Journal of Chromatography A, 1218 (2011) 1899-1906

Contents lists available at ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

Application of comprehensive two-dimensional gas chromatography with
time-of-flight mass spectrometry method to identify potential biomarkers of
perinatal asphyxia in a non-human primate model™

Andrew C. Beckstrom?, Elizabeth M. HumstonP®, Laura R. Snyder¢, Robert E. Synovec?®, Sandra E. Juul ®*

a Department of Pediatrics, University of Washington, Seattle, WA 98195, USA
b Department of Chemistry, University of Washington, Seattle, WA 98195, USA
¢ Department of Pathology, University of Washington, Seattle, WA 98195, USA

ARTICLE INFO ABSTRACT

Article history:

Received 13 October 2010

Received in revised form 9 January 2011
Accepted 31 January 2011

Available online 25 February 2011

Perinatal asphyxia is a leading cause of brain injury in infants, occurring in 2-4 per 1000 live births.
The clinical response to asphyxia is variable and difficult to predict with current diagnostic tests. Reli-
able biomarkers are needed to help predict the timing and severity of asphyxia, as well as response to
treatment. Two-dimensional gas chromatography-time-of-flight-mass spectrometry (GC x GC-TOFMS)
was used herein, in conjunction with chemometric data analysis approaches for metabolomic analysis in
order to identify significant metabolites affected by birth asphyxia. Blood was drawn before and after 15
or 18 min of cord occlusion in a Macaca nemestrina model of perinatal asphyxia. Postnatal samples were
drawn at 5 min of age (n=20 subjects). Metabolomic profiles of asphyxiated animals were compared to
four controls delivered at comparable gestational age. Fifty metabolites with the greatest change pre- to
post-asphyxia were identified and quantified. The metabolic profile of post-asphyxia samples showed
marked variability compared to the pre-asphyxia samples. Fifteen of the 50 metabolites showed sig-
nificant elevation in response to asphyxia, ten of which remained significant upon comparison to the
control animals. This metabolomic analysis confirmed lactate and creatinine as markers of asphyxia and
discovered new metabolites including succinic acid and malate (intermediates in the Krebs cycle) and
arachidonic acid (a brain fatty acid and inflammatory marker) as potential biomarkers. GC x GC-TOFMS
coupled with chemometric data analysis are useful tools to identify acute biomarkers of brain injury. Fur-
ther study is needed to correlate these metabolites with severity of disease, and response to treatment.
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1. Introduction

Perinatal asphyxia, defined as a severe lack of oxygen and per-
fusion to the fetus during labor and delivery, occurs in 2-4 of
every 1000 live-born term infants and accounts for an estimated
23% (approximately 920,000) of neonatal deaths each year world-
wide [1]. Some survivors sustain life-long neurodevelopmental
handicaps that include mental retardation, cerebral palsy, seizures
and learning disabilities, while others may be relatively unscathed
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[2-4]. The ability to differentiate those who will do well and
those who will not is critical for parents, caretakers, and scien-
tists studying neuroprotection. Many of the current approaches for
the determination of prognosis rely on qualitative clinical markers.
For example, Sarnat staging, the most commonly used stratification
method, uses clinical indicators to separate infants into mild, mod-
erate and severe encephalopathy stages [5]. The Thompson scale
is another clinical staging tool [6]. More quantitative approaches
have been investigated with the use of magnetic resonance imaging
and spectroscopy [7,8], electroencephalography [9], and analysis
of serum or CSF components such as lactate [10], but no definitive
predictors or combination of predictors have been identified and
validated.

The metabolome is the collection of all small metabolites in a
biological cell, tissue, organ or organism, which are the end prod-
ucts of cellular processes. Because the metabolome is dynamic,
perturbations such as birth asphyxia are likely to influence metabo-
lite levels. Perinatal hypoxia-ischemia (another term for perinatal
asphyxia) canlead to multisystem organ dysfunction[11,12], which
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in turn can result in large changes in the circulating metabolome.
Identification of these altered metabolites, or biomarkers, might
provide sensitive and specific information about severity of injury.
Some potential markers such as neuron-specific enolase [13] and
$100[14,15] have been previously identified and are being investi-
gated further, but it is important to continue searching for markers
that can predict the timing and severity of the perinatal event and
its neurologic outcome.

Metabolomics is the analysis of the metabolome, the unique
chemical fingerprint that specific cellular processes leave
behind [16,17]. There are many instrumentation approaches
to metabolomic analysis, but separation techniques such as gas
chromatography (GC), high performance liquid chromatography
(HPLC), or capillary electrophoresis (CE) are generally required to
determine specific metabolic biomarkers. Separation techniques
coupled to mass spectrometry (MS) or nuclear magnetic resonance
(NMR) spectroscopy have previously been shown to provide
insight into the biochemical status of a biological system affected
by specific conditions such as diabetes, cystic fibrosis, cancer, and
preterm labor [18-23].

Two-dimensional gas chromatography coupled to time-of-flight
mass spectrometry (GC x GC-TOFMS) is a powerful instrumenta-
tion approach that offers exceptional resolving power by spreading
metabolites into two separation dimensions [24-31]. The benefits
of a two dimensional separation include increased sensitivity and
specificity to separate analytes from similar compounds. The search
for biomarkers of asphyxia is further aided by the application of
sophisticated data analysis software to find the class-distinguishing
compounds within the data [32,33]. The state-of-the-art chemo-
metric data analysis software, the Fisher ratio algorithm [34], is one
approach that has been used to identify class-distinguishing com-
pounds by calculating the between class ratio to the within class
ratio [35,27].

In this report, GC x GC-TOFMS was used to analyze the pre- and
post-asphyxia metabolome (i.e., forming two classes) of newborn
Macaca nemestrina in an attempt to identify potential biomarkers.
These metabolomes were compared to those from control animals.
The Fisher ratio algorithm was used to identify metabolites that
differed due to asphyxia. Statistical significance of these changes
was determined by comparison to the control group. This approach
to metabolomic analysis can identify metabolites affected by a
hypoxic-ischemic insult to discover potential biomarkers of peri-
natal asphyxiain a non-human primate model of perinatal asphyxia
[36].

2. Experimental
2.1. Primate delivery protocol

Time pregnant M. nemestrina were anesthetized for hystero-
tomy 5+2 days prior to term (172 days). Immediately after
entering the uterus, the pre-birth blood sample was obtained by
venipuncture from the umbilical cord. After obtaining this sample,
the umbilical cord was clamped for 15 or 18 min prior to deliv-
ery to produce perinatal asphyxia (n=20) [36]. Prior to this period,
a 2.5 French umbilical arterial catheter (Vygon, Montgomeryville,
PA, USA) was placed into the ascending aorta via the umbilical cord.
Animals in the control group (n=5) did not undergo cord clamp-
ing following the placement of the umbilical artery catheter. After
delivery, all animals were stabilized by a team of neonatologists
using standardized neonatal resuscitation principles. Apgar scores
[37,38], vital signs, and serial laboratory parameters were collected.
At 5min of age, the post-birth blood sample was drawn from the
umbilical catheter for metabolomic analysis. Blood samples were
collected into heparinized containers, immediately centrifuged at

4°C, and plasma samples (200 1) were snap frozen in liquid nitro-
gen and stored at —80 °C until extraction.

2.2. Chemicals and reagents

Millipore (Millipore Corp, Bedford, MA, USA) purified water
and reagent grade methanol (Sigma Aldrich, St. Louis, MO, USA)
were used for the extraction protocol. For GC x GC-TOFMS
sample preparation, derivatization chemistry was applied to
make the sample extracts amenable to gas phase analysis.
Reagent grade pyridine and methoxyamine hydrochlo-
ride (Sigma Aldrich, St Louis, MO, USA) were used in the
preparation of a methoximation reagent. Trimethylsilation
reagent (TMS) [N, O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) + trimethylchlorosilane (TMCS)], 99:1) (Sigma Aldrich, St.
Louis, MO, USA) was used in the second derivatization step.

2.3. Metabolite extraction, derivatization, and instrumentation

To extract the metabolites from the plasma, a total of 450
of methanol:water (8:1 v/v) was added to each 50wl sample.
The samples were vortexed for 10s, placed on ice for 10 min and
then vigorously extracted using a Branson probe sonicator for
2 min. After brief incubation on ice, the samples were centrifuged
at 15,000 x g for 10 min [39]. Following this, 200 .l aliquots of
the supernatant were transferred to a GC vial insert and evapo-
rated to dryness. Derivatization entailed a two-step procedure that
included methoximation and trimethylsilylation of the extracted
samples, as previously reported [40]. A 1 jul sample of each deriva-
tized sample was injected in triplicate to GC x GC-TOFMS. An
Agilent 6890 gas chromatograph (Agilent Technologies, Palo Alto,
CA, USA) was paired with a LECO Pegasus IIl TOFMS (LECO Corp.,
St. Joseph, MI, USA) [39]. The instrument was outfitted with the
commercially available Agilent 7683 auto injector and 4D-thermal
modulator ((LECO Corp., St. Joseph, MI, USA). The first column,
20m x 250 pm i.d. x 0.5 pm Rtx-5MS (Restek, Bellefonte, PA, USA),
separated the metabolites primarily by volatility. A temperature
program was applied beginning at 60 °C for 0.25 min followed by a
ramp of 8°C/min to a final temperature of 280 °C. The carrier gas
was helium with a flow rate of 1 ml/min, maintained at the head of
the first column. At 1.5 intervals, effluent from column one was
transferred to a second column by thermal modulation with the
modulator temperature 40°C higher than the column one tem-
perature throughout the chromatographic separation. The second
column, 2 m x 180 wmi.d. x 0.2 wm Rtx-200MS (Restek, Bellefonte,
PA, USA), separated primarily based on polarity and followed the
same temperature program as column one, maintained 10 °C higher
throughout. After a 5 min solvent elution delay, effluent from col-
umn two was detected by the TOFMS where the ions generated
by the electron beam were collected from m/z 40 to 600 at an
acquisition rate of 100 spectra/s. The TOFMS ion source was set
to 250°C. Data were collected with the LECO ChromaTOF software
v 3.32 (LECO Corp., St. Joseph, MI, USA).

2.4. Data analysis

The first 11 primates of the asphyxia group were processed
at the same time and were used for metabolite discovery. Two
time points from each animal (pre- and post-birth) were extracted
and run in triplicate, providing a total of 66 chromatograms for
use in determining class-distinguishing analytes (i.e., those that
differ between sample groups). A mathematical algorithm, Fisher
ratio analysis, was used to calculate a ratio of the between class
variation to the within class variation at every point within the
chromatograms on each mass channel (m/z) 40-600 [34]. This pro-
vided a list of retention times for analytes that differed between
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Table 1
Primate demographics.
Control (n=4) Asphyxia (n=20) p-Value
Gender (male:female) 3:1 10:10 n/a
Birth weight (g) 559471 584+81 0.551
Apgar score
1 min 33425 04+0.5 0.106
5min 5+0.82 2.1+0.89 0.002
10 min 8+0 2.940.97 <0.001
Initial pH 7.2+0.17 6.78 £ 0.08 0.015
Initial pCO, (mmHg) 58+18 111+27.6 0.002
Initial BE -6+5.3 -19+3.7 0.010
Peak lactate (mmol/l) 5.5+3.24 12.8+1.7 0.018

The Apgar score is a standard value to describe the clinical condition of a neonate
shortly after birth [37]. It evaluates skin color, heart rate, reflex irritability, muscle
tone, and breathing. Each category gives a score from 0 to 2 with a total Apgar score
out of 10 at each time point. A score of 10 indicates the best clinical condition. A
score of less than 4 at 5 min is strongly suggestive of perinatal asphyxia [38].

classes while controlling for within-class variation. Metabolites
were primarily identified by matching the retention times and mass
spectra of the discovered metabolite to those in an in-house library
of derivatized metabolite standards that were injected and cate-
gorized using the same instrumentation. Tentative identifications
were made on metabolites that were not found in the in-house
library by comparing mass spectra from external libraries, includ-
ing the NIST library and KEGG database. The analytes identified to
differ were quantified for all 20 asphyxiated samples and 5 control
samples using Parallel Factor Analysis (PARAFAC), a deconvolution
algorithm that provides the signal volume-under-the-curve of each
metabolite peak [41]. Significance of the elevation of metabolites
was determined by the paired Student’s t-test (p <0.05). Principal
component analysis (PCA) [32,33,35] was used on the peak signal
volume data to demonstrate variability between groups using PLS
toolbox version 5.2.2 for MatLab (Math Works, Natick, MA, USA).
The unpaired Student’s t-test was used to identify significance of
individual metabolite concentration changes pre- and post-birth
between the asphyxia (n=20) and control groups (n =4 after exclu-
sion of one primate) (p < 0.05). Because of the substantial difference
between experimental and control group size (20 versus 4), equal
variance could not be assumed during statistical analysis.

3. Results
3.1. Primate characteristics

Twenty primates from the asphyxia group and 5 primates from
the control group were included in this study. One of the control
animals, primate C2, displayed clinical characteristics of asphyxia,
including perinatal depression, initial blood gas with pH 6.85, base
excess —22, and peak lactate 16 mmol/l. Therefore, data from this
primate was excluded from analysis because it did not exhibit
characteristics of a true control primate. Table 1 illustrates charac-
teristics of the control and asphyxia groups. There were no group
differences in gender or birth weight between control and asphyxia
groups. There was a significant difference between groups upon
evaluation of Apgar scores at 1,5, and 10 min. Additional differences
were found in the initial blood gas measurements between groups,
including initial pH, partial pressure of carbon dioxide (pCO,), and
base excess (BE), as well as peak lactate level. These differences
demonstrate the presence of perinatal asphyxia in the experimen-
tal group when compared to the control group.

3.2. Plasma metabolomics

For each plasma sample processed through GC x GC-TOFMS,
a two-dimensional chromatogram was generated, with a third
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Fig.1. AGC x GC-TOFMS chromatogram of a primate pre-birth and post-birth in the
asphyxia group. (a) Two-dimensional unfolded chromatogram showing increased
signal of metabolite peaks in the post-birth sample compared to the pre-birth sam-
ple. The x-axis shows the unfolded retention times for the first and second columns.
The y-axis shows signal intensity on m/z 73. (b) Contour plots of same pre- and
post-birth samples showing increased signal post-birth in the asphyxia group. The
x-axis shows column 1 retention time (s), and the y-axis shows column 2 retention
time (s). The color bar demonstrates the signal intensity of each peak plotted on the
chromatogram on m/z 73.

dimension of mass spectral data, an example of which is shown
in Fig. 1. During the trimethylsilylation reaction, hydrogen bond-
ing sites of metabolites were replaced with a TMS group, which
is represented by mass channel m/z 73. As demonstrated by the
2D (Fig. 1a) and contour plots (Fig. 1b) of m/z 73, which allow for
visualization of all metabolites that have been derivatized, multi-
ple analytes can be detected with this method. There is increased
intensity of many analytes in the post-birth chromatogram when
compared to the pre-birth chromatogram. This represents an
increase in metabolites located at their respective retention times
on the post-birth chromatogram.

PCA and Fisher ratio analyses were applied to identify the areas
of significantly increased metabolite concentration (Fig. 2). On both
topographical views of the 2D plots (Fig. 2a and b), only metabolites
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Fig. 2. Principal component analysis (PCA) plot and Fisher ratio plot on all m/z for
primates A1-A11. (a) The contour 2D plot of absolute values of PCA loadings. Peaks
correspond with areas of the chromatograms with increased variance upon direct
comparison. The x-axis shows the column 1 retention time (s), and the y-axis shows
the column 2 retention time (s). The color bar demonstrates the signal intensity of
each peak plotted on the chromatogram. PCA plot demonstrates the peaks iden-
tified by PCA that have variance between samples without controlling for within
group variation. (b) The contour 2D sum of Fisher ratio plots for m/z 40-600. The
x-axis shows column 1 retention time (s). The y-axis shows column 2 retention
time (s). The color bar demonstrates the signal intensity of each peak plotted on the
chromatogram. Peaks correspond with areas of the chromatograms with variance
between sample groups (pre- versus post-birth) while controlling for within class
variation (primate biological variance). The reduced number of peaks compared to
(a) demonstrates a refined subset of data targeting specific areas of interest.

with the most variance in chemical information (i.e., the between
class variation) are highlighted between chromatograms. When
comparing the PCA to the Fisher ratio plot, different metabolites
are noted to have variance. PCA is unsupervised, thus by nature it
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will highlight metabolites that have variance both between classes
and within classes. This approach leads to an increased number
of false-positive results for significant metabolites. In fact, so many
peaks are highlighted by PCA that Fig. 2a has a similar appearance to
the raw chromatogram data shown in Fig. 1. In contrast, the Fisher
ratio is supervised, which means that it controls for within-class
variation (or the biological variation between primates) [34]. The
metabolites highlighted by the Fisher ratio plot (Fig. 2b) demon-
strate only those metabolites that have high variance between the
pre-birth samples and post-birth samples, representing those that
have the most potential as diagnostic biomarkers. The Fisher ratio
algorithm has been successfully applied to a wide range of sample
types to reliably find differences between classes. [27,34,35]

The Fisher ratio analysis generated coordinates on the original
GC x GC-TOFMS chromatograms for subsequent data mining. We
used the mass spectra from the original chromatograms to identify
the metabolites of interest by comparison to standard metabolite
databases. Further confirmation of metabolite identity was gained
through matching retention times to standards, as noted. Table 2
contains the names and retention time coordinates of the top 15
metabolites with significant change between the two classes. The
metabolites are listed in order of highest Fisher ratio with a cor-
responding match value (MV) provided. The metabolites listed in
the table are those with significant elevation between pre-birth and
post-birth time points using the paired Student’s t-test. All p-values
are <0.05. The relative standard deviation (%RSD) of the triplicate
injections was calculated for each metabolite and the average %RSD
across all samples is displayed in the table, demonstrating the pre-
cision of the instrumentation. The %RSD ranged from 6.1 to 25.9%
with a mean value of 13.5%. 9H-purine, creatinine, and butanoic
acid are considered to have “tentative identification” because their
identity was determined with an external mass spectral library
instead of matching both retention time and mass spectra to the
in-house library of standards. The total ion current (TIC) of each
chromatogram is also included to demonstrate the change of inten-
sity between the pre- and post-birth samples. It was noted that
the absolute intensity of the TIC is 100-10,000 fold higher than
the intensity of the individual metabolites. This demonstrates that
although there are significantly large changes in each individual
metabolite, this does not significantly impact the TIC. It was also
noted that there is no significant change in the intensity of the TIC
post-birth compared to pre-birth. This shows that approximately
equal quantities of plasma were injected into the instrument per
run. As demonstrated by previous studies [32], the TIC serves as a

Table 2
Metabolites with significant elevation following asphyxia event identified using Fisher-ratio.
Metabolite Fisher ratio  Retention times (column Match value  Relative standard Pre-birth asphyxia Post-birth asphyxia p-Value
1, column 2) (s) deviation (%) (n=11) (PARAFAC signal)  (n=11) (PARAFAC signal)
Total ion current  n/a n/a n/a 3.83 4.88 x 10° 4.45 x 10° 0.470
Succinic acid 0.1523 726,1.18 947 10.37 2.93 x 10° 1.53 x 107 <0.001
Lactic acid 0.0594 471,0.9 938 6.12 6.94 x 107 1.39x 108 <0.001
Glutamic acid? 0.0085 1017, 0.99 954 11.28 5.07 x 10° 3.64 x 106 <0.001
Glutamic acid® 0.0077 939, 0.28 945 10.39 4.22 x 108 9.07 x 106 <0.001
9H-purine® 0.0072 1179, 1.14 781 16.99 1.86 x 10° 1.38 x 108 <0.001
Malate 0.0071 900, 0.96 840 12.34 4.71 x 10° 2.59 x 108 <0.001
Glycerol 0.0053 688.5, 0.53 966 10.82 9.84 x 106 1.74 x 107 0.002
Glucose-1-p 0.0041 1017,0.51 816 25.91 1.11 x 108 2.79 x 106 <0.001
Arachidonic acid  0.0038 1558.5,0.71 835 15.36 2.31x10° 1.03 x 106 <0.001
Leucine 0.0017 687, 0.85 959 12.95 7.19 x 10 9.96 x 106 0.034
Creatinine® 0.0016 969, 0.82 801 11.73 1.48 x 108 2.48 x 106 0.007
Fructose 0.0015 1236, 0.51 919 13.29 6.32 x 10° 1.33 x 106 <0.001
Myo-inositol 0.0015 1396.5, 0.69 894 14.09 9.66 x 106 1.30 x 107 0.038
Butanoic acid® 0.0009 645, 0.88 852 16.06 5.04 x 10* 3.09 x 10° <0.001
Pantothenic acid  0.0008 1318.5,1.22 868 15.07 3.08 x 10° 477 x 103 0.033

Abbreviation: Glucose-1-P, glucose-1-phosphate.

2 Minor peak.
b Major peak.
¢ Tentative identification.
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Table 3
Change in post-birth to pre-birth concentration ratios of metabolites identified using Fisher ratio comparing asphyxia group to control group.
Control (n=4) [post-birth]/[pre-birth] Asphyxia (n=20) [post-birth]/[pre-birth] p-Value

Total ion current 1.03 £ 0.1 1.09 £+ 0.1 0.286
Succinic acid 213 + 14 59.6 + 24.9 0.003
Lactic acid 1.1 +0.1 2.1+0.5 <0.001
Glutamic acid?P 3.1 93 +52 n/a
Glutamic acid® 14+ 08 24+1 0.103
9H-purine? 0.7 8.7 +5.7 n/a?
Malate 36+1.7 6.5+ 2.8 0.027
Glycerol 1.2+1 28 +2.1 0.043
Glucose-1-p 1.2+ 04 44 +29 <0.001
Arachidonic acid 1.2+05 49+ 18 <0.001
Leucine 0.8 £ 0.5 14+04 0.084
Creatinine 1.1+ 04 1.8 +0.8 0.021
Fructose 0.8 £0.2 2+1.1 <0.001
Myo-inositol 1.5+ 06 14 +03 0.646
Butanoic acid 1.5+12 6.6 £24 <0.001
Pantothenic acid 1+03 22 +1 <0.001

Abbreviation: Glucose 1-P, glucose 1-phosphate.
2 Unable to perform unpaired Student’s t-test due to control n=1.
b Minor peak.
¢ Major peak.

good internal standard, useful in supporting the significance of the
elevations in key metabolites affected by birth and asphyxia. The
%RSD is 3.83% further demonstrating the precision of the instru-
ment.

Once the metabolites were identified from the original chro-
matograms of the first 11 primate samples, Parallel Factor Analysis
(PARAFAC) was used to deconvolute the pure peak profile for the
target analyte from overlapping analytes and background noise.
This provided a signal volume proportional to concentration for
each metabolite. A ratio of signal change was calculated between
the pre-birth and post-birth samples to identify the degree of
metabolite elevation. Table 3 contains the mean + standard devi-
ation of the top 15 metabolites identified using the original Fisher
ratio data with concentration changes of pre-birth to post-birth in
both the asphyxiated group (n=20) and the control group (n=4).
The total ion current (TIC) of each chromatogram is also included to
demonstrate the degree of change between the pre- and post-birth
samples. It was noted that there was only a 3-9% increase in the
TIC post-birth compared to pre-birth. This supports that there was
no significant change in the TIC despite the significant increases
in the individual metabolites identified. The process of birth with-
out asphyxia results in an increase in 10 of the metabolites listed.
However, the degree of increase in the asphyxiated group is sig-
nificantly higher than in controls. This suggests that the degree of
increased intensity is due to the asphyxia and not the birth process
alone. The metabolites that had the largest difference were succinic
acid, malate, and butanoic acid. Glutamic acid and 9H-purine were
not eligible for the t-test because the level was below detection
in 4 control animals. However, based on the degree of difference
between groups, one might predict that this difference would be
significant if more samples were in the control group. A trend for
anincrease in leucine following asphyxia was also noted (p = 0.084).
When comparing change in concentration of those asphyxiated for
15min (A1-7) versus 18 min (A8-20), the number in each popu-
lation was too small to determine significance between groups for
any metabolite.

Fig. 3 shows a heat map of the metabolite concentration changes
for visual comparison. Each concentration is standardized to the
average of the pre-birth samples for each metabolite, allowing for
visualization of the degree of change post-birth that occurs for each
metabolite in each primate. Control animal C2, who was excluded
from data analysis, is included in the heat map to show this pri-
mate’s profile before and after birth. As seen with the relative

concentrations listed in Table 3, the metabolites shown increase
in both control and asphyxiated animals in response to birth. The
degree of increase (as shown by red/yellow color tones) is much
more pronounced in the asphyxiated animals compared to con-
trols. Certain metabolites appear to be more sensitive to increase
when compared to others. These metabolites include succinic acid,
glutamic acid, malate, arachidonic acid, and butanoic acid. Some
primates have a larger degree of response than others. When look-
ing at the control group, primate C2 has an increase in the more
sensitive metabolites (specifically succinic acid and butanoic acid).
This is consistent with this primate showing signs of asphyxia at
birth. In the asphyxia group, primates A15 and A20 died as a result
of perinatal asphyxia. Primate A15’s metabolome shows substantial
elevation of sensitive metabolites, including succinic acid, glutamic
acid, malate, and glucose-1-phosphate. A20 did not show the same
response.

Fig. 4 shows the filtered metabolome by group, and demon-
strates the variance of the identified metabolites. PCA can be used as
an unsupervised tool to identify metabolites with variance, and can
also be used as a comparison tool after metabolites with variance
have been identified [32,33,35]. Since we have already identified
the metabolites, PCA was now used in a supervised way to compare
metabolites and ultimately to affirm that the analytes identified
through Fisher ratio analysis do distinguish the sample classes.
Fig. 4 demonstrates that there is minimal variance between the
pre-birth samples in all the primates - both control and asphyxia -
in the metabolites selected by Fisher ratio. The x-axis plots the pre-
and post-birth metabolome of the control and asphyxia groups.
The y-axis plots the PC1 loading score, which demonstrates the
degree of variance each primate metabolome has when compared
to the others. If samples are similar, they will be located on similar
planes on the y-axis. The pre-birth samples in both groups have
similar y-values, demonstrating their similarity to each other and
their overall minimal variance. Birth results in increased variance
in both groups compared to pre-birth, however, the asphyxia group
(triangle symbol) has a much larger degree of difference compared
to the control group (circle symbol). Control animal C2 who was
excluded from the initial data analysis, is included in this figure to
demonstrate the sensitivity of this analysis and the ability to detect
an animal with asphyxia that was unanticipated. Primate A14 has
pre-birth levels that are much different from the other 19 pre-birth
samples in the asphyxia group. This potentially represents prenatal
asphyxia that occurred before the experimental insult.



1904 A.C. Beckstrom et al. / J. Chromatogr. A 1218 (2011) 1899-1906

Succinic acid
Lactic acid
Glutamic acid*
I-Glutamate
9H-Purine®
Malate
Glycerol
D-Glucose-1-P
Arachidonic acid
Leucine
Creatinine
Fructose
Myo-Inositol
Butanoic acid

Pantothenic acid

123498 123498
Pre-Birth

12 3488670 8101M121314151617181920

1234856789 W0WNNZWBMHIWBGITIB 9N

Fig. 3. Heat map demonstrating change in concentration of metabolites identified by Fisher ratio comparing asphyxia group to control group. The 15 identified metabolites
are listed on the y-axis. The individual primates are listed on the x-axis. Each square represents one metabolite from one primate sample. Samples are standardized to 1 to
demonstrate degree of change. Samples with colors along the yellow/red spectrum have increased PARAFAC intensity demonstrating increased metabolite concentration
compared to the mean. This heat map demonstrates that the pre-birth cord blood samples are similar to each other in both the control and asphyxia group. The asphyxia group
shows marked elevation in metabolite concentration compared to control group demonstrating the affects of asphyxia on the primate metabolome. Bold font designates
metabolites with significant changes in metabolite concentration as shown in Table 3 (p <0.05). * Unable to perform unpaired Student’s t-test due to control n=1.

4. Discussion

The goal of this study was to use metabolomics and discovery-
based data analysis tools to identify potential biomarkers of
perinatal asphyxia. We identified 10 metabolites that increase fol-
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Fig.4. Principal component analysis plot confirming variance of pre- and post-birth
and asphyxia group to control. Principal component 1 (PC1) loadings demonstrate
variance between samples that were previously identified by Fisher ratio. The x-axis
plots the 4 groups of metabolomes - pre- and post-birth of the control and asphyxia
groups. The y-axis plots the PC1 loading score, which demonstrates the degree of
variance each primate metabolome has when compared to the others. Pre-birth
samples have similar PC1 loadings (unfilled shapes). All post-birth samples have
increased PC1 loadings compared to pre-birth. There are increased PC1 loadings
(i.e.,increased variance) in post-birth asphyxia group compared to the control group.
The square shape represents control C2 who was eliminated from data analysis. The
outlier in the pre-birth asphyxia group represents A14, a primate that had a pre-birth
profile more comparable to the post-birth asphyxia group.

lowing perinatal asphyxia. Eight of these metabolites are novel
markers of perinatal asphyxia (Tables 2 and 3). Lactate and cre-
atinine are currently the two primary metabolites used clinically
to assess the degree of hypoxic-ischemic injury due to perinatal
asphyxia [42]. Our findings are consistent with the existing litera-
ture for these two compounds, and add novel biomarkers that may
be clinically important. Additionally, this is the first time that this
methodology has been applied to such a complex model for the
discovery of such biomarkers.

Succinic acid was the most sensitive metabolite to asphyxia,
demonstrated by the 60-fold increase in concentration found in
the asphyxia group. Malate was also significantly increased by
asphyxia. Both succinic acid and malate are intermediates within
the Krebs cycle, a pathway of aerobic metabolism, up-stream
from the reduction-oxidation reaction converting NAD* or FAD**
to NADH or FADH,, respectively. Under oxidative stress, NADH
metabolism within the mitochondria in association with the Krebs
cycle is disrupted [43]. Thus, it is reasonable that metabolites
upstream of reduction-oxidation reactions will be elevated since
hypoxia-ischemia leads to oxidative stress. Interestingly, this pro-
cess was rapid and occurred within 5 min of birth (or 20 min of the
onset of an asphyxia insult).

Arachidonic acid also showed marked elevation due to asphyxia.
Arachidonic acid is found within the phospholipid bilayer of the cell
membrane. It can be released by phospholipase A2, becoming a cen-
tral metabolite for the generation of prostacyclines, thromboxanes,
and leukotrienes [44]. Aside from its role within the inflammatory
cascade, it has been found to be a regulator of pulmonary vascular
tone [45]. It is unclear whether the elevation of arachidonic acid
is due to the disruption of the cell membrane or to downstream
interruption of its metabolic pathways.
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Data from three subjects in this study were of particular inter-
est and suggest the metabolites identified will be useful clinically.
Primate A15 required a prolonged resuscitation following the
18-min asphyxia insult. Following birth, the animal died due to
complications of asphyxia. This primate’s initial blood gas (pH
6.78, base excess of —25) and peak lactate (15.8 mmol/l) were
on the severe end of the spectrum of values in the asphyxia
group. The metabolome revealed marked elevation of metabo-
lites sensitive to asphyxia, including succinic acid, glutamic acid,
malate, and butanoic acid. This suggests that these metabolites, or
a combination of these metabolites might provide a more accu-
rate reflection of degree of hypoxia-ischemia than current tests.
Next, the control primate C2 was delivered after a normal preg-
nancy, with clinical symptoms of perinatal asphyxia, as well as
consistent laboratory findings (initial blood gas: pH 6.85, base
excess of —22, and peak lactate of 16 mmol/l). The metabolome
revealed elevation of many metabolites consistent with perina-
tal asphyxia, including succinic acid, malate, and arachidonic acid.
Finally, primate A14 had elevated markers of asphyxia in the
pre-birth sample before the hypoxic-ischemic insult was applied.
We speculate that this animal experienced intrauterine compro-
mise that was unrecognized clinically. Further work must be
done to determine whether these data correspond to outcome
data.

While this study has identified at least 10 metabolites that
change significantly due to asphyxia, it is possible that addi-
tional small molecule biomarkers exist. Unlike genomics or
proteomics where complete data sets can be identified with a
single analysis approach, there is no single instrument or extrac-
tion method that will capture the complete metabolome of an
organ or organism [46]. For example, GC-MS does not identify
organic diphosphates or metabolites larger than trisaccharides
[47]. GC x GC-TOFMS is a high-order instrument that offers the
advantages of excellent resolution and coverage for a large set of
metabolites.

It is important to note that the samples were extracted and
chromatographically separated in three batches based on the deliv-
ery dates of the primates. Each batch was run on a new set of
columns, which caused some degree of intensity variation of the
peaks and slight retention time shifting of the peak locations on
the chromatogram. Due to this shifting, the Fisher ratio could not
be applied to all chromatograms. Feature selection was accom-
plished with the initial 11 primates that were all processed at the
same time. This does not affect quantification, but any differences
due to asphyxia not represented in the first 11 primates may not
have been identified. Quantification was still accurately accom-
plished by adjusting the PARAFAC search templates to span the
correct peak location, a procedure that is standard with PARAFAC.
Another limitation is the small control group (n=4), which lim-
ited our ability to prove significance in some of the metabolites
identified.

We have identified a preliminary metabolomic profile that is
most affected by acute perinatal asphyxia in a nonhuman primate
model. We plan to further evaluate how this profile changes over
time, how it is affected by perinatal treatments (normothermia,
hypothermia, erythropoietin, and hypothermia plus erythropoi-
etin), and whether this profile correlates to neurodevelopmental
outcomes at 9 months of age (which corresponds roughly to 36
months of human development). We hypothesize that metabo-
lites or combinations of metabolites identified in this analysis will
correlate with outcomes of the asphyxiated primates, leading to
biomarkers with high predictive potential. Progressive analysis of
previously acquired data may even reveal additional important
biomarkers. Once optimized, the methodology used in this analysis
has great potential to be translated into more clinically accessible
methods.

5. Conclusions

Through metabolomic analysis, we have identified a profile of
metabolites that have significant elevation in response to birth
asphyxia. These metabolites represent possible biomarkers of
perinatal asphyxia. Further studies are needed to identify the
pathophysiologic mechanism of the elevation of each metabolite,
and the predictive value of each one. Ideally, an asphyxia panel
will result, which will improve our ability to diagnose degree of
asphyxia, phase of disease, response to treatment, and ultimately,
prognosis.
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