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Abstract
Aims  13C-glucose breath tests are reported as an alternative non-invasive method to evaluate glucose metabolism. However, 
the metabolic results differ based on the site of the carbon atom in the glucose. The aim of this study was to evaluate changes 
in the metabolism of carbon atoms contained in glucose in patients with diabetes using [1, 2, 3-13C]glucose breath tests.
Methods  Sixteen healthy participants and 20 diabetic patients were enrolled in the study. Three types of breath tests, [1-13C], 
[2-13C], and [3-13C]glucose breath tests, were performed after an overnight fast. Breath samples were taken at baseline and at 
10-min intervals over 150 min, and 13CO2 excretion curves were expressed using non-dispersive infrared isotope spectrometry.
Results  13CO2 levels increased more rapidly, and the peak value of 13CO2 (Cmax) was highest after the administration of 
[3-13C]glucose followed by [2-13C] and [1-13C]glucose in controls. Delayed 13CO2 excretion and a low area under the curve 
through 150 min (AUC​150) were obtained in diabetic patients. The group with severe diabetes had a significantly lower Cmax 
and AUC​150 in the [1-13C]glucose breath test.
Conclusions  The [1-13C]glucose breath test, which has been used to evaluate glucose metabolism, is suitable for patients with 
late-stage diabetes, whereas the [2-13C]glucose breath test is ideal in the early stages. Although the [3-13C]glucose breath test 
is theoretically useful for evaluating the uptake of glucose and the anaerobic glycolysis system, it can be used in practice to 
distinguish reduced uptake from impaired oxidation of glucose in combination with the other two tests.

Keywords  Combined [1-13C], [2-13C], [3-13C]glucose breath test · Metabolic fate · Diabetes mellitus · Glucose uptake · 
Glucose oxidation · Gluconeogenesis

Introduction

Although increased plasma glucose levels directly reflect 
the total amount of glucose ingested, postprandial levels 
can vary even after ingestion of food with the same amount 
of energy. Postprandial plasma glucose levels are regu-
lated by complicated processes including gastric emptying, 
digestion, absorption, insulin secretion and resistance, and 
glucose uptake by cells. Carbohydrates, which are eas-
ily digested and promptly absorbed, result in high plasma 

glucose concentrations and increased insulin demand and 
may, therefore, contribute to an increased risk of type 2 dia-
betes [1]. Insulin resistance is closely associated with the 
progression of type 2 diabetes, which should be diagnosed 
at an asymptomatic stage to prevent fatal complications such 
as ischemic heart disease, stroke, and renal failure [2]. It is, 
however, quite difficult for asymptomatic patients to go to 
a hospital for a medical check-up. One reason is the fear of 
the needles used to take blood samples to measure plasma 
glucose levels. Alternative non-invasive methods that do not 
cause anxiety are thus desirable to encourage patients to go 
in for tests, to estimate their risk for diabetes.

Recently, 13C-glucose breath tests have been reported as 
an alternative method of testing for insulin resistance [3–5]. 
Breath tests using 13C substrates are based on the princi-
ple that 13CO2 in the exhaled breath can be measured as 
a metabolic tracer that originates from the following pro-
cess: absorption from the small intestine, metabolism, and 
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oxidation, and 13CO2 excretion from the respiratory system. 
However, different protocols for 13C-glucose breath tests 
have been reported. In addition, the carbon atoms in glu-
cose have different metabolic fates, depending on whether 
the glucose is metabolized via glycolysis, gluconeogenesis, 
or the pentose phosphate pathway, resulting in the forma-
tion of tricarboxylic acid (TCA) cycle intermediates, lactate, 
alanine, glutamate, and/or γ-aminobutyric acid (GABA), 
and CO2 [6]. Based on the biochemical characteristics of 
glucose metabolism, we have previously reported an ani-
mal study using [1, 2, 3-13C]glucose breath tests. In that 
study, we concluded that the utilization of [2-13C]glucose 
was suppressed in the early stage of prediabetes and that 
the metabolism of [3-13C]glucose was enhanced just before 
the onset of diabetes [7]. Thus, it is possible that these three 
types of 13C-glucose breath tests could be an alternative and 
non-invasive method for detecting the early stage of type 2 
diabetes.

The aim of this study was to evaluate changes in the 
metabolism of the carbon atoms that make up glucose in 
diabetic patients using [1, 2, 3-13C]glucose breath tests.

Materials and methods

Participants

This experimental study was conducted at the Toho 
University Omori Medical Center and Social Insur-
ance Kamata General Hospital. The study protocol was 
approved by the ethics committees of both institutions. 
Sixteen healthy volunteers aged between 20 and 23 years 
(mean age = 21.5 ± 1.0 years, male:female = 5:8) and 20 
diabetic patients aged between 37 and 82  years (mean 
age = 58.4 ± 14.4 years, male:female = 15:5) were enrolled 
in the study. As shown in Table 1, the body weight and body 
mass index (BMI) were significantly greater in the diabetic 
patients than in the controls.

Diabetic patients were categorized based on their 
glycated hemoglobin (HbA1c) levels at the time of 
enrolment as severe (HbA1c ≥ 10.0%) or non-severe 

(HbA1c < 10.0%). There was no parameter with a signifi-
cant difference between the two groups except for HbA1c 
(Table 2).

Informed consent was obtained from all the partici-
pants. Participants who had a previous history of partial 
gastrectomy were excluded from the study. The partici-
pants had not taken any medication known to alter plasma 
glucose levels 6 months prior to the study.

Breath test

Three types of breath tests, [1-13C], [2-13C], and [3-13C]
glucose breath tests, were performed in the sitting posi-
tion after an overnight fast. The patients received 100 mL 
of water containing 100 mg of 13C-glucose (Cambridge 
Isotope Laboratories, Inc., Tewksbury, MA, USA). Breath 
samples were taken at baseline and at 10-min intervals 
over 150 min, and 13CO2 levels were measured. The 13C 
levels were estimated as the 13CO2/12CO2 isotope ratio and 
were expressed as delta over baseline per mil (Δ‰) using 
non-dispersive infrared isotope spectrometry (POCone; 
Otsuka Electrics Co, Ltd., Hirakata-shi, Japan).

The results were converted to the percentage of 13CO2 
recovered in the breath per hour (%dose/h) based on the 
body surface area (BSA) and the assumed CO2 production 
( V̇CO2

 ) as follows [8]:

where the molecular weight (MW) is 180, V̇CO2
 is 300 

BSA mmol/h, BSA is 0.024265 × weight0.5378 × height0.396

4 m2, dose (A) is 100 mg, and atom% excess (APE) is 99 
atom%. The maximum concentration (Cmax, %dose/h), the 
time taken to reach the maximum concentration (Tmax, min-
utes), and the area under the curve over 150 min (AUC​150, 
%dose/h min) were calculated. Cmax and the AUC​150 reflect 
the absorption of the labeled substrate.

%dose∕h = Δ‱ × V̇CO2
× 0.01123 × 10∕(A × APE∕MW),

Table 1   Characteristics of diabetic and control groups

NS not significant

Diabetes (n = 20) Control (n = 16) P

Age (years) 58.4 ± 14.4 21.5 ± 1.0 < 0.001
Gender (m/f) 15/5 7/9 NS
Height (cm) 162.7 ± 8.5 164.4 ± 10.1 NS
Weight (kg) 65.2 ± 12.1 56.1 ± 9.0 0.018
BMI (kg/m2) 24.6 ± 4.0 20.8 ± 2.7 0.002
HbA1c (%) 9.2 ± 2.2 Not examined

Table 2   Characteristics of the two diabetic groups classified based on 
HbA1c

NS not significant

HbA1c ≥ 10% (n = 7) HbA1c < 10% (n = 13) P

Age (years) 58.7 ± 16.4 58.2 ± 14.0 NS
Gender (m/f) 5/2 10/3 NS
Height (cm) 161.8 ± 9.3 163.1 ± 8.4 NS
Weight (kg) 64.1 ± 13.2 65.8 ± 11.9 NS
BMI (kg/m2) 24.5 ± 4.9 24.6 ± 3.6 NS
HbA1c (%) 11.6 ± 1.5 7.9 ± 1.0 < 0.001
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Statistical analysis

Results are reported as the mean ± standard deviation unless 
otherwise indicated. Student’s t test was used to examine 
between-group differences in AUC​150, and Cmax and P < 0.05 
was regarded as significant. All statistical analyses were per-
formed with Easy R (EZR; Saitama Medical Center, Jichi 
Medical University, Saitama, Japan), a graphical user inter-
face for R (The R Foundation for Statistical Computing, ver-
sion 3.2.2) [9].

Results

The average 13CO2 excretion levels at each sampling point 
after oral administration of the 13C-glucose (100 mg) are 
shown in Fig. 1a–c. All of the 13CO2 concentrations except 
at the 10-min time point were lower in diabetic patients 
than in controls for all the three types of 13C-glucose 
breath tests. After administering the three types of 13C-glu-
cose, the increase in breath 13CO2 excretion was delayed 
in diabetic patients compared with controls. Cmax was 
11.3 ± 1.6%dose/h, 7.5 ± 2.5%dose/h, and 7.0 ± 1.9%dose/h 
in the diabetic patients after ingestion of the [3-13C], [2-13C], 
and [1-13C]glucose solutions, respectively. The Cmax values 
for all the breath tests were significantly lower in diabetic 
patients than in the controls (Table 3). Similarly, no sig-
nificant difference in AUC​150 was observed between the 
severe and non-severe diabetes groups in the [3-13C] or 
[2-13C]glucose breath test, whereas a significant difference 
was observed between diabetic patients and controls for all 
breath tests (Table 4).

Among diabetic patients, Fig. 2a–c shows the 13CO2 
excretion curves for the severe and non-severe diabetes 
groups after the oral administration of [1-13C], [2-13C], and 
[3-13C]glucose. The severe diabetes group had a significantly 
lower Cmax value on the [1-13C]glucose breath test compared 
with the non-severe group (Table 5). There was a tendency 
for patients with severe diabetes to have lower Cmax values 
on both the [3-13C] and [2-13C]glucose breath tests, but the 
differences were not statistically significant. In contrast with 
the [2-13C]glucose and [3-13C]glucose breath tests, there was 
a significant difference in the AUC​150 between severe and 
non-severe diabetes patients after the oral administration of 
[1-13C]glucose (Table 6).

When comparing the 13CO2 excretion curves for the three 
types of 13C-glucose breath tests in the control group, the 
13CO2 levels increased more rapidly, and Cmax values were 
higher after the administration of [3-13C]glucose than after 
the administration of [2-13C] and [1-13C]glucose (Fig. 3). 
For the diabetic patients, although 13CO2 levels increased 
more rapidly and had higher peak levels in the [3-13C]
glucose breath test, the differences in the 13CO2 excretion 

Fig. 1   13CO2 excretion curves. a Comparison of orally administered 
[1-13C]glucose in the diabetic and control groups. b Comparison of 
orally administered [2-13C]glucose in the diabetic and control groups. 
c Comparison of orally administered [3-13C]glucose in the diabetic 
and control groups

Table 3   Cmax values of all breath tests in the diabetic and control 
groups

Data are represented as mean (%dose/h) ± SD
NS not significant

Diabetes (n = 20) Control (n = 16) P

[1-13C]glucose 7.0 ± 1.9 10.4 ± 1.6 < 0.001
[2-13C]glucose 7.5 ± 2.5 11.3 ± 1.8 < 0.001
[3-13C]glucose 11.3 ± 3.5 14.8 ± 3.0 0.007
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curves between the [2-13C] and [1-13C]glucose breath tests 
were markedly reduced, and the two curves were quite simi-
lar (Fig. 4).

Follow-up breath tests were performed after 2-week 
treatment with DPP-IV inhibitors in five diabetic male 
(37–71 years, HbA1c 7.9 ± 1.9%). As shown in Table 7, 
AUC​150 in all three breath tests increased after treatment, 
but the differences did not reach a statistical significance. 
An increase in 13CO2 levels after treatment was noted in late 
phase of [2-13C] and [1-13C]glucose breath test, whereas in 
early phase of [3-13C]glucose breath test (Fig. 5).

Table 4   AUC​150 values of all breath tests in diabetic and control 
groups

Data are represented as mean [(%dose/h) min] ± SD
NS not significant

Diabetes (n = 20) Control (n = 18) P

[1-13C]glucose 642 ± 210 914 ± 226 < 0.001
[2-13C]glucose 717 ± 281 1174 ± 178 < 0.001
[3-13C]glucose 1289 ± 409 1668 ± 400 0.016

Fig. 2   13CO2 excretion curves. a Comparison of orally administered 
[1-13C]glucose in the two diabetic groups classified based on HbA1c. 
b Comparison of orally administered [2-13C]glucose in the two diabetic 
groups classified based on HbA1c. c Comparison of orally administered 
[3-13C]glucose in the two diabetic groups classified based on HbA1c

Table 5   Cmax values of all breath tests in the two diabetic groups clas-
sified based on HbA1c

Data are represented as mean (%dose/h) ± SD
NS not significant

HbA1c ≥ 10% (n = 7) HbA1c < 10% 
(n = 13)

P

[1-13C]glucose 5.8 ± 1.3 7.6 ± 1.9 0.039
[2-13C]glucose 6.2 ± 1.0 8.2 ± 2.8 0.087
[3-13C]glucose 10.1 ± 2.8 11.9 ± 3.7 0.295

Table 6   AUC​150 values of all breath tests in the two diabetic groups 
classified based on HbA1c

Data are represented as mean [(%dose/h) min] ± SD
NS not significant

HbA1c ≥ 10% (n = 7) HbA1c < 10% (n = 13) P

[1-13C]glucose 517 ± 148 708 ± 212 0.049
[2-13C]glucose 590 ± 124 785 ± 320 0.142
[3-13C]glucose 1175 ± 393 1350 ± 420 0.378

Fig. 3   13CO2 excretion curves after oral administration of three types 
of labeled glucose in controls
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Discussion

Breath testing has a major advantage over existing tests 
in that it can be performed non-invasively and repeatedly. 
Although glucose labeled with the stable isotope 13C has 
been used extensively for the diagnosis of diabetes, there 
are few studies using [2-13C] or [3-13C]glucose, which are 
too expensive to use clinically. [1-13C]glucose or uniformly 
labeled glucose has been used to evaluate glucose metabo-
lism and insulin resistance as a non-invasive alternative [11, 
12]. A particularly invasive method, hyperinsulinemic–eug-
lycemic clamp testing, is considered to be the gold stand-
ard diagnostic test, but is unsuitable for routine clinical use. 
Although the oral glucose tolerance test is a commonly used 
procedure for the diagnoses of diabetes mellitus and inter-
mediate stages of hyperglycemia, needle-associated fear is 
inevitable. This fear may possibly make a patient hesitate in 
getting a medical check-up at a hospital. Thus, non-invasive 
methods are clinically more desirable to evaluate patients at 
risk for diabetes mellitus.

Because of this, we previously reported a novel alterna-
tive method, the combined 13C-glucose breath test, to evalu-
ate exogenous glucose metabolism [7]. Similar to this study, 
the increase in breath 13CO2 excretion was delayed in dia-
betic rats compared with the controls. The delayed increase 

in 13CO2 excretion could be attributed to impaired glucose 
uptake in diabetes, because all carbon molecules are metabo-
lized after glucose enters the cells. Surprisingly enough, the 
utilization of [2-13C]glucose, but not [1-13C]glucose, is sup-
pressed in the prediabetic stage. This result indicates that 
insulin resistance contributes to the decreased suppression 
of gluconeogenesis by insulin, which may slow the TCA 
cycle by removing oxaloacetate [10]. It has been suggested 
that the [2-13C]glucose breath test could be more useful to 
evaluate impaired glucose metabolism at an earlier stage. 
The differences in 13CO2 excretion between the [1-13C] and 
[2-13C]glucose breath tests are due to the different metabolic 
fates of each carbon molecule. The C2 carbon of glucose 

Fig. 4   13CO2 excretion curves after oral administration of three types 
of labeled glucose in diabetic patients

Table 7   AUC​150 values of all breath tests in five diabetic patients 
before and after treatment with DPP-IV inhibitors

Data are represented as mean [(%dose/h) min] ± SD
NS not significant

Baseline After treatment P

[1-13C]glucose 576 ± 65 645 ± 246 NS
[2-13C]glucose 588 ± 160 695 ± 230 NS
[3-13C]glucose 972 ± 180 1071 ± 294 NS

Fig. 5   13CO2 excretion curves. a Comparison of orally administered 
[1-13C]glucose at baseline and after 2-week treatment with DPP-IV 
inhibitors. b Comparison of orally administered [2-13C]glucose at 
baseline and after 2-week treatment with DPP-IV inhibitors. c Com-
parison of orally administered [3-13C]glucose at baseline and after 
2-week treatment with DPP-IV inhibitor
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is converted to the C1 carbon of acetate, which then enters 
the TCA cycle, is oxidized, and is excreted as 13CO2 at the 
next turn of the TCA cycle. Unlike the C2 carbon, the C1 
carbon of glucose enters the TCA cycle after conversion to 
the C2 carbon of acetate, yielding 13CO2 after the third and 
subsequent turns [6]. It is, therefore, supposed that the 13CO2 
excretion curve after oral administration of [2-13C]glucose 
reflects a more rapid oxidation of glucose compared with 
[1-13C]glucose. The remaining C3 carbon atoms of glucose 
are oxidized and excreted as 13CO2 before entering the TCA 
cycle. Thus, since the metabolic fates of the various carbon 
atoms of glucose differ, combined 13C-glucose breath test-
ing using [1-13C], [2-13C], and [3-13C]glucose could provide 
valuable information on the state of glucose metabolism.

If 13CO2 excretion is reduced in the [3-13C]glucose breath 
test, this results from impaired anaerobic glycolysis. If 13CO2 
excretion is decreased after oral administration of [1-13C] or 
[2-13C]glucose, glucose oxidation through the TCA cycle 
would be impaired. When exogenous glucose is metabolized 
via gluconeogenesis, the C1 carbons cannot generate 13CO2. 
By contrast, half the amount of 13CO2 generated from the C2 
carbons is detectable in expired breath samples [6]. Patients 
with increased 13CO2 excretion in the [2-13C]glucose breath 
test but reduced 13CO2 excretion in the [1-13C]glucose breath 
test have enhanced gluconeogenesis, but inhibited glucose 
oxidation. By contrast, patients with increased 13CO2 excre-
tion on both [1-13C] and [2-13C]glucose breath tests have 
enhanced glucose oxidation. In patients with low 13CO2 
excretion levels on all three breath tests, the glucose uptake 
by cells or all metabolic pathways including anaerobic gly-
colysis, gluconeogenesis, and oxidation must have been 
suppressed.

As shown in Tables  3 and 4, the 13CO2 excretion 
expressed as the AUC​150 and Cmax was significantly lower 
in diabetic patients after orally administering all the three 
types of labeled glucose. These results indicate that glucose 
metabolism is suppressed in diabetic patients. Hyperglycae-
mia has been reported to reduce glycogenolysis and glucone-
ogenesis in the liver but to enhance glycogen synthesis [11, 
12], and these pathways are closely associated with glucose 
uptake by target tissues. Insulin resistance is characterized 
by the reduced ability of insulin to stimulate tissue uptake 
and insufficient glucose absorption, resulting in impaired 
glucose homeostasis [13]. These metabolic changes coin-
cide with the reduced 13CO2 excretion on [3-13C]glucose 
breath testing (Fig. 1c). Among diabetic patients, although 
both Cmax and AUC​150 were significantly lower in the severe 
diabetes group after oral administration of [1-13C]glucose 
compared to the non-severe group, there were no significant 
differences between the two groups after oral administration 
of [3-13C] or [2-13C]glucose (Tables 5, 6). These results sug-
gest that impaired sites of glucose metabolism differ widely 

among diabetic patients, and insufficient utilization of glu-
cose in the TCA cycle may aggravate type 2 diabetes.

Type 2 diabetes is mainly characterized not only by insu-
lin resistance, but also pancreatic β-cell dysfunction [14]. 
Other studies have also reported lower adenosine triphos-
phate (ATP) turnover rates in type 2 diabetes using 31P 
magnetic resonance spectroscopy [15, 16]. These changes 
can explain the lower 13CO2 excretion in the exhaled air in 
patients with advanced diabetes mellitus. Unexpectedly, as 
shown in Fig. 4, the 13CO2 excretion curves for the [2-13C] 
and [1-13C]glucose breath tests were quite well approxi-
mated, suggesting that the prompt utilization of the C2 
carbon is more suppressed compared with C1 when small 
amounts of glucose are ingested orally. Thus, we would 
expect that the [2-13C]glucose breath test could be used 
clinically in the diagnosis of diabetes mellitus.

The delayed 13CO2 excretion and low AUC​150 values in 
diabetic patients in the present study in humans coincide 
with the results of our previous animal study [7]. The utiliza-
tion of [3-13C]glucose is enhanced just before the onset of 
diabetes, which indicates that the pathway is enhanced via 
glycolysis. By contrast, the results for the [1-13C]glucose 
breath tests did not change considerably in the animal model, 
suggesting that glucose oxidation would be impaired after 
the progression of diabetes mellitus. It is also possible that 
impaired glucose oxidation might contribute to the progres-
sion of diabetes, potentially leading to the chronic phase of 
diabetes. Thus, combined [1-13C] and [3-13C]glucose breath 
testing could distinguish between the reduced uptake and 
impaired oxidation of glucose.

The [2-13C]glucose breath test mainly reflects the prompt 
oxidation of glucose and/or gluconeogenesis. When exog-
enous glucose is metabolized via gluconeogenesis, the C1 
position cannot generate 13CO2, while half of the 13CO2 gen-
erated from the C2 position appears in the expired breath 
samples [6, 17, 18]. Unlike the [1-13C]glucose breath test, 
the 13CO2 excretion curve in the [2-13C]glucose breath test 
is generated by both glucose oxidation and gluconeogen-
esis, because the C2 carbon entering the TCA cycle can be 
converted to 13CO2 during the second turn of the cycle. In 
other words, only the [2-13C]glucose breath test is able to 
evaluate gluconeogenesis. When exogenous glucose enters 
the TCA cycle, any 13CO2 obtained from [2-13C]glucose 
should appear more rapidly than the 13CO2 obtained from 
[1-13C]glucose. As shown in Fig. 4, the 13CO2 excretion 
curve obtained after oral administration of [2-13C]glucose 
was markedly more reduced than [1-13C]glucose, and the 
two curves are quite well approximated. This result sug-
gests that a small amount of exogenous glucose may not be 
metabolized via gluconeogenesis at all, and rapid oxidation, 
as evaluated by the [2-13C]glucose breath test, would be sup-
pressed more than slow oxidation, which is evaluated by the 
[1-13C]glucose breath test.
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As compared with baseline, an increase of 13CO2 excre-
tion was noted after treatment in all three breath tests. An 
increase in 13CO2 levels after treatment was noted in late 
phase of [2-13C] and [1-13C]glucose breath test, whereas 
in early phase of [3-13C]glucose breath test. These suggest 
that glucose metabolism, including absorption from the gut, 
the uptake of glucose, the anaerobic glycolysis system, and 
oxidation of glucose, should be improved as a whole. It is 
expected that longer treatment could achieve a better glucose 
metabolism.

The present study had several limitations. First, a small 
amount of glucose was used in the breath tests. The results 
might not be consistent when a greater quantity of glucose 
is orally administered. Second, the severity of the patients’ 
type 2 diabetes was evaluated only based on HbA1c. Addi-
tional studies will be necessary to compare the combined 
13C-glucose breath tests with the glucose clamp technique, 
which is the gold standard for evaluating various aspects of 
glucose metabolism. Third, control subjects were signifi-
cantly younger than diabetic patients. Although the meta-
bolic change of glucose might downregulate with advanc-
ing age, follow-up breath tests demonstrated that 13CO2 
excretion was increased after treatment and closed to that of 
normal controls. It is suggested that an effect of ageing on 
glucose breath tests would be limited. Finally, 13C-glucose 
is currently costly, and breath testing is time-consuming. 
Therefore, performing such time-consuming and costly test-
ing is unreasonable as a screening technique for diabetes.

In conclusion, the [1-13C]glucose breath test, which has 
been used to evaluate glucose metabolism, is suitable for 
patients with late-stage diabetes, whereas the [2-13C]glucose 
breath test is ideal in the early stages. Although the [3-13C]
glucose breath test is theoretically useful for evaluating the 
uptake of glucose and the anaerobic glycolysis system, it 
can be used in practice to distinguish reduced uptake from 
impaired oxidation of glucose in combination with the other 
two tests. To the best of our knowledge, this study is the 
first human study to evaluate exogenous glucose metabo-
lism using [1-13C], [2-13C], and [3-13C]glucose breath tests 
in great detail. We would now like to develop combined 
glucose breath tests by extending our research to include dia-
betic patients with various etiologies of the disease, includ-
ing endocrine disorders, steroid use, and insulin-dependent 
diabetes.

Compliance with ethical standards 

Statement of human rights  This study protocol was approved by the 
Toho University Omori Medical Center Institutional Review Board 
(IRB) (Permit Number: 17-64) and the Social Insurance Kamata Gen-
eral Hospital IRB. The study was conducted according to the princi-
ples expressed in the Declaration of Helsinki. The participants were 
properly instructed and indicated that they consented to participate by 

signing the appropriate informed consent paperwork and/or by giving 
oral consent as approved by the IRB.

Conflict of interest  We have no conflict of interest disclosures based 
on the International Committee of Medical Journal Editors (ICMJE) 
guidelines.

Ethical approval  All procedures performed in this study involving 
human participants were in accordance with the ethical standards of 
the institutional research committee and with the 1964 Helsinki dec-
laration.

Informed consent  Informed consent was obtained from all individual 
participants included in the study.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Jenkins DJ et al (1981) Glycemic index of foods: a physiological 
basis for carbohydrate exchange. Am J Clin Nutr 34:362–366

	 2.	 Scirica BM (2017) Use of biomarkers in predicting the onset, 
monitoring the progression, and risk stratification for patients 
with type 2 diabetes mellitus. Clin Chem 63:186–195. https​://
doi.org/10.1373/clinc​hem.2016.25553​9

	 3.	 Singal P et al (2010) Intra-individual variability of CO(2) breath 
isotope enrichment compared to blood glucose in the oral glu-
cose tolerance test. Diabetes Technol Ther 12:947–953. https​://
doi.org/10.1089/dia.2010.0109

	 4.	 Jetha MM et  al (2009) A novel, non-invasive 13C-glucose 
breath test to estimate insulin resistance in obese prepubertal 
children. J Pediatr Endocrinol Metab 22:1051–1059

	 5.	 Dillon EL et al (2009) Novel noninvasive breath test method 
for screening individuals at risk for diabetes. Diabetes Care 
32:430–435. https​://doi.org/10.2337/dc08-1578

	 6.	 Ruzzin J et al (2003) Breath [13CO2] recovery from an oral 
glucose load during exercise: comparison between [U-13C] 
and [1,2-13C]glucose. J Appl Physiol 95:477–482. https​://doi.
org/10.1152/jappl​physi​ol.00095​.2003

	 7.	 Kawagoe N et al (2016) Investigation of metabolism of exog-
enous glucose at the early stage and onset of diabetes melli-
tus in Otsuka Long-Evans Tokushima fatty rats using [1, 2, 
3-13C]glucose breath tests. PLoS One 11:e0160177. https​://
doi.org/10.1371/journ​al.pone.01601​77

	 8.	 Ghoos YF et al (1993) Measurement of gastric emptying rate of 
solids by means of a carbon-labeled octanoic acid breath test. 
Gastroenterology 104:1640–1647

	 9.	 KandaY (2013) Investigation of the freely available easy-to-use 
software “EZR” for medical statistics. Bone Marrow Transplant 
48:452–458. https​://doi.org/10.1038/bmt.2012.244

	10.	 Ruderman NB, Herrera MG (1968) Glucose regulation of 
hepatic gluconeogenesis. Am J Physiol Content 214:1346–1351

	11.	 Ghosh C et al (2014) Non-invasive 13C-glucose breath test 
using residual gas analyzer-mass spectrometry: a novel tool for 
screening individuals with pre-diabetes and type 2 diabetes. 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1373/clinchem.2016.255539
https://doi.org/10.1373/clinchem.2016.255539
https://doi.org/10.1089/dia.2010.0109
https://doi.org/10.1089/dia.2010.0109
https://doi.org/10.2337/dc08-1578
https://doi.org/10.1152/japplphysiol.00095.2003
https://doi.org/10.1152/japplphysiol.00095.2003
https://doi.org/10.1371/journal.pone.0160177
https://doi.org/10.1371/journal.pone.0160177
https://doi.org/10.1038/bmt.2012.244


456	 Acta Diabetologica (2019) 56:449–456

1 3

J Breath Res 8(3):036001. https​://doi.org/10.1088/1752-
7155/8/3/03600​1

	12.	 Salas-Fernandez A et al (2015) The 13C-glucose breath test is a 
valid non-invasive screening tool to identify metabolic syndrome 
in adolescents. Clin Chem Lab Med 53:133–138. https​://doi.
org/10.1515/cclm-2014-0412

	13.	 Jellinger PS (2007) Metabolic consequences of hyperglycemia and 
insulin resistance. Clin Cornerstone 8(Suppl 7):S30–S42

	14.	 Reaven GM (1991) Resistance to insulin-stimulated glucose 
uptake and hyperinsulinemia: role in non-insulin-dependent dia-
betes, high blood pressure, dyslipidemia and coronary heart dis-
ease. Diabete Metab 17:78–86

	15.	 Schmid AI et al (2011) Liver ATP synthesis is lower and relates to 
insulin sensitivity in patients with type 2 diabetes. Diabetes Care 
34:448–453. https​://doi.org/10.2337/dc10-1076

	16.	 Szendroedi J et al (2007) Muscle mitochondrial ATP synthesis 
and glucose transport/phosphorylation in type 2 diabetes. PLoS 
Med 4:e154. https​://doi.org/10.1371/journ​al.pmed.00401​54

	17.	 Wolfe RR, Jahoor F (1990) Recovery of labeled CO2 during the 
infusion of C-1- vs C-2-labeled acetate: implications for tracer 
studies of substrate oxidation. Am J Clin Nutr 51:248–252

	18.	 Brekke EMF et al (2012) Quantitative importance of the pentose 
phosphate pathway determined by incorporation of 13C from 
[2-13C]- and [3-13C]glucose into TCA cycle intermediates and 
neurotransmitter amino acids in functionally intact neurons. J 
Cereb Blood Flow Metab 32:1788–1799. https​://doi.org/10.1038/
jcbfm​.2012.85

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1088/1752-7155/8/3/036001
https://doi.org/10.1088/1752-7155/8/3/036001
https://doi.org/10.1515/cclm-2014-0412
https://doi.org/10.1515/cclm-2014-0412
https://doi.org/10.2337/dc10-1076
https://doi.org/10.1371/journal.pmed.0040154
https://doi.org/10.1038/jcbfm.2012.85
https://doi.org/10.1038/jcbfm.2012.85

	13C-glucose breath tests: a non-invasive method for detecting early clinical manifestations of exogenous glucose metabolism in type 2 diabetic patients
	Abstract
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Participants
	Breath test
	Statistical analysis

	Results
	Discussion
	References


