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Abstract

The goal of this study was to evaluate the capacity for mass spectrometry of blood plasma to diagnose impaired glucose
tolerance (IGT). For this study, blood plasma samples from control subjects (n=30) and patients with IGT (n=20) were
treated with methanol and low molecular weight fraction were then analyzed by direct infusion mass spectrometry. A total
of 51 metabolite ions strongly associated with IGT were detected. The area under a receiver operating characteristic (ROC)
curve (AUQ) for diagnosing IGT that was based on an analysis of all these metabolites was 0.93 (accuracy 90%, specificity
90%, and sensitivity 90%). The associated reproducibility was 85%. The metabolites identified were also consistent with risk
factors previously associated with the development of diabetes. Thus, direct infusion mass spectrometry of blood plasma
metabolites represents a rapid, single-step, and reproducible method for the analysis of metabolites. Moreover, this method
has the potential to serve as a prototype for clinical analyses that could replace the currently used glucose tolerance test
with a more patient-friendly assay.
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Introduction

Impaired glucose tolerance (IGT) is a pre-diabetic state that is
associated with insulin resistance and an increased risk of
cardiovascular pathology. Moreover, IGT has been shown to
precede type 2 diabetes mellitus by many years [1]. To prevent or
delay the development of diabetes in pre-diabetic individuals,
changes in diet and increased physical activity are recommended
[2,3]. Currently, the oral glucose tolerance test (OGTT) represents
the ‘gold standard’ for detecting IGT. However, this test has
exhibited low reproducibility despite being considered useful for a
diagnosis of IGT, as well as for diabetes and other cardiovascular
risk factors [4-6]. In addition, an OG'TT is time consuming (takes
2 h) and some people may experience sugar shock during it [7].
Therefore, a more rapid and reproducible test for diagnosing IGT
is needed.

In this study, a metabolomics approach was evaluated for its
ability to diagnose IGT. In metabolomics, a large number of small
molecules (metabolites) can be detected in samples, and in the case
of bodily fluid samples, this capacity provides great potential for
the development of diagnostic assays [8,9]. Previously, the
majority of metabolomic studies of blood plasma samples have
been conducted using multi-stage protocols [10], and numerous
diagnostic metabolites have been identified, including metabolites
related to a pre-diabetic state. More recently, prospective nested
case control studies identified five branched chain and aromatic
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amino acids as predictors of type 2 diabetes [11]. In another study,
the metabolites, glycine, lysophosphatidylcholine, and acetylcarni-
tine, exhibited significantly altered levels in patients with IGT
compared to individuals with normal glucose tolerance [12].

Of the available metabolomics technologies, direct infusion
mass spectrometry appears to be the most suitable for clinical
application. Using this technique, biological materials can be
directly applied to an ionization source of a mass spectrometer
without any preliminary separation, and the capacity for this
approach to be used for diagnostics has been demonstrated in
previous studies [13-17]. Consequently, direct infusion mass
spectrometry can characterize a metabolome without additional
distortion being introduced by a separation step. Moreover, this
should simplify the translation of this metabolomics-based method
into the clinic. Therefore, in the present study, direct infusion mass
spectrometry (DIMS) of blood plasma metabolites was performed
to evaluate this method as a diagnostic assay for a pre-diabetic
state characterized by IGT.

Materials and Methods

Patient cohorts

Study participants were recruited at the Polyclinic Department
of the Endocrinology Research Centre (Moscow, Russia). The
study was approved by the ethical review committee #27-01 of the
RAMS (Moscow, Russia), approval number #64 (statement # 01-
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02/62). Subjects at risk for diabetes who were admitted to the
department were selected to participate in this study. All
participants signed their written informed consent to provide
blood samples for research purposes. Blood plasma concentrations
of diagnostic substances (glucose, uric acid, total cholesterol,
insulin, triglycerides, low-density lipoprotein (LDL), and high-
density lipoprotein (HDL) were measured using the Architect
c4000 clinical chemistry analyzer (Abbott Diagnostics, Abbott
Park, IL, USA). Glycated hemoglobin (HbAlc) was measured
using the Bio-Rad D10 hemoglobin testing system (Bio-Rad
Laboratories, France). For the oral glucose talerance test (OGTT),
a standard glucose dose (75 g) was orally ingested and blood
glucose levels were checked two hours later. IGT was diagnosed if
the post-load glucose levels were between 7.8 and 11.0 mmol/]
(W.H.O. 1999) [18]. In this study, OGTT results were used to
establish gender-matched cases (IGT; n = 20) and control (Normal;
n=30) groups. Table | (and Table S1) presents the clinical
characteristics of the cohort.

Blood sampling and sample preparation

Blood samples for metabolomic analysis were taken from the
vein before the morning meal. Samples (3 ml) were placed into
glass tubes containing KoEDTA (BD Vacutainer; Becton, Dick-
inson and Company, Franklin Lakes, NJ, USA) and centrifuged
within 15 min of blood collection at 1600xg and room
temperature. The resultant blood plasma was subdivided into
aliquots that were pipetted into plastic tubes. These tubes were
marked, transported in special thermo containers, frozen, then
stored at —80°C until analysis. The analyzed samples were
subjected to one freeze/thaw cycle. To test the reproducibility of
this protocol, an additional set of blood samples (n=20) were
collected from the same individuals within 2-7 days of the original
collection.

Table 1. Clinical characteristics of patient cohort.
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For plasma deproteinization, aliquots (10 ul) were mixed with
10 ul water (LiChrosolv; Merck KGaA, Darmstadt, Germany)
and 80 pl methanol (Fluka, Munich, Germany) and incubated at
room temperature. After 15 min, samples were centrifuged at
13000xg (MiniSpin plus centrifuge; Eppendorf AG, Hamburg,
Germany) for 10 min. Deproteinized supernatants were then
transferred to clean plastic Eppendorf tubes, and fifty volumes of
methanol containing 0.1% formic acid (Fluka) was added to each
tube. The resulting solutions were subjected to mass spectrometry
analysis.

Mass spectrometry analysis

Samples were analyzed with a maXis hybrid quadrupole time-
of-flight mass spectrometer (Bruker Daltonics, Billerica, MA, USA)
equipped with an electrospray ionization (ESI) source (Supporting
Information S1). The mass spectrometer was set up to prioritize
the detection of ions with a mass-to-charge ratio (m/z) ranging
from 50 to 1000, with a mass accuracy of 1-3 parts per million
(ppm). Spectra were recorded in the positive ion charge detection
mode. Samples were injected into the ESI source using a glass
syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) connected
to a syringe injection pump (KD Scientific, Holliston, MA, USA).
The flow rate of samples to the ionization source was 180 pl/h,
and samples were injected in a randomized order (e.g., control
samples were run between case samples). Mass spectra were
obtained using DataAnalysis version 3.4 (Bruker Daltonics) to
summarize one minute signals. Ion metabolite masses were
determined from the mass spectrum peaks obtained using the
DataAnalysis program. All peaks above noise level (singal to noise
ration >1) were selected, and the metabolite ion masses were
pooled and processed using Matlab version R2010a (MathWorks,
Natick, MA, USA). Alignment of mass peaks was performed as
described previously [16]. This and all other calculations were
performed using Matlab software.

CHARACTERISTICS VALUES (average * SD/range) AUC t-test (p-value)
Control subjects Subjects with IGT
Number 30 20 - -
Sex (male/female) 15/15 10/10 0.51 -
Age (years) 53.3+14.0/32-82 61.8+12.2/38-85 0.66 0.03
BMI (kg/m?) 35.0+8.2/24.5-53.2 33.9+8.9/23.2-57.0 0.46 0.66
Fasting glucose (mmol/l) 5.5+0.4/4.8-6.4 5.6+0.4/5-6.1 0.55 0.51
Glucose in OGTT (mmol/l) 6.4+1.0/4.1-7.8 9.8+1.0/8.2-11.0 1.00°? 0.00
Insulin (LU/ml) 16.1+20.0/3.3-100.8 14.5+7.9/4.9-31.7 0.59 0.74
HbA1c (%) [mmol/mol] 5.8+0.4/5.1-6.4 [40+4.4/32-46] 6.1+0.4/5.4-6.6 [43+4.4/36-49] 0.77 0.001
LDL (mmol/l) 3.4+0.7/1.7-5.3 3.1+1.0/1.6-4.7 0.41 0.16
HDL (mmol/l) 1.2+0.4/0.7-1.9 1.1+0.4/0.6-1.9 0.40 0.23
Cholesterol (mmol/l) 5.2+0.8/3.9-6.6 5.1+1.2/3.0-6.8 0.47 0.58
Uric acid (umol/l) 374+82/223-514 386+83/265-581 0.54 0.61
Triglycerides (mmol/l) 1.3+0.6/0.5-3.0 1.69+0.9/0.8-3.9 0.62 0.07
HOMA-IR 4.0+4.8/0.8-24.2 3.6+2.1/1.1-8.6 0.59 0.79
HOMA-p 160+202/31-1061 139+76/55-283 0.58 0.65
mbGTT 9.9+7.2/0-26 32.3+9.9/10-46 0.93 0.0000

BMI, body mass index.
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¥The AUC for glucose (OGTT) is equal to 1 since the OGTT test was used to establish control and IGT groups.
AUC, a receiver operating characteristic (ROC) curve; OGTT, oral glucose tolerance test; ,,,GTT, mass spectrometry-based GTT; HOMA, homeostatic model assessment;
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For mass spectrometric peaks included in IGT pattern and
having clear isotope patterns, the correspondence to the specific
metabolites from the database “Human Metabolome Database™
(http://www.hmdb.ca) [19] and/or Metlin (Scripps Center for
Mass Spectrometry, USA; http://metlin.scripps.edu) [20] was
established. Theoretical isotope patterns for each of these
metabolites were generated using the Molecular Weight Calcula-
tor v.6.46 program (http://ncrr.pnl.gov).

Score calculation for the mass spectrometry-based GTT

Metabolite ions with peak intensities strongly associated with
IGT (n=51) were included in the calculation of a mass
spectrometry-based glucose tolerance test (,,,GTT) score. To this
end, the intensity of each peak was considered as a measure for a
separate two-state test, where the final ,,,GTT score was
represented as the number of positive results from these tests.
To define the threshold values that would separate positive and
negative results for all single-ion tests and the final mbGT'T score,
ROC curves were generated using the rocplot function of the
Matlab program. This function returns all required thresholds
with the corresponding accuracies, sensitivities, specificities, and
area under ROC curve (AUC) values. Mass peaks having
intensities near the noise level observed for more than 10% of
the samples (i.e., corresponding metabolites’ concentrations were
near the limit-of-detection (LOD), and therefore, potentially did
not exhibit valid distributions in the mass spectral data) were not
included in calculations of ,,,GTT scores.

Metabolic pattern of IGT

A metabolic pattern was established using a list of ion masses
strictly associated with IGT and which were detected using ESI-
DIMS. For each metabolite ion, the threshold for the mass peak
intensity (derived from the metabolite concentration) was defined
in order to separate positive and negative results for IGT, and
these threshold values were expressed in quintiles that were
defined based on the control set of mass spectra (n=30). For
example, if the intensity of a mass peak with a m/z of 133.097 is
higher than that of 0.57 quintiles, ie., 133.097%°7, then the
mbGTT score should be increased by one. For metabolite ions
expressing a lower intensity with IGT (these ion masses are
underlined in the pattern), the ,,, GTT score should be increased if
the intensity of a mass peak lower than that is defined by the
quintile.

The ,,,GTT scores were additionally validated using the leave-
one-out method [21]. This method involves the one-by-one
removal of each data point (sample) from the dataset and
determination of the resulting ,,GTT score based on the
remaining data. This ,,,,GTT score was then tested by reintro-
ducing the sample which was not included. Thus, ., GTT scores
were obtained and tested for all 50 samples.

Results

Direct infusion mass spectrometry identifies a diagnostic
pattern of IGT

ESI-DIMS analysis of plasma samples resulted in the detection
of ~4000 low weight molecular ions per sample (Fig. 1). Based on
the peak intensity values obtained, AUC values were calculated for
each metabolite. Fifty-one ions were strongly associated with IGT
were subsequently selected to design a diagnostic pattern for IGT.
Of these, 35 ions exhibited an increase in concentration with IGT
(with an AUC value >0.7), and 16 ions exhibited a decrease in
concentration with IGT (with an AUC value >0.76): 133.097%°7;
135.039%%% 149.057%7% 165.089™7"; 175.145%7"; 177.124%%
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178.993%%; 181.084%%; 200.973%7%; 204.952%77; 211.004%%%;
293.094%8% 298.924%7% 239.014°8'; 248.942°78. 250.045"7";
256.155%7% 256.261%81; 263.085%%; 272.943%7%; 278244979,
280.264%9%; 282.279°78; 284.295%8%: 296.221°78; 297298003
302.245%82% 310.874%%%; 312.327%%5; 394.253%°1. 366.833%77;

367.119%%; 376.810%7%; 434.819%%2%; 494.773%%%; 114.896%%;

116.896%%5;  122.925%%%;  124.923%%%;  139.914"5;
152.026%%;  172.854°%%;  238.839°%°;  248.868%7;
249.872°%;  250.865°%%;  256.981°"°;  260.896"";

298.795%%; 304.740""; 306.827°"°.

The AUC value for the ,,, GT'T based on this pattern was 0.93.
A [, GTT score of 22 units was identified as the threshold value
for distinguishing IGT versus normal states, and this score was
associated with a maximum accuracy value of 90%, a sensitivity
value of 90%, and a specificity value of 90% (Fig. 2). The
reproducibility of the ,,,GTT score that was calculated for 20
subjects was 85%. In addition, the accuracy, sensitivity, and
specificity for this ,,,GTT score were measured using the leave-
one-out test, and the values obtained were 88%, 90%, and 87%,
respectively.

Metabolite identification

Metabolites associated with IGT that were identified from the
samples analyzed based on high AUC values included fatty acids,
amides of fatty acids, and five other metabolites: butanediol,
phosphoglycolic acid, p-cresol sulfate, ornithine, and phosphati-
dylcholine (Table 2). In addition, metabolites present at lower
concentrations, yet having high AUC values, were found to
represent quasi-molecular ions containing potassium ions.

Discussion

Development of an ,,,GTT

Mass spectrometry techniques that are currently available
facilitate the capture of high-throughput ‘snapshots’ of the
metabolome [8,14]. Moreover, for the analysis of bodily fluids,
mass spectrometry has exhibited great potential for its application
in diagnostic assays. In the present study, DIMS of plasma samples
using an ESI source in positive ion mode (optimal for the
lonization of many blood plasma substances [22]), resulted in the
detection of ~4000 metabolite ions per sample. This comprehen-
sive dataset provided valuable insight into the metabolome of
blood plasma, and also demonstrated the potential for this
approach to diagnose metabolic disorders related to prediabetes.

Efficacy of the ,,,GTT

Calculation of an AUC value is an ideal method for classifying
the efficacy of a two-state test. For example, it was previously
demonstrated that AUC values ranging from 0.5-0.6 indicate a
test does not work; 0.6-0.7, a poor, yet functional, test; 0.7-0.8 — a
good test, and 0.9-1.0 — an excellent test [23]. The AUC value for
the ,,GTT performed in the present study was 0.93, thereby
classifying this test as having excellent efficacy. However, the
mbGTT did not achieve maximum accuracy based on the use of
OGTT results to distinguish IGT and control groups.

An AUC value comprehensively characterizes the diagnostic
power of the two-state test, to which the ,,,, GT'T also belongs, and
threshold values specified in the IGT pattern are defined using the
control set of samples (i.e., the samples influence the diagnostic
pattern). Correspondingly, the capacity for the ,,,GTT to
diagnose IGT was additionally validated using the leave-one-out
test. Negligible decreases that were observed in the diagnostic
parameters of the leave-one-out test relate to slight fluctuations in
the threshold values from one run to another during testing. More
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Figure 1. A typical mass spectrum of human plasma metabolites. This mass spectrum was obtained following the direct injection of a
deproteinized blood plasma sample into an electrospray ion source of a hybrid quadrupole time-of-flight mass spectrometer. The main metabolite
groups detected are labeled. The embedded figure in the right upper corner shows the single-stage workflow that was used to obtain the

corresponding metabolome profile of blood plasma by ESI-DIMS.
doi:10.1371/journal.pone.0105343.g001
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Figure 2. ROC curve for the ,,,GTT. A total of 50 samples from IGT
cases (n=20) and control individuals (n=30) were used to build a ROC
curve. The ,,GTT score was based on data for 51 metabolite ions. The
point represented on the ROC curve represents the maximum ,,,GTT
accuracy value. The area under the ROC curve (AUCQ) is shaded.
doi:10.1371/journal.pone.0105343.9g002
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stable threshold values could be established if a larger control set
was used to define the quintiles.

Reproducibility of the .,,,GTT

The low reproducibility of the OGTT is a key shortcoming of
this assay [4-6]. Moreover, glucose levels, as well as the level of
most metabolites in blood, can widely vary. For example, the
coeflicient of variation (CV) for glucose levels for a 2 h OGTT is
~25% [4], thereby leading to very low reproducibility of the
OGTT test for diagnosing IGT. Typically, such a CV value is not
acceptable for bioanalytical assays where a CV of 15% is
considered a maximum permissible value [24].

Metabolite concentrations measured by mass spectrometry also
generally exhibit a very high CV (median CV of 46%) [25]. As a
result, mass spectrometry-based metabolomic tests are character-
ized by very low reproducibility, and this prevents their
implementation in clinics [26]. However, the ,,,GTT overcomes
this shortcoming by using a score calculation method which
averages metabolite fluctuations. Thus, the ,,,,GTT can accom-
modate the concomitant increase and decrease in levels of
different subsets of metabolites. Ideally, when metabolite levels
are independent from each other and their number is high, the CV
of ,p,GTT scores should approach zero. The CV for the ,,,, GTT
score obtained in the present study was 8.4%, which is significantly
better than the CV value permissible for bioanalytical assays.

September 2014 | Volume 9 | Issue 9 | 105343



Diagnostics of Impaired Glucose Tolerance

200¥€7ES0L0"du0d [ewInof/L Z€1°0L:10p
‘3dueI|0} 950dN|6 pasedwi

‘191 '3mnd (DY) disiIeIRyd Hunesado JaAIR3I B ‘DY "dseqeleg SWOjOgeIB|y UBWNH 33 Ul JSqUINU UOHEILIIUSPI Ue 0} s19jal JINH, PUB ‘3seqelep a)jjogelst NITLIW SY3 Ul J2quinu UoRediuspl Ue o3 sigjal ,dl U,

6L°0 GEE0'0 = = £/S8°0LL 0€S8°0LL = LEIDBeN Sl
640 £200°0 - - £568TLL £768°TLL - 0% vl
191 Yim paseasdag
(WA 8500 dPONBAHOD 2 [HZHA] S08£'99€ 878/'99€ £60809AWH auljoyd|Apneydsoyd €l
[4A1) £TT0°0 CONEHD HHHAT TL60°EEL 7960°€€EL #1Z009aWH auIyluwIo 4}
9,0 05000 SYOPHD HeN+HA] GE00'LLT €€00'L1T SE9LLIAWH 1ey|ns |osaid-d LL
¥2'0 9100 d°0°H®D HHAD L [H-eNZ+A] £686'9SL SES6'00C  LEBE'OSL TES6'00T 9180090WH pie d1j0d4|boydsoyqd oL
(WA €0€0°0 £0%'H%D +[H-BNZ+I] 8€L0'6€C ¥9L0'6€C £TL009AWH pe duoindn|n 6
TLo #020°0 SO°H"D J[H-eNz+] £T66'8LL 7886'8LL 9S1009AWH pioe Jljey 8
€L°0 €810°0 CO"'HED +[eN+I] 9880°591 6580591 76€009AWH pioe lous1>0 L
LL0 GEE00 £0Y'H®D [eN+IA] GE80'L8L £280°18L (LZLOLIAWH 40) LLZELGAWH pIoe 10Ue1>001)(-g 10) -B 9
TLo 88200 YO%'HO'D eN+] L¥60'€2C £760°€CC €09009AWH pide d10pauadaQ S
¥2'0 75000 ON“EHE'D HIHHAT 8767 78T 916778 oY LYEAANH Splweleals 4
LL0 8/10°0 ON®EH®LD HHHN] 16428 811T'T8T £1LZ09AWH aplwes|o €
LL°0 LL0 L0LO0 ZL000 ONEEHELD L[eNHNT L TH+I] YSYTTOE SE9T08T  TEVT'TOE LEIT 08T SEVEY Al VBN aplwesjour] T
9,0 £200°0 ¢0%'HD +[H-eNZ+I] T6£0°SEL 06€0°S€EL 95LE09AWH |o1paueINg-€'C L
191 Yiim paseasdu]

(e@) payendjed (z/w) painseay
ony (anjea  uonisodwod jeyuawalz uoj| pai93aQg 1y61am sejndsjoy .oseqejep ayjoqesy #

-d) 3593 uoxodIm

up # uonesyusp|

‘19| Yum paleldosse ale jeyy sanjea DNY Ybiy yum sayjogesw ewseid poolg ‘g ajgel

September 2014 | Volume 9 | Issue 9 | 105343

PLOS ONE | www.plosone.org



Mass spectrometry pattern of IGT

An IGT pattern was identified from metabolite ion masses
strictly associated with the disease state. For each metabolite ion, a
threshold value was established for the mass peak intensity in order
to distinguish positive and negative results for the IGT state. The
mass values presented in the pattern are expressed in absolute
units (i.e., m/z, which is generally equal to daltons). Mass peak
intensities, derived from each metabolite’s concentration in blood,
are expressed in units which depend on the type, model, and
settings of the mass spectrometer, as well as detector consumption,
purity of used solutions, the operating state of the ion source and
ion transferring system, and the exact pH value of the samples.
Therefore, these units are not reproducible from one mass
spectrometer to another. To overcome this problem and to make
the IGT pattern acceptable for diagnostics, defined threshold
values were expressed in quintiles.

Generally, if one variable is higher than another, this will be
detected by an instrument. If the variables have a range according
to their values, this order should be preserved independently from
the instrument used (i.e., the order of variables cannot be
changed). This statement is the basis for establishing a metabolic
pattern for IGT that can be adapted for different mass
spectrometers. Quintiles are often used to set cut-off points for a
given dataset. For example, a 0.3 quintile defines a threshold that
separates 30% of the lower variables from the others, and this set
of variables, as well as other sets separated by quintiles, are non-
alterable and independent from the measuring instrument used.
Therefore, the IGT pattern with threshold values expressed in
quintiles represents an acceptable method for accommodating the
use of different mass spectrometers.

Metabolite contributions to the ,,,GTT

The identification of the metabolites which contributed to the
mbGTT results was an additional step that was performed to
validate the proposed approach for diagnosing IGT. Blood plasma
signatures for prediabetes have been well-characterized, including
recent data from metabolomics studies [11,12]. In particular,
amides of the fatty acids, also known as endocannabinoids, play an
important role. For example, activation of the endocannabinoid
system has been shown to increase food intake, promote weight
gain [27,28], and can also contribute to the worsening of a
cardiovascular profile (i.e., body weight, body mass index (BMI),
waist circumference, insulin and adiponectin levels) [29]. The
increased endocannabinoid levels detected in IGT patients in the
present study is consistent with these data. Increased fatty acid
levels were also detected in subjects with IGT, and this is
consistent with previously published data as well. It is known that
prediabetic metabolic syndrome has been characterized by
increased levels of lipids [30], including fatty acids [31].

Decenedioic acid is a dicarboxylic acid. For diabetic patients,
increased urinary excretion of dicarboxylic acids occurs, and is
considered to be a marker of an oxidative attack on fatty acids
[32]. Increased levels of decenedioic acid were detected in the
present study, and may represent evidence that this oxidative
attack can occur in a prediabetic state. However, further studies
will be needed to confirm this.

Phosphatidylcholine ~ with  the elemental composition
C4oH7gNOgP was present at higher levels in the IGT patients
analyzed in this study. Phosphatidylcholine may also be related to
metabolic syndromes associated with IGT that are characterized
by lipid disorders.

a-Ketooctanoic acid is a branched-chain keto acid and an
intermediate metabolite of the branched chain amino acid,
leucine. Branched-chain amino acids have recently been
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discovered to be biomarkers of diabetes risk [11]. In the present
study, an association between o-ketooctanoic acid levels and
IGT was observed. B-ketooctanoic acid is another fatty acid that
is formed from the precursor molecule, malonyl-CoA, and may
be another metabolite related to identified keto acid. Higher
levels of B-ketooctanoic acid have been detected in subjects with
obesity and diabetes [33,34]. Therefore, it is possible that at least
one, or both, of these metabolites contributed to the ,,,GTT
performed.

Another metabolite identified in the present study based on its
high AUC value was p-cresol sulfate, which is a microbial
metabolite that likely derives from secondary metabolism of p-
cresol. Diabetic patients have previously been shown to have
higher concentrations of both free and total p-cresol concentra-
tions in their blood [35].

Ornithine, another metabolite associated with IGT, is an amino
acid produced by the urea cycle with the release of urea from
arginine. It was previously established that plasma ornithine
concentrations are higher in diabetic subjects [36], and this is a
marker of arginase activity. In general, the latter tends to be lower
in diabetic patients [36].

Phosphoglycolic acid is a substrate for triose-phosphate isom-
erase, and an increase in its levels has not previously been
associated with IGT.

Butanediol is produced by a variety of microorganisms during a
process known as butanediol fermentation [37]. This process
involves the anaerobic fermentation of glucose and butanediol is
one of the end products. It is possible that this metabolite is
reflected in the IGT pattern since gut microbiota have been shown
to play a role in the development of type 2 diabetes [38].

Of the metabolites of IGT that exhibited lower levels, changes
in potassium levels were a key finding. Previously it was shown that
potassium loss occurs with diabetic ketoacidosis. Specifically, there
1s an obligate loss of positively charged potassium ions from kidney
tubules due to increased levels of negatively charged ketones
present during IGT. The results of the present study are consistent
with these findings.

Although the levels of other metabolites were also observed to
decrease, the identification of these metabolites was not successful.
ESI is a technique that can include the addition of H*, K*, and
Na™ to substances being subjected to mass spectrometry. In the
present study, H" and Na* levels were found to be constant in all
samples. In contrast, K™ (Table 2), and as a consequence all
potassium-containing quasi-ions, exhibited high AUC values for
the IGT samples. Therefore, additional studies using a technique
other than ESI-DIMS are needed to identify the other metabolites
associated with IGT that undergo a decrease in blood plasma
levels.

It should be noted, that metabolic pattern of IGT, intended for
diagnostics by direct infusion mass spectrometry, and metabolite
identification results (Table 2) should not exactly match each
other. There is not capacity to identify all metabolites in IGT
pattern. Especially it concerns low-abundant metabolites which
may have high diagnostic power but do not show clear isotopic
pattern in mass spectrum or metabolite interference disturbs
isotopic pattern in mass spectrum. Moreover, metabolite interfer-
ence may lead to situation when not first metabolite’s isotope (1.e.
the reference molecular weight of metabolite in database) is
included in IGT pattern.

Conclusions

In conclusion, the metabolites identified by ESI-DIMS of blood
plasma samples from IGT patients and healthy controls confirm
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that the ,;,GTT is affected by the metabolite signature of blood
plasma, and can indicate the development of diabetes in its early
stages. Additional validation of this ,,,GTT are needed using a
larger population. However, it is anticipated that the ,,, GTT may
replace the OGTT for establishing a diagnosis of IGT based on
the improved reproducibility of this test that is also more rapid to
conduct and more patient friendly.

Future studies are also needed to validate the potential for
capillary blood and its dried droplets to be used for this test. The
small volume of sample that is required for direct infusion mass
spectrometry suggests that capillary blood could be used to
perform the ,,,GTT. Currently, dried droplets of blood are
generally accepted for metabolic blood analyses. Therefore, if
there are difficulties in performing the ,,,GTT in clinical
laboratories, the use of dried capillary blood could be an
alternative means by which samples could be transported to
centralized laboratories that would perform the .,,GTT.
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