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Abstract The analysis of exhaled metabolites has become a
promising field of research in recent decades. Several volatile
organic compounds reflecting metabolic disturbance and nu-
trition status have even been reported. These are particularly
important for long-term measurements, as needed in medical
research for detection of disease progression and therapeutic
efficacy. In this context, it has become urgent to investigate the
effect of fasting and glucose treatment for breath analysis. In
the present study, we used amodel of ventilated rats that fasted
for 12 h prior to the experiment. Ten rats per group were
randomly assigned for continuous intravenous infusion with-
out glucose or an infusion including 25 mg glucose per 100 g
per hour during an observation period of 12 h. Exhaled gas
was analysed using multicapillary column ion-mobility spec-
trometry. Analytes were identified by the BS-MCC/IMS da-
tabase (version 1209; B & S Analytik, Dortmund, Germany).
Glucose infusion led to a significant increase in blood glucose
levels (p<0.05 at 4 h and thereafter) and cardiac output
(p<0.05 at 4 h and thereafter). During the observation period,
39 peaks were found collectively. There were significant dif-
ferences between groups in the concentration of ten volatile
organic compounds: p<0.001 at 4 h and thereafter for iso-
prene, cyclohexanone, acetone, p-cymol, 2-hexanone,
phenylacetylene, and one unknown compound, and
p<0.001 at 8 h and thereafter for 1-pentanol, 1-propanol,

and 2-heptanol. Our results indicate that for long-term
measurement, fasting and the withholding of glucose could
contribute to changes of volatile metabolites in exhaled air.
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Introduction

The analysis of breath is a promising field of research. The pres-
ence or change of specific metabolites in exhaled air, commonly
known as volatile organic compounds (VOCs), is associatedwith
metabolic disturbance and nutritional status of the body [1, 2].

One approach for breath analysis is multicapillary column
(MCC) ion-mobility spectrometry (IMS). It features non-
invasive and rapid detection of VOCs in breath. Currently,
MCC-IMS is commonly used for detection of chemical warfare
agents, illegal drugs, and explosives [3–6]. But quite recently,
IMS has been applied in the area of medical research [1, 7].

Not surprisingly, the bulk of medical research is associated
with pulmonary disorders—for example, chronic obstructive
pulmonary disease, asthma, cystic fibrosis, and lung cancer
[8–10]. Furthermore, MCC-IMS has been used for detection
of sepsis, inflammation, and various bacterial species [11, 12].

Thus, someVOCs have been used as characteristic markers
of metabolic and pathophysiological processes: acetone and
the influence of diet and diabetes, ammonia confirmed as an
indicator of dialysis efficacy, isoprene as a by-product of cho-
lesterol biosynthesis, and hydrogen cyanide released for
Pseudomonas aeruginosa and cystic fibrosis [13–16].

Recent data suggest the feasibility of IMS measurement up to
24 h in a model of ventilated rats [17]. The long-term measure-
ment of exhaled breath offers a variety of possibilities for the
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detection of disease progression and therapeutic efficacy.
Therefore, long-term measurement is of extraordinary interest
for the investigation of diseases with serious distribution and/or
the need of ventilation—for example, sepsis, inflammation, pneu-
monia, acute lung injury, and ventilator-associated lung damage.

Especially for long-term measurement, a high degree of
standardization is of utmost importance. Gender, age, time of
day, and most notably feeding conditions can interfere with the
concentrations and appearance of VOCs. Moreover, it is recog-
nized that the diet and nutritional status can seriously influence
the concentrations of VOCs in exhaled air, most certainly the
level of acetone, ammonia, ethanol, and methanol [18–20].

In this context, it has become urgently necessary to inves-
tigate the effect of fasting and energy self-sufficiency on VOC
profiles. In our current study, we used a rodent model of ven-
tilated rats that fasted for 12 h prior to the experiment. For IMS
breath analysis, rats were randomly assigned to receive con-
tinuous intravenous infusion without or with glucose
(25 mg/kg/h) during an observation period of 12 h.

Materials and methods

Animals

The experiments were conducted in accordance with the
German legislation on the protection of animals (Landesamt
für Soziales, Gesundheit und Verbraucherschutz,
Saarbrücken, Germany) and the National Institutes of Health
guidelines for animal care. Adult male Sprague Dawley rats
weighing 200–300 g were obtained from Charles River
(Sulzfeld, Germany) and were kept in the institutional animal
facility under controlled conditions (20±2 °C and 50±5 %
humidity). Rats had free access to water; standard pellet food
was withheld for 12 h prior to the experiment.

Animal preparation

Surgical procedures were performed as described previously
[1, 17]. Anaesthesia was induced by intraperitoneal adminis-
tration of pentobarbital at 60mg/kg. Rats were positioned on a
warming plate; a tracheotomy was performed to facilitate
breathing. One fluid-filled polyethylene catheter was placed
in the right jugular vein to allow infusions as described below;
another was inserted in the left femoral artery and connected
to a pressure transducer (PowerLab 8/35, LabChart V7,
ADInstruments Oxford, UK) for blood sampling, and contin-
uous measurement of the mean arterial pressure and heart rate.
The left carotid artery was catheterized to allow measurement
of cardiac output using the transpulmonary thermodilution
technique (MLT 1405 T-type, ADInstruments, Oxford, UK).

Afterwards, the tracheal cannula was connected to a respi-
rator (KTR-5 small animal ventilator, Hugo Sachs Elektronik-

Havard Apparatus, March-Hugstetten, Germany), and highly
purified synthetic air (Air Liquide, Ludwigshafen, Germany)
was used. Tidal volume was adjusted to a normal lift of the
thorax with a tidal volume of 6-8 ml per kilogram of body
weight. The ventilator was set to a respiratory rate of 65/min,
with a positive end-expiratory pressure of 1–2 cmH2O, and a
maximal inspiratory pressure of 25 cmH2O. The MCC-IMS
instrument (BreathDiscovery, B & S Analytik, Dortmund,
Germany) was connected to the exhalation line of the respira-
tor as described previously [17].

General anaesthesia was maintained throughout the exper-
iment with pentobarbital administered intravenously every
30 min. Cardiac output and arterial blood gas (0.2 ml) were
sampled every 4 h (ABL800 Basic, Radiometer Willich,
Germany).

Experimental protocol

We evaluated two groups of ten rats each assigned to be given
isotonic solution intravenously without glucose (G-) or with
glucose (G+) via a venous catheter in the right jugular vein:

G-: Rats were given sterofundin ISO® (B. Braun,
Melsungen, Germany) at a rate of 1 ml/100 g/h
intravenously.
G+: Rats were given sterofundin BG-5® (B. Braun,
Melsungen, Germany) including glucose at 50 mg/ml at
a rate of 0.5 ml/100 g/h intravenously.

MCC-IMS measurements

MCC-IMS measurements was performed as described
elsewhere [17] using a BioScout 2011 (B & S
Analytik, Dortmund, Germany). Ten millilitres of ex-
haled air (every 20 min) was retained in the sample
loop before it entered the MCC of the IMS instrument.
The retention time in relation to the preseparation of the
MCC, the drift time of the ions within the IMS instru-
ment, and the intensity of the analytes were provided by
MCC-IMS and were subsequently identified using the
BS-MCC/IMS-Analytes database (version 1209) in com-
bination with the program MIMA [21]. VOCs were
identified using the program Visual Now 3.1 (B & S
Analytik, Dortmund, Germany). All signals between the
thresholds of 1 mV and 5 V were defined as a peak,
and were assigned by their position with drift time and
retention time. The concentration of the signal is related
to the peak intensity; therefore, a calibration curve with
pure substance was realized for acetone as described
previously [22]. In the present work, the focus is on
identification to achieve a list of interesting analytes.
With respect to the major analytes identified, permeation
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standards should be prepared and calibration curves de-
termined within a further step. As performed here, the
differentiation is realized using the peak intensity direct-
ly without any additional relation to the concentrations
of the analytes considered. In the picogram per litre to
nanogram per litre concentration range, the realization
of proper permeation tubes is rather time-consuming.

Sample preparation for gene expression analysis

For gene expression analysis, frozen liver tissue (10–15 mg)
was homogenized in FastTri buffer (Axon Labortechnik,
Kaiserslautern, Germany). Total RNAwas isolated according
to the manufacturer’s instructions, and remaining DNA was
digested with DNase I (Fermentas, St Leon-Rot, Germany)
and stored at -80 °C.

Quantitative real-time PCR

Synthesis of complementary DNA was performed with
1 μg RNA using 200 U RevertAid™ reverse transcrip-
tase (Fermentas, St Leon-Rot, Germany). A complemen-
tary DNA equivalent to 10 ng total RNA was applied to
the PCR Mastermix with t5× hot start Taq EvaGreen
qu an t i t a t i v e PCR mix (Axon Labo r t e c h n i k ,
Kaiserslautern, Germany) and a concentration of
2.5 μM for each primer (unmodified oligos, Eurofins
MWG, Ebersberg, Germany). PCR was performed with-
in 40 cycles using a CFX 96 real-time PCR detection
system (Bio-Rad, Munich, Germany).The gene expres-
sion of succinate dehydrogenase complex, subunit A
(SDHA) and that of ribosomal protein S16 (RPS16)
were used for normalization. Cycle of quantitation
values were determined by non-linear regression fitting
of the Richards function [23]. Ratios were calculated by

means of the 2−ΔΔCt method [24].

Statistical analysis and signal processing

Mathematical and statistical evaluation was done using
SigmaPlot (version 12.5; Systat Software, Erkrath,
Germany). Statistical analysis was performed for each VOC
at the baseline and every 4 h. On the basis of our previous
experience, ten rats per group was sufficient to distinguish
clear differences. Data were tested for distribution normality
(Kolmogorov–Smirnov test) and analysed using repeated-
measures analysis of variance (ANOVA) followed by post
hoc multiple comparisons with the Holm–Sidak method.
When appropriate, a repeated-measures ANOVA on ranks
was used. A p value less than 0.05 was considered statistically
significant.

Results

Macrohaemodynamic parameters, blood gas analysis,
cardiac output

All rats survived the observation period of 12 h. The
baseline mean arterial pressure was similar in both
groups, and remained stable throughout the experiment.
The heart rate revealed normal baseline values, and was
stable in both groups. There were no significant statis-
tical differences for both parameters during the experi-
ment (Fig. 1).

For blood gas analysis, pH, lactate concentration, and
haemoglobin concentration presented normal values
throughout the experiment. The continuous infusion of
glucose led to a significant increase in blood glucose
values and cardiac output at 4 h and thereafter when
compared wi th the va lue s in un t r ea t ed ra t s .
Furthermore, base excess decreased significantly in the
G- group at 12 h, when compared with the G+ group
(Table 1).

Multi-capillary-column ion-mobility spectrometry

Thirty-nine VOCs between the thresholds of 1 mV and
5 V (set as peak definition) were detected during the
experiment. Ten signals displayed significant differences
between groups during the observation period, and thus
were cons ide red poten t i a l ly usefu l VOCs for

Fig. 1 Measurements of mean arterial pressure (MAP) and heart rate
(HR) revealed normal baseline values. During the experiment, MAP
and HR remained within normal ranges. There were no significant
differences between the treatment groups during the experiment. The
data are given as the mean±the standard error of the mean (SEM) (n=
10). bpm beats per minute, G- without glucose administration, G+
glucose administration (25 mg/100 g/h)
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distinguishing among treatments. Nine of them were
identified with the BS-MCC/IMS-Analytes database.
Yet, one compound remains unknown. All of these
compounds are presented in Table 2. In Fig. 2 a typical
IMS chromatogram (Fig. 2a) and a typical IMS spec-
trum (Fig. 2b) are illustrated.

In the G- group, eight peaks presented relatively stable
concentrations during the experiment; the levels of the un-
known compound (p<0.001 at 2 h and thereafter) and
phenylacetylene (p<0.001 at 12 h) decreased significantly
when compared with the baseline values. In contrast, only
three peaks showed stable profiles in the G+ group during
the experiment. Further, seven declined significantly in the
G+ group: acetone (p<0.001 at 4 h and thereafter); isoprene,
2-hexanone, phenylacetylene, and the unknown (all
p<0.001 at 8 h and thereafter); and p-cymol and 2-heptanol
(both p<0.001 at 8 h and thereafter) (Table 2, Figs. 3, 4).

Overall, there were significant differences between the G-
andG+ groups in the concentration of ten volatile compounds:
p<0.001 at 4 h and thereafter for isoprene, cyclohexanone,
acetone, p-cymol, 2-hexanone, phenylacetylene, and the un-
known compound, and p<0.001 at 8 h and thereafter for 1-
pentanol, 1-propanol, and 2-heptanol (Table 2, Figs. 3, 4).

Glucose treatment and analysis of nonlinear regression

We chose an infusion rate of 0.5 ml/100 g/h including 5 %
glucose in the G+ group. One gram of glucose implies a cal-
orific value of 16 kJ. During an observation period of 24 h, a
rat would receive approximately 200 kJ/kg, representing a
third of the normal basal metabolic rate per day.

Correlation between acetone and blood glucose showed a
poor trend towards higher acetone concentrations in exhaled
air and decreasing blood glucose values, with a correlation
coefficient of R=0.52 (Fig. 5a). However, a clear trend to-
wards lower acetone concentrations with the cumulative dose
of glucose was noted (R=0.88; Fig. 5b).

Quantitative real-time PCR

After 12 h, quantitative real-time analysis of glucose 6-
pho spha t a s e (p = 0 . 95 ) , p ho sphoeno l py r uv a t e
carboxykinase (p=0.11), and cyclic AMP response ele-
ment binding protein (p=0.59), the central enzymes of
gluconeogenesis and glycolysis, in liver tissue, as well
as 3-hydroxy-3-methyl-glutaryl-CoA reductase, the rate-
controlling enzyme of the mevalonate pathway, showed

Table 1 Arterial blood gas analysis and cardiac output

0 h 4 h 8 h 12 h

pH

G- 7.42 (7.28–7.56) 7.43 (7.35–7.49) 7.46 (7.40–7.54) 7.47 (7.44–7.54)

G+ 7.44 (7.33–7.58) 7.42 (7.25–7.48) 7.47 (7.39–7.49) 7.46 (7.41–7.51)

Base excess

G- −0.2 (−4.4 to 4.8) −2 (−4.9 to 1.1) −1.5 (−5.3 to 1.6) −4.7# (−7.9 to −1.1)
G+ −2.6 (−3.3 to 3.8) −3.4 (−7.4 to 3.5) −1.7 (−6.1 to 2.8) −1.4 (−6.0 to 1.0)

Lactate

G- 0.6 (0.4–0.8) 0.6 (0.3–1.0) 0.6 (0.4–0.9) 0.5 (0.4–0.8)

G+ 0.7 (0.4–1.2) 0.7 (0.5–1.0) 0.7 (0.5–1.0) 0.7 (0.6–0.9)

Haemoglobin

G- 14.8 (12.5–17.5) 13.5 (11.9–15.6) 13.9 (12.2–15.4) 12.3 (10.1–16.2)

G+ 13.7 (12.0–15.3) 13.2 (10.2–15.5) 13.5 (11.5–15.5) 13.6 (12.3–15.2)

Glucose

G- 87 (72–112) 84* (66–99) 83* (64–103) 72* (55–92)

G+ 90 (82–99) 104# (76–137) 105# (76–134) 108# (87–149)

Cardiac output

G- 95 (73–111) 102* (89–115) 110* (69–129) 108* (89–149)

G+ 99 (72–136) 173# (114–248) 155# (120–195) 142# (120–172)

Blood gas analysis revealed normal baseline values of pH, lactate concentration, and haemoglobin concentration throughout the experiment. Glucose
values increase significantly in the glucose administration (G+; 25 mg/100 g/h) group over time when compared with the without glucose administration
(G-) group and the baseline. Base excess declined significantly in the G- group after 12 h, when compared with the G+ group. Cardiac output increased
significantly in the G+ group at 4 h and thereafter. Data are given as the mean±the 95 % confidence interval (n=10).

*p<0.05 for G- versus G+.
# p < 0.05 versus the corresponding baseline
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no differences between groups (p=0.22; data not
shown).

Discussion

Metabolic profiling of VOCs is becoming increasingly
popular in breath research. It is recognized that a single
VOC or the combination of different VOCs will most
likely indicate particular diseases and metabolic
conditions.

The present study investigated rats after 12 h of
fasting assigned to infusion with or without glucose
during the following 12 h. Almost ten VOCs showed

differences between groups during the experiment, thus
confirming the changes in rat metabolism caused by
glucose infusion as seen in blood glucose levels. The
dose of 5 % glucose was especially chosen to maintain
a third of the normal basal metabolic rate of approxi-
mately 600 kJ/kg under life conditions [25]. Because
general anaesthesia reduces the global metabolic rate, a
h ighe r in fus ion ra t e l ed to an ove rdose and
hyperglycaemia [26, 27]. Hence, excessive amounts of
glucose in the blood led to a wide variety of serious
metabolic disorders—for example, ketoacidosis, dehy-
dration, due osmotic diuresis, and impairment of con-
sciousness with hemodynamic decompensation during
anaesthesia. Further, hyperglycaemia caused a ‘fruity’

Table 2 Identification and changes in volatile organic compounds

0 h 4 h 8 h 12 h

Isoprene

G- 36.6 (14.9–61.1) 36.8* (19.0–54.7) 36.8* (19.5–53.6) 35.6* (18.6–53.1)

G+ 28.0 (13.4–46.2) 14.9 (8.2–29.3) 12.8# (9.0–18.8) 10.7# (6.5–15.8)

Cyclohexanone

G- 30.9 (7.7–49.4) 42.2* (8.1–76.8) 36.2* (9.9–68.4) 32.5* (8.7–74.6)

G+ 23.6 (11.7–37.2) 17.5 (12.0–24.9) 15.8 (10.7–22.9) 13.8 (9.9–18.9)

1-Pentanol

G- 22.3 (9.7–46.1) 26.8 (13.7–46.7) 31.7* (17.1–60.2) 33.0* (15.3–68.1)

G+ 14.5 (11.3–27.7) 15.1 (6.3–40.8) 12.8 (5.8–25.4) 12.0 (6.5–25.4)

Acetone

G- 381 (135–828) 534* (184–855) 527* (246–861) 491* (136–852)

G+ 215 (31.9–477) 76.0# (26.8–183) 57.1# (25.2–134) 37.4# (22.4–55.2)

p-Cymol

G- 10.5 (8.3–14.7) 12.4* (10.5–16.1) 12.5* (9.7–16.5) 11.6* (7.7–16.7)

G+ 9.8 (7.0–12.9) 8.1 (5.7–11.5) 7.5 (5.1–11.3) 6.5# (4.4–9.7)

1-Propanol

G- 15.9 (1.9–39.9) 21.9 (10.0–39.6) 25.5* (11.3–56.6) 26.2* (9.5–59.4)

G+ 11.9 (6.0–18.5) 9.6 (5.0–17.5) 9.6 (5.4–21.3) 9.9 (4.1–12.9)

2-Hexanone

G- 22.5 (15.3–34.4) 22.8* (19.4–29.9) 22.2* (19.0–30.7) 22.9* (15.9–38.5)

G+ 23.7 (15.8–41.3) 16.2 (8.9–33.2) 14.3# (8.5–19.5) 12.1# (9.2–16.4)

2-Heptanol

G- 6.9 (2.7–14.6) 7.5 (2.2–12.6) 7.0* (3.4–12.1) 6.3* (2.5–9.3)

G+ 6.4 (2.7–13.1) 4.5 (2.3–10.3) 3.7 (2.4–5.5) 3.1# (2.1–4.8)

Phenylacetylene

G- 14.2 (6.5–21.7) 13.4* (5.6–18.8) 13.9* (10.5–18.1) 11.4*,# (5.6–20.1)

G+ 14.0 (5.6–23.5) 8.2 (4.1–22.6) 6.8# (4.3–13.3) 5.8 # (4.5–7.5)

Unknown

G- 436 (163–569) 683*,# (496–862) 679*,# (558–866) 633*,# (406–866)

G+ 323 (109–532) 144 (50.2–266) 70.4# (30.6–135) 52.4# (30.0–90.1)

Ten volatile organic compounds with significant changes of peak intensities were found during the observation period. Nine of themwere identified, one
remains unknown. Data are given as the mean±the 95 % confidence interval (n=10).

*p<0.05 for no glucose administration (G-) versus glucose administration at 25 mg/100 g/h (G+).
# p < 0.05 versus the corresponding baseline.
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Fig. 2 a A multicapillary column ion-mobility spectrometry (MCC-
IMS) chromatogram and b the MCC-IMS spectrum for individual rats
after 12 h. Acetone and isoprene were labelled by their position using the
inverse reduced mobility (axis of abscissa; 1/K0) and the retention time

(axis of ordinates; retention time) as well as the peak expansion. G-
without glucose administration, G+ glucose administration (25 mg/
100 g/h)
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smell of breath that seriously affects the chemical com-
positions in exhaled air.

Our findings are well in line with preceding reports dem-
onstrating changes in VOCs during diet and fasting [18 26].

Fig. 2 (continued)

Fig. 3 Peak course of isoprene. Infusion without glucose (G-) resulted in
stable signal strength during the experiment. For glucose treatment (G+;
25 mg/100 g/h), isoprene concentrations declined significantly during the
observation period. Asterisk p<0.05 for G- versus G+, pound sign p <
0.05 versus the corresponding baseline. Data are given as the mean ±
SEM (n=10)

Fig. 4 Peak course of acetone. Withholding of glucose (G-) results in a
significant increase of acetone concentration. For glucose treatment (G+;
25 mg/100 g/h) , the peak intensity declined during the experiment.
Differences between the groups became significant at 4 h and thereafter.
Asterisk p<0.05 for G- versus G+, pound sign p < 0.05 versus the
corresponding baseline. Data are given as the mean±SEM (n=10)
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Statheropoulos et al. [28] investigated fasting monks, who
showed Bpositive alveolar gradients^ for acetone, phenol,
DL-limonene, 2-pentanone, isoprene, and acetaldehyde after
3 days of fasting. Another study showed that diet and nutri-
tional status influence the levels of acetone, methanol, ethanol,
and ammonia in breath [18].

The origin and the metabolic significance of most VOCs
are still unknown. The blood-borne ketone acetone, an organic
compound produced in hepatocytes from humans and animals
by decarboxylation of acetoacetate and dehydrogenation of 2-

propanol [29], has been thoroughly investigated. It is mostly
present in blood, urine, and expired air. Fasting and diabetes
led to an increase of acetone concentration. The mechanism of
acetone production is likely the result of lipid mobilization
[23, 24]. Hence, acetone is of obvious interest for breath anal-
ysis. Much effort has been done to study acetone in exhaled
breath as a marker of blood glucose and glycaemic conditions.
Consequently, breath acetone concentration could distinguish
between patients with diabetes and healthy patients. Greiter
et al. [30] identified eight VOCs to distinguish between patients
with insulin-treated type 2 diabetes and healthy patients. Other
authors showed a linear relationship between haemoglobin A1c,
breath acetone, and blood glucose in type 1 diabetes, which is
contrary to expectations based on normal physiological condi-
tions [31]. However, we found no significant differences in the
expression of the central enzymes of gluconeogenesis and gly-
colysis between groups which could help to differentiate be-
tween VOC changes and metabolic conditions. Under certain
circumstances, this might be attributed to the low-dose glucose
treatment or the time of fasting.

As mentioned in the previous section, some studies found
different correlations between blood glucose and exhaled
breath, with a regression coefficient range from 0.08 to 0.98
[32–40]. Yet, in our study we found a negative correlation
towards higher acetone concentrations when blood glucose
concentrations declined, with a regression coefficient of only
0.52. Even more interesting is that our findings show a clearer
trend, with a correlation of 0.82 when the cumulative dose of
glucose was correlated with absolute acetone concentration.

One reason for the wide regression coefficient range could
be the inhomogeneous target groups with different conditions
of measurement used in most studies. Under these circum-
stances, acetone as a substrate of ketogenesis is influenced
by many physiological and pathophysiological conditions
which may influence the affected breath acetone concentra-
tion, including lipolysis, breath pattern, dead space ventila-
tion, cardiac output, fasting, and especially diabetes or insulin
therapy [41–43]. With particular focus on study design, some
of these factors cannot be controlled—that is, with regard to
difficult comparableness. Therefore, most of the published
studies came to the conclusion that there is a correlation be-
tween breath acetone, and blood acetone or ketone concentra-
tion, but single breath measurements of acetone do not pro-
vide a good measurement of blood glucose levels. It is too
early to draw a general conclusion on the relationship between
a breath acetone level and a blood glucose level [41–46].
Acetone levels were generally higher in diabetic patients, but
large interindividual variability requires caution when the ac-
etone breath test is used [42, 43].

We speculate that the different findings in our study, with a
negative correlation coefficient between breath acetone and
blood glucose, may be caused by the glucose injection in
contrast to native blood glucose conditions. Moreover, not

Fig. 5 Correlation between acetone concentration and blood glucose
level (a) and between acetone concentration and cumulative input of
glucose (b). a The correlation between the absolute acetone
concentration in parts per billion with a correlation coefficient of non-
linear regression (exponential decay, single, three parameter) was R=
0.52; however, there is a poor trend towards lower acetone
concentrations with increasing blood glucose levels. The dotted line
(with the function y=0.28x – 19.6) indicates the possibility to
distinguish between animals with and without glucose treatment. b The
correlation coefficient of nonlinear regression (polynomial; inverse third
order) was R=0.82. There is a clear trend towards lower acetone
concentrations with the cumulative input of glucose adjusted per 100 g
body weight. G+ glucose administration (25 mg/100 g/h)
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all findings in rodent models can be compared with human
conditions. But to our knowledge, there are only a few differ-
ences between human and rats regarding physiological chang-
es after glucose treatment and fasting. Accordingly, a further
important limitation of the techniques is that none of them used
continuous monitoring of exhaled breath as seen in our study.

Nevertheless, this forcefully illustrates that exhaled acetone
might be a useful biomarker for glycaemic control. For this
reason, the production of analysis tools which will be ade-
quate for acetone analysis in exhaled air is of great interest
[31, 33, 47–49]. Problems with these devices were the low
sensitivity and the failure under high humidity [31, 33]. In this
investigation, we used an IMS instrument coupled with an
MCC to ensure effective separation of humidity.

Another VOC to be pointed out is isoprene, the major hy-
drocarbon found in human breath, with high interindividual
variability [50]. Isoprene is a substrate in the mevalonate path-
way of cholesterol synthesis, whereas acetaldehyde is proba-
bly produced by oxidation of endogenous ethanol [51]. In
exhaled air it shows a correlation with cholesterol biosynthe-
sis, but not with blood glucose [33]. Highmixed venous blood
concentrations also suggest a peripheral origin—for instance,
from muscular cells [52]. In the present study, isoprene con-
centration declined over time in the G+ group when compared
with the G- group. Interestingly, a past study reported that the
concentration of isoprene does not appear to be influenced by
gender, diet, or fasting in humans, but rats can be manipulated
to produce more or less isoprene by dietary means [50]. Karl
et al. [53, 54] found that the large variability between individ-
uals is related to a variation in the heart rate and exhalation rate
together with differences in the endogenous isoprene produc-
tion. In our study, the observed alteration in isoprene concen-
tration is unlikely to be the result of changes in heart rate or
blood pressure, but seems more likely to be due to changes in
endogenous production.

It should be noted that cardiac output increased and iso-
prene concentration decreased over time in G+ rats during the
experiment. Other studies reported an early and short-term rise
of isoprene concentration in exhaled breath when cardiac out-
put increased [54, 55]. Recent investigations support our find-
ing that changes in blood glucose and insulin concentrations
may influence the heart rate, cardiac output, and blood pres-
sure [54, 56].

Our current results emphasize the importance of stable met-
abolic conditions during breath analysis. Especially for long-
term measurement, fasting and the withholding of glucose
could contribute to a false interpretation of volatile metabo-
lites in exhaled air. The results of our study showed ten VOCs
with significant differences between groups. Only isoprene
and acetone could be assigned to their metabolism. The origin
of the further eight VOCs remains unknown, and greater em-
phasis is needed to evaluate plausible mechanisms for changes
in these potential biomarkers.
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