Japan) as previously
described [15]. All measurements were performed in a supine position in a quiet room at
baseline and 30, 60, and 90 min after isomaltulose solution and sucrose solution ingestion.
The daily coefficients of variation in our laboratory were 3 ± 1% and 3 ± 2% for baPWV
and hbPWV, respectively.

2.5. Upper Arm and Ankle Blood Pressure

Systolic blood pressure (SBP), mean blood pressure (MBP), diastolic blood pressure
(DBP), and pulse pressure (PP) of the upper arm and ankle were measured in the supine
position using an automated oscillometric PWV/ABI device (Omron Colin, Tokyo, Japan)
over the brachial and posterior tibial arteries [15]. All measurements were performed in the
supine position in a quiet room at baseline and 30, 60, and 90 min after isomaltulose solution
and sucrose solution ingestion. The coefficients of variation per day in our laboratory were
2 ± 1% and 2 ± 2% for brachial blood pressure and ankle blood pressure, respectively.

2.6. Heart Rate

HR was measured in the supine position using an automated oscillometric PWV/ABI
device (Omron Colin, Tokyo, Japan) [15]. All measurements were performed in the supine
position in a quiet room at baseline and 30, 60, and 90 min after the ingestion of isomaltulose
and sucrose solutions. The coefficient of variation per day in our laboratory was 2 ± 1%.
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2.7. Blood Glucose

Venous blood was collected from the participants’ left fingertips. Blood glucose
levels were measured by the flavin-adenine dinucleotide glucose dehydrogenase method
using a Glutest Neo Alpha glucometer (Sanwa Kagaku Kenkyusho, Tokyo, Japan) [16].
Measurements were taken before and 30, 60, and 90 min after ingestion of isomaltulose and
sucrose solutions. The interday coefficient of variation of blood glucose levels was 3 ± 1%.

2.8. Isomaltulose Solution and Sucrose Solution Ingestion

Each participant orally ingested 25 g of isomaltulose (ISI trial) or 25 g of sucrose (SSI
trial) in 200 mL of water within 5 min, since the new World Health Organization guidelines
recommend that adults consume less than 25 g of free sugars per day [17]. Each subject
waited approximately 3 days after the completion of one test before taking the next test.

2.9. Statistical Analysis

Data are presented as means ± standard deviation. Normality of the data and homo-
geneity of variance were examined using the Shapiro–Wilk and Levene tests, respectively.
Changes in each measurement before and after the intervention are presented as mean val-
ues and 95% confidence intervals for each group. Parametric analysis was performed using
two-way analysis of variance with repeated measures (time*group) for the measurements
taken. When the assumption of sphericity was violated (Mauchly’s test), the analysis was
adjusted using the Greenhouse–Geisser correction. The Bonferroni method was used with
post hoc tests for changes in each intervention. The total area under the curve at 90 min
(AUC) was calculated using the trapezoidal formula and analyzed using the corresponding
t-test. The correlation between baPWV and brachial SBP levels 90 min after consumption
was examined using the Pearson product-moment correlation coefficient. SPSS (version 25,
IBM Corp., Armonk, NY, USA) was used for the statistical analysis. Statistical significance
was set at α = 0.05, and all α values were two-sided. To examine the magnitude of the
differences, the effect size was calculated based on Cohen’s d.

3. Results
3.1. Physical Characteristics

The mean age of the participants was 62.8 ± 4.4 years; the mean height was 162.5 ± 2.9 cm;
the mean weight was 60.9 ± 3.0 kg; the mean BMI was 23.1 ± 1.1 kg/m2; and the mean body
fat percentage was 27.7 ± 2.7% (Table 1).

Table 1. Baseline characteristics of the participants.

Value

Age, years 62.8 ± 4.4
Height, cm 162.5 ± 2.9
Weight, kg 60.9 ± 3.0

BMI, kg/m2 23.1 ± 1.1
Body fat, % 27.7 ± 2.7

Brachial SBP, mmHg 123.5 ± 6.2
Ankle SBP, mmHg 153.8 ± 8.6

Heart rate, bpm 62.0 ± 3.7
Fasting blood glucose, mg/dL 98.8 ± 4.2

Values are mean ± SD. BMI, body mass index; SBP, systolic blood pressure; SD, standard deviation.

3.2. Arterial Stiffness

In the SSI trial, the baPWV increased 30, 60, and 90 min after ingestion compared with
that before ingestion (p < 0.01); however, in the ISI trial, the baPWV did not change after
ingestion compared with that before ingestion. The baPWV was not significantly different
between the trials before ingestion (Figure 2A). The baPWV AUC was lower (p < 0.01) in
the ISI trial than in the SSI trial (Figure 2B).



Nutrients 2021, 13, 4493 5 of 10

Figure 2. Changes in arterial stiffness at baseline and post-ingestion in both trials. Values are mean
± SD. ** p < 0.01 vs. baseline. † p < 0.01 vs. ISI trial. baPWV, brachial–ankle pulse wave velocity;
hbPWV, heart–brachial pulse wave velocity; SSI, sucrose solution intake; ISI, isomaltulose solution
intake; AUC, area under the curve; SD, standard deviation; Figure A, baPWV; Figure B, baPWV AUC;
Figure C, hbPWV; Figure D, hbPWV AUC.

The hbPWV did not change after ingestion compared with that before ingestion in both
the SSI and ISI trials, and the hbPWV was not different between the two trials (Figure 2C).
The hbPWV AUC did not differ between the trials (Figure 2D).

3.3. Heart Rate

The HR did not change after sucrose ingestion compared with that before sucrose
ingestion. Moreover, the HR did not change after isomaltulose ingestion compared with
that before isomaltulose ingestion. Furthermore, there was no difference between the trials
(Table 2).

3.4. Brachial Blood Pressure

The SBP and PP of the upper arm in the SSI trial increased 90 min after ingestion
compared with those before ingestion (p < 0.05), whereas the SBP and PP of the upper arm
in the ISI trial did not change after ingestion compared with those before ingestion. There
was no difference between the trials. The MBP and DBP of the upper arm in the SSI trial
did not change after ingestion compared with those before ingestion. The MBP and DBP of
the upper arm in the ISI trial did not change after ingestion compared with those before
ingestion. There was no difference between trials (Table 2).
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Table 2. Changes in brachial SBP, MBP, DBP, and HR before and after the ingestion of isomaltulose and sucrose.

Variable Trial Baseline Post 30 min Post 60 min Post 90 min p-Value
(Group)

Brachial
SBP, mmHg

SSI trial 123.5 ± 6.2 128.6 ± 6.3 131.0 ± 6.1 134.4 ± 5.9 *
0.93ISI trial 124.2 ± 4.6 127.1 ± 4.1 129.4 ± 6.1 126.1 ± 5.3

Brachial
MBP, mmHg

SSI trial 88.2 ± 2.9 90.5 ± 3.2 91.5 ± 2.9 93.4 ± 3.1
0.85ISI trial 88.6 ± 2.9 89.8 ± 2.7 91.8 ± 3.8 90.4 ± 3.4

Brachial
DBP, mmHg

SSI trial 70.6 ± 2.5 71.5 ± 2.3 71.7 ± 2.2 72.8 ± 3.0
0.80ISI trial 70.8 ± 2.6 71.1 ± 2.6 73.0 ± 3.3 72.6 ± 3.0

Brachial
PP, mmHg

SSI trial 52.9 ± 6.0 57.0 ± 5.3 59.3 ± 5.7 61.6 ± 6.2 *
0.80ISI trial 53.4 ± 3.8 56.0 ± 3.7 56.4 ± 4.9 53.6 ± 4.2

HR, beats/min
SSI trial 62.0 ± 3.7 60.8 ± 2.7 58.1 ± 3.1 58.7 ± 2.5

0.50ISI trial 58.1 ± 4.1 54.7 ± 3.2 55.4 ± 2.7 57.4 ± 3.0

Values are mean ± SD. * p < 0.05, vs. baseline. SSI, sucrose solution intake; ISI, isomaltulose solution intake; SBP, systolic blood pressure;
MBP, mean blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; HR, heart rate; SD, standard deviation.

3.5. Ankle Blood Pressure

The SBP, MBP, and PP of the ankle in the SSI trial increased 90 min after ingestion
compared with those before ingestion (p < 0.05), and the SBP, MBP, and PP of the ankle in
the ISI trial did not change after ingestion compared with those before ingestion. There
were no differences between the trials.

The DBP of the ankle in the SSI trial did not change after ingestion compared with
that before ingestion, and the DBP and HR of the ankle in the ISI trial did not change after
ingestion compared with those before ingestion. There were no differences between the
trials (Table 3).

Table 3. Changes in ankle SBP, MBP, and DBP before and after the ingestion of isomaltulose and sucrose.

Variable Trial Baseline Post 30 min Post 60 min Post 90 min p-Value
(Group)

Ankle
SBP, mmHg

SSI trial 153.8 ± 8.6 160.6 ± 8.8 165.3 ± 10.2 167.4 ± 8.0 *
0.93ISI trial 147.9 ± 9.9 155.1 ± 8.2 154.0 ± 8.1 155.7 ± 9.6

Ankle
MBP, mmHg

SSI trial 99.0 ± 3.1 102.4 ± 3.5 104.1 ± 3.4 106.3 ± 3.2 *
0.85ISI trial 95.4 ± 4.7 99.9 ± 3.3 99.8 ± 3.8 100.0 ± 4.4

Ankle
DBP, mmHg

SSI trial 71.6 ± 1.7 73.2 ± 1.7 73.6 ± 2.0 75.8 ± 2.8
0.80ISI trial 69.2 ± 3.2 72.2 ± 2.6 72.7 ± 2.9 72.2 ± 3.1

Ankle
PP, mmHg

SSI trial 82.2 ± 8.8 87.4 ± 8.4 91.7 ± 10.7 91.6 ± 8.5 *
0.80ISI trial 78.7 ± 8.9 82.9 ± 8.5 81.3 ± 7.6 83.4 ± 9.1

Values are mean ± SD. * p < 0.05, vs. baseline. SSI, sucrose solution intake; ISI, isomaltulose solution intake; SBP, systolic blood pressure;
MBP, mean blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; SD, standard deviation.

3.6. Blood Glucose

The blood glucose levels in the SSI trial increased 30 and 60 min after ingestion
compared with those before ingestion (p < 0.01). The blood glucose levels in the ISI trial
increased 30 min after ingestion compared with those before ingestion (p < 0.05). The blood
glucose levels 30 min after intake were lower in the ISI trial than in the SSI trial (p < 0.01,
(Figure 3A). The AUC of blood glucose level was lower in the ISI trial than in the SSI trial
(Figure 3B).
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Figure 3. Changes in blood glucose at baseline and post-ingestion in both trials. Values are mean ± SD.
** p < 0.01 and * p < 0.05, vs. baseline. † p < 0.05, vs. ISI. BG, blood glucose; SSI, sucrose solution intake;
ISI, isomaltulose solution intake; SD, standard deviation; Figure 3A, blood glucose; Figure 3B, blood
glucose AUC.

3.7. Arterial Stiffness and Brachial SBP at 90 Min after Sucrose and Isomaltulose
Solution Ingestion

The baPWV and brachial SBP were positively correlated 90 min after isomaltulose
and sucrose ingestion (r = 0.640, p < 0.05) (Figure 4).

Figure 4. Correlation between arterial stiffness and brachial SBP at 90 min after sucrose and isomal-
tulose intake. Values are mean ± SD. r = 0.640 and p = 0.046. SBP, systolic blood pressure; SSI, sucrose
solution intake; ISI, isomaltulose solution intake; SD, standard deviation.

4. Discussion

The main finding of this study was that the baPWV and SBP did not change after
isomaltulose intake compared to before. This confirms our hypothesis. These results
suggest that isomaltulose could be used as an alternative to sucrose, given the neutral effect
on the PWV and SBP.

A rapid increase in blood glucose levels after a meal is an independent risk factor
for cardiovascular disease and a greater risk factor than fasting glucose [18]. Therefore,
it is necessary to control the rapid increase in blood glucose levels after meals to prevent
cardiovascular diseases. There is a consensus that eating high-GI foods results in rapid
carbohydrate absorption, whereas low-GI foods result in milder carbohydrate absorption
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and consequently milder insulin secretion [19]. For example, a previous study of 10 healthy
individuals showed a slower increase in blood glucose and insulin levels after consum-
ing isomaltulose compared with that after sucrose consumption [14]. Our results are in
agreement with these findings. Blood glucose levels after ingestion were lower in the ISI
trial than in the SSI trial. Therefore, isomaltulose may slow down the rise in blood glucose
levels after a meal compared with sucrose, the main component of sugar.

A number of studies have shown that arterial stiffness increases during hyper-
glycemia [4,19,20]. Moreover, previous studies have shown that the baPWV increases
during acute hyperglycemia [5]. Our previous study also found an increase in the
baPWV after glucose ingestion. The present results are in agreement with these find-
ings, in which the baPWV increased 30, 60, and 90 min after sucrose ingestion compared
with before sucrose ingestion, but no increase was observed in the ISI trial. In addition,
the AUC of the baPWV was lower in the ISI trial than in the SSI trial. Therefore, isoma-
ltulose can be expected to inhibit the increase in arterial stiffness compared with the
consumption of other carbohydrates, such as sucrose and glucose, making it possible
to create food products that are both tasty and healthy.

Diabetes mellitus induces peripheral arterial disease in the limbs [21] and it has been
found that peripheral arterial stiffness increases after the 75-g glucose-tolerance test com-
pared with before the test [22]. Previous studies have reported that the peripheral arterial
PWV, especially in the lower limb arteries, increases during acute hyperglycemia [23]. In
the current SSI study, the baPWV increased after ingestion compared to before sucrose in-
gestion, while the hbPWV did not change. Previous studies have reported that the baPWV
reflects arterial stiffness in the distal (mainly abdominal) aorta and lower limbs [24], while
the hbPWV reflects arterial stiffness in the proximal aorta and upper limbs [25]. In addition,
the MBP and PP, which reflect aortic and peripheral arterial stiffness, are elevated after
sucrose ingestion. Therefore, in middle-aged and older people, an increase in arterial
stiffness during acute hyperglycemia is likely to affect the abdominal aorta and lower-limb
arteries. However, in the current study, we were unable to measure arterial stiffness in
detail by site. In future studies, we plan to further investigate the increase in arterial
stiffness during acute hyperglycemia by site.

This study did not examine the mechanism by which arterial stiffness was not altered
after isomaltulose ingestion, but there are several possible explanations. In the present
study, in the SSI test, the SBP increased 90 min after compared to before sucrose intake.
In previous studies, the SBP and baPWV were found to be correlated [26]. In the present
study, there was a correlation between the SBP and baPWV in the upper arm after 90 min of
ingestion (r = 0.640, p < 0.05). This suggests that increased systemic arterial stiffness may be
responsible for the increase in the SBP. In this study, there was no correlation between the
baPWV and the blood glucose level at 90 min, when the increase in the baPWV was highest.
In other words, the blood glucose level may not be directly involved in the increase in the
baPWV during acute hyperglycemia. Furthermore, sympathetic hyperactivity, increased
oxidative stress, and decreased vascular endothelial function associated with increased
blood glucose levels may be related in parallel. Increased sympathetic nerve activity
has been implicated in the increase in the baPWV [27]. Sympathetic nerve activity has
been found to increase after eating [28]. The sympathetic ratio after a meal shows a
sustained elevation lasting at least one hour, which has been suggested to be primarily
due to a decrease in vagal activity [28]. Thus, the increase in the baPWV after sucrose
consumption in the present study may be due to increased sympathetic nerve activity.
However, since sympathetic nerve activity was not measured in this study, it should be
assessed in the future. Decreased vascular function (PWV and FMD) after a meal has
been proven to be dependent on oxidative stress [3]. For example, 2-thiobarbituric-acid-
reactive substances (TBARS), an indicator of oxidative stress, have been shown to increase
after acute hyperglycemia [29]. Oxidative stress is thought to reduce vascular function by
increasing asymmetric dimethylarginine (ADMA) [30]. Hyperglycemia-induced vascular
dysfunction after an oral glucose challenge was found to be associated with increased



Nutrients 2021, 13, 4493 9 of 10

plasma ADMA/Arg [30]. Therefore, it is likely that acute hyperglycemia increased TBARS
and induced vascular endothelial dysfunction via increased ADMA, which caused the
increase in the PWV. However, oxidative stress was not measured in this study and should
be measured in future studies.

Regarding the application of the study results, the use of isomaltulose as a sweetener
in everyday cooking may reduce arterial stiffness and blood pressure increases during
acute hyperglycemia compared with the use of other carbohydrates. We believe that the
need for isomaltulose to prevent arteriosclerosis and elevated blood pressure will increase,
especially as people are increasingly cooking for themselves as a way of preventing new
coronavirus infections and as they become more conscious of nutritional balance.

Nevertheless, this study has certain limitations. One limitation was the relatively small
number of participants. However, the sample size was statistically significant. Furthermore,
we believe that the findings are not generalizable to different populations (e.g., young
people and people with diabetes) because the study was conducted in older people, and
we will therefore examine different groups of people in the future. In addition, although
insulin and endothelial dysfunction may alter the PWV, insulin levels and endothelial
function biomarkers were not measured in the present study.

5. Conclusions

The main finding of this study was that the baPWV and SBP did not change after
isomaltulose intake compared to before. This confirms our hypothesis. These results
suggest that isomaltulose could be used as an alternative to sucrose, given the neutral effect
on the PWV and SBP.

Author Contributions: R.K. designed the study; R.K. and K.A. collected the data and conducted the
study; R.K. performed the statistical analysis; R.K. drafted the manuscript; M.S., Y.N., K.A., T.H.,
and H.N. provided a critical review of the manuscript; R.K. had primary responsibility for the final
content. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by a joint research grant from Mitsui Sugar Co., Ltd.

Institutional Review Board Statement: This study was conducted in compliance with the Declara-
tion of Helsinki on the basis of ethics, human rights, and the protection of the personal information
of participants. Ethical approval for this study was obtained from the Ethics Committee of Teikyo
University of Science (approval number 20A024, September 30, 2020). This study was also regis-
tered at the University Hospital Medical Information Network Center (UMIN Center; Study No.
UMIN000041622).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tominaga, M.; Eguchi, H.; Manaka, H.; Igarashi, K.; Kato, T.; Sekikawa, A. Impaired Glucose Tolerance Is a Risk Factor for

Cardiovascular Disease, but Not Impaired Fasting Glucose. The Funagata Diabetes Study. Diabetes Care 1999, 22, 920–924.
[CrossRef] [PubMed]

2. DECODE Study Group, the European Diabetes Epidemiology Group. Glucose Tolerance and Cardiovascular Mortality: Compari-
son of Fasting and 2-Hour Diagnostic Criteria. Arch. Intern. Med. 2001, 161, 397–405. [CrossRef] [PubMed]

3. Jacome-Sosa, M.; Parks, E.J.; Bruno, R.S.; Tasali, E.; Lewis, G.F.; Schneeman, B.O.; Rains, T.M. Postprandial Metabolism of
Macronutrients and Cardiometabolic Risk: Recent Developments, Emerging Concepts, and Future Directions. Adv. Nutr. 2016, 7,
364–374. [CrossRef] [PubMed]

4. Gordin, D.; Saraheimo, M.; Tuomikangas, J.; Soro-Paavonen, A.; Forsblom, C.; Paavonen, K.; Steckel-Hamann, B.; Vandenhende,
F.; Nicolaou, L.; Pavo, I.; et al. Influence of Postprandial Hyperglycemic Conditions on Arterial Stiffness in Patients With Type 2
Diabetes. J. Clin. Endocrinol. Metab. 2016, 101, 1134–1143. [CrossRef] [PubMed]

5. Kobayashi, R.; Sato, K.; Sakazaki, M.; Nagai, Y.; Iwanuma, S.; Ohashi, N.; Hashiguchi, T. Acute Effects of Difference in Glucose
Intake on Arterial Stiffness in Healthy Subjects. Cardiol. J. 2021, 28, 446–452. [CrossRef]

http://doi.org/10.2337/diacare.22.6.920
http://www.ncbi.nlm.nih.gov/pubmed/10372242
http://doi.org/10.1001/archinte.161.3.397
http://www.ncbi.nlm.nih.gov/pubmed/11176766
http://doi.org/10.3945/an.115.010397
http://www.ncbi.nlm.nih.gov/pubmed/26980820
http://doi.org/10.1210/jc.2015-3635
http://www.ncbi.nlm.nih.gov/pubmed/26731258
http://doi.org/10.5603/CJ.a2019.0108


Nutrients 2021, 13, 4493 10 of 10

6. Ko, G.T.C.; Wai, H.P.S.; Tang, J.S.F. Effects of Age on Plasma Glucose Levels in Non-Diabetic Hong Kong Chinese. Croat. Med. J.
2006, 47, 709–713.

7. Tsuboi, A.; Ito, C.; Fujikawa, R.; Yamamoto, H.; Kihara, Y. Association between the Postprandial Glucose Levels and Arterial
Stiffness Measured According to the Cardio-Ankle Vascular Index in Non-Diabetic Subjects. Intern. Med. 2015, 54, 1961–1969.
[CrossRef] [PubMed]

8. Arai, H.; Ouchi, Y.; Toba, K.; Endo, T.; Shimokado, K.; Tsubota, K.; Matsuo, S.; Mori, H.; Yumura, W.; Yokode, M.; et al. Japan as
the Front-Runner of Super-Aged Societies: Perspectives from Medicine and Medical Care in Japan. Geriatr. Gerontol. Int. 2015, 15,
673–687. [CrossRef]

9. Kelsch, E.; Diana, J.C.; Burnet, K.; Hanson, E.D.; Fryer, S.F.; Credeur, D.P.; Stone, K.J.; Stoner, L. Arterial Stiffness Responses to
Prolonged Sitting Combined with a High-Glycemic-Index Meal: A Double-Blind, Randomized Crossover Trial. J. Appl. Physiol.
(1985) 2021, 131, 229–237. [CrossRef]

10. Gaesser, G.A.; Rodriguez, J.; Patrie, J.T.; Whisner, C.M.; Angadi, S.S. Effects of Glycemic Index and Cereal Fiber on Postprandial
Endothelial Function, Glycemia, and Insulinemia in Healthy Adults. Nutrients 2019, 11, 2387. [CrossRef]

11. Sanchez-Aguadero, N.; Patino-Alonso, M.C.; Mora-Simon, S.; Gomez-Marcos, M.A.; Alonso-Dominguez, R.; Sanchez-Salgado,
B.; Recio-Rodriguez, J.I.; Garcia-Ortiz, L. Postprandial Effects of Breakfast Glycemic Index on Vascular Function among Young
Healthy Adults: A Crossover Clinical Trial. Nutrients 2017, 9, 712. [CrossRef]

12. Low, N.H.; Nelson, D.L.; Sporns, P. Carbohydrate Analysis of Western Canadian Honeys and Their Nectar Sources to Determine
the Origin of Honey Oligosaccharides. J. Apic. Res. 1988, 27, 245–251. [CrossRef]

13. Kawai, K.; Yoshikawa, H.; Murayama, Y.; Okuda, Y.; Yamashita, K. Usefulness of Palatinose as a Caloric Sweetener for Diabetic
Patients. Horm. Metab. Res. 1989, 21, 338–340. [CrossRef]

14. Kawai, K.; Okuda, Y.; Yamashita, K. Changes in Blood Glucose and Insulin after an Oral Palatinose Administration in Normal
Subjects. Endocrinol. Jpn 1985, 32, 933–936. [CrossRef] [PubMed]

15. Kobayashi, R.; Sato, K.; Takahashi, T.; Asaki, K.; Iwanuma, S.; Ohashi, N.; Hashiguchi, T. Arterial Stiffness during Hyperglycemia
in Older Adults with High Physical Activity vs Low Physical Activity. J. Clin. Biochem. Nutr. 2019, 65, 146–152. [CrossRef]
[PubMed]

16. Kobayashi, R.; Sato, K.; Takahashi, T.; Asaki, K.; Iwanuma, S.; Ohashi, N.; Hashiguchi, T. Effects of a Short-Term Increase in
Physical Activity on Arterial Stiffness during Hyperglycemia. J. Clin. Biochem. Nutr. 2020, 66, 238–244. [CrossRef]

17. Guideline: Sugars Intake for Adults and Children; WHO Guidelines Approved by the Guidelines Review Committee; World Health
Organization: Geneva, Switzerland, 2015; ISBN 978-92-4-154902-8.

18. Bonora, E. Postprandial Peaks as a Risk Factor for Cardiovascular Disease: Epidemiological Perspectives. Int. J. Clin. Pract. Suppl.
2002, 5–11.

19. Wolever, T.M.; Jenkins, D.J.; Ocana, A.M.; Rao, V.A.; Collier, G.R. Second-Meal Effect: Low-Glycemic-Index Foods Eaten at Dinner
Improve Subsequent Breakfast Glycemic Response. Am. J. Clin. Nutr. 1988, 48, 1041–1047. [CrossRef]

20. Fang, F.-S.; Liu, M.-Y.; Cheng, X.-L.; Zhong, W.-W.; Miao, X.-Y.; Li, J.; Li, C.-L.; Tian, H. Insulin Resistance Correlates with the
Arterial Stiffness before Glucose Intolerance. Intern. Med. 2014, 53, 189–194. [CrossRef]

21. Yokoyama, H.; Shoji, T.; Kimoto, E.; Shinohara, K.; Tanaka, S.; Koyama, H.; Emoto, M.; Nishizawa, Y. Pulse Wave Velocity
in Lower-Limb Arteries among Diabetic Patients with Peripheral Arterial Disease. J. Atheroscler. Thromb. 2003, 10, 253–258.
[CrossRef] [PubMed]

22. Kobayashi, R.; Yoshida, S.; Okamoto, T. Arterial Stiffness after Glucose Ingestion in Exercise-Trained versus Untrained Men. Appl.
Physiol. Nutr. Metab. 2015, 40, 1151–1156. [CrossRef]

23. Tucker, W.J.; Sawyer, B.J.; Jarrett, C.L.; Bhammar, D.M.; Ryder, J.R.; Angadi, S.S.; Gaesser, G.A. High-Intensity Interval Exercise
Attenuates but Does Not Eliminate Endothelial Dysfunction after a Fast Food Meal. Am. J. Physiol. Heart. Circ. Physiol. 2018, 314,
H188–H194. [CrossRef]

24. Sugawara, J.; Tanaka, H. Brachial-Ankle Pulse Wave Velocity: Myths, Misconceptions, and Realities. Pulse 2015, 3, 106–113.
[CrossRef] [PubMed]

25. Sugawara, J.; Tomoto, T.; Tanaka, H. Heart-to-Brachium Pulse Wave Velocity as a Measure of Proximal Aortic Stiffness: MRI and
Longitudinal Studies. Am. J. Hypertens 2019, 32, 146–154. [CrossRef] [PubMed]

26. Li, B.; Gao, H.; Li, X.; Liu, Y.; Wang, M. Correlation between Brachial-Ankle Pulse Wave Velocity and Arterial Compliance and
Cardiovascular Risk Factors in Elderly Patients with Arteriosclerosis. Hypertens Res. 2006, 29, 309–314. [CrossRef]

27. Nakao, M.; Nomura, K.; Karita, K.; Nishikitani, M.; Yano, E. Relationship between Brachial-Ankle Pulse Wave Velocity and Heart
Rate Variability in Young Japanese Men. Hypertens Res. 2004, 27, 925–931. [CrossRef] [PubMed]

28. Lu, C.L.; Zou, X.; Orr, W.C.; Chen, J.D. Postprandial Changes of Sympathovagal Balance Measured by Heart Rate Variability. Dig.
Dis. Sci. 1999, 44, 857–861. [CrossRef]

29. Takei, Y.; Tomiyama, H.; Tanaka, N.; Yamashina, A. Close Relationship between Sympathetic Activation and Coronary Mi-
crovascular Dysfunction during Acute Hyperglycemia in Subjects with Atherosclerotic Risk Factors. Circ. J. 2007, 71, 202–206.
[CrossRef]

30. Mah, E.; Noh, S.K.; Ballard, K.D.; Matos, M.E.; Volek, J.S.; Bruno, R.S. Postprandial Hyperglycemia Impairs Vascular Endothelial
Function in Healthy Men by Inducing Lipid Peroxidation and Increasing Asymmetric Dimethylarginine:Arginine. J. Nutr. 2011,
141, 1961–1968. [CrossRef]

http://doi.org/10.2169/internalmedicine.54.3596
http://www.ncbi.nlm.nih.gov/pubmed/26278285
http://doi.org/10.1111/ggi.12450
http://doi.org/10.1152/japplphysiol.00030.2021
http://doi.org/10.3390/nu11102387
http://doi.org/10.3390/nu9070712
http://doi.org/10.1080/00218839.1988.11100810
http://doi.org/10.1055/s-2007-1009230
http://doi.org/10.1507/endocrj1954.32.933
http://www.ncbi.nlm.nih.gov/pubmed/3914416
http://doi.org/10.3164/jcbn.19-32
http://www.ncbi.nlm.nih.gov/pubmed/31592209
http://doi.org/10.3164/jcbn.19-69
http://doi.org/10.1093/ajcn/48.4.1041
http://doi.org/10.2169/internalmedicine.53.0690
http://doi.org/10.5551/jat.10.253
http://www.ncbi.nlm.nih.gov/pubmed/14566089
http://doi.org/10.1139/apnm-2015-0131
http://doi.org/10.1152/ajpheart.00384.2017
http://doi.org/10.1159/000430771
http://www.ncbi.nlm.nih.gov/pubmed/26587459
http://doi.org/10.1093/ajh/hpy166
http://www.ncbi.nlm.nih.gov/pubmed/30445561
http://doi.org/10.1291/hypres.29.309
http://doi.org/10.1291/hypres.27.925
http://www.ncbi.nlm.nih.gov/pubmed/15894832
http://doi.org/10.1023/A:1026698800742
http://doi.org/10.1253/circj.71.202
http://doi.org/10.3945/jn.111.144592

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Body Composition 
	Arterial Stiffness 
	Upper Arm and Ankle Blood Pressure 
	Heart Rate 
	Blood Glucose 
	Isomaltulose Solution and Sucrose Solution Ingestion 
	Statistical Analysis 

	Results 
	Physical Characteristics 
	Arterial Stiffness 
	Heart Rate 
	Brachial Blood Pressure 
	Ankle Blood Pressure 
	Blood Glucose 
	Arterial Stiffness and Brachial SBP at 90 Min after Sucrose and Isomaltulose Solution Ingestion 

	Discussion 
	Conclusions 
	References

