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Abstract

INTRODUCTION—The fetal-to-neonatal transition is one of the most complex processes in
biological existence; much is unknown about this transition on the molecular and biochemical
level. Based on growing metabolomics literature, we hypothesize that metabolomic analysis will
reveal the key biochemical intermediates that change during the birth transition.

RESULTS—Using two-dimensional gas chromatography coupled with time-of-flight mass
spectrometry (GC x GC-TOFMS), we identified 100 metabolites that changed during this
transition. Of these 100 metabolites, 23 demonstrated significant change during the first 72 h. Of
note, four intermediates of the tricarboxylic acid (TCA) cycle were identified (a-ketoglutaric acid,
fumaric acid, malic acid, and succinyl-CoA), demonstrating a consistent rate of rise during the
study. This may signify the transition of the neonate from a hypoxic in utero environment to an
oxygen-rich environment. Important signaling molecules were also identified, including myo-
inositol and glutamic acid.

DISCUSSION—GC x GC-TOFMS was able to identify important metabolites associated with
metabolism and signaling. These data can be used as a baseline for normal birth transition, which
may aid in future perinatal research investigations.

METHODS—Late-preterm Macaca nemestrina were delivered by hysterotomy, with plasma
drawn from the cord blood and after birth at eight additional time points to 72 h of age.

INTRODUCTION

The fetal-to-neonatal transition is one of the most complex physiologic, molecular, and

biochemical processes in biologic existence. Although the physiology of the birth transition

has been well characterized in recent decades, intricacies behind this change remain a
mystery. There is a profound change as the fetus moves from a hypoxic intrauterine
environment, with codependence on the placenta and its own body, to an oxygen-replete
environment in which the baby must function with complete independence.
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The birth process includes the abrupt disconnection from the placenta upon cord clamping,
changing the low systemic pressure system to a high-pressure system, which redirects blood
flow away from the placenta and toward the newly expanded lungs (1). A body that was
once dependent on multiple shunts, such as the ductus arteriosus, becomes a closed-loop
circulatory circuit (2). This is aided by the marked decrease in pulmonary vascular
resistance that occurs with the alveolar-distending first breath. Some of the molecular bases
for these changes have been investigated, including the pulmonary vasodilatory effects of
oxygen (3), the rapid clearance of alveolar fluid by amiloride-sensitive sodium channels (4),
and the oxidative stress seen following the transition from a hypoxic to an oxygen-rich
environment (5,6).

Our understanding of the metabolic changes during the perinatal transition is limited to
single pathways, such as changes of glucose levels following birth, and results from a
limited number of studies investigating the birth process using a sheep model (7). Recent
developments in chemical analysis technology that are being used elsewhere in neonatal
research (8,9) can help us understand how the birth transition occurs on a biochemical level.
Many metabolites are involved in multiple cycles throughout the body. For example,
glutamic acid is crucial in neuronal signaling, the urea cycle, and aerobic metabolism.
Therefore, analyzing the complete biochemical profile associated with various stages of the
birth transition will help increase our understanding of processes at the cellular level.

Metabolomics is the study of small-molecule metabolites (such as metabolic intermediates,
signaling molecules, and secondary metabolites) found within biological samples (10,11).
Knowledge of these metabolites can be used to gain a better understanding of the metabolic
pathways under investigation. Multiple instrumental platforms are available for analyzing
metabolites. These include ultraviolet-visible, infrared, and Fourier transform-infrared
spectroscopies (12); nuclear magnetic resonance (13,14); capillary electrophoresis (15); and
liquid or gas chromatography (GC) combined with mass spectrometry (MS; refs. 16,17).
The most common platforms used in previous metabolomic studies are nuclear magnetic
resonance, liquid chromatography-MS, and GC-MS. No single instrumental platform
currently available satisfies all the criteria: lack of bias, unambiguous identification,
detection sensitivity, reliability, speed, cost, and ease of downstream analysis. To address
many of the deficiencies of the commonly used technologies, researchers have recently
begun to apply third-order hyphenated instrumentation to metabolomics studies. In
particular, comprehensive two-dimensional GC coupled to time-of-flight MS (GC x GC-
TOFMS) has emerged as a powerful chemical analysis tool for the study of complex
samples, such as those found in metabolomics investigations (18-23).

We recently reported the use of GC x GC-TOFMS in conjunction with innovative
chemometric data analysis tools to characterize the metabolic effects of birth asphyxia in a
nonhuman primate model (24). We now describe the biochemical changes that occur as
nonhuman primates transition to extrauterine life in the absence of experimental asphyxia.
Using GC x GC-TOFMS, we examined the plasma metabolome of six primates before and
in the days following delivery. We identify key metabolites that change during this perinatal
period in a nonhuman primate delivered by hysterotomy. To our knowledge, this is the first
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report of the metabolomic changes associated with the fetal transition to becoming a
neonate.

RESULTS

Primate Characteristics

Six primates were included in this study, each delivered at a gestation comparable to a 36-
wk human gestation. Table 1 illustrates the characteristics of the six primates immediately
following birth. Each primate was similar in size by birth weight. The Apgar scores at 1, 5,
and 10 min show that the primates responded favorably to delivery and initial resuscitation
by the team of neonatologists. Vital signs were measured at 1- to 3-h intervals over the first
12 h. The 0-min pH and partial CO, from the primate cord blood demonstrate a
physiologically stable intrauterine environment at the end of each pregnancy. The 3-hour pH
and partial CO, demonstrate the transition of each primate from the intrauterine to
extrauterine environment. Each primate was managed per protocol, including the initiation
of an 8% dextrose solution + 2% amino-acid solution at total fluids of 150 ml/kg/d by 3 h of
age. This solution was subsequently converted to an 8% dextrose solution + 1/4 normal
saline + 2% amino acids by 24 h of age.

Plasma Metabolomics

A total of 49 samples were collected from six primates. Although nine timed samples per
animal (54 samples total) were intended, some samples were unable to be processed due to
inadequate sample volume or technical collection difficulties. Each sample was run in
triplicate, resulting in 147 GC x GC-TOFMS chromatograms. For the discovery stage of the
study, 60 chromatograms from primates P1-3 were analyzed using the signal ratio method.
A total of 100 metabolites were initially identified that exhibited a (potentially) high degree
of change between these time points. Metabolites with a relative standard deviation >30%
between replicates were deemed unreliable due to the inability of the instrument to precisely
capture those metabolites and hence were excluded from subsequent inquiry. In total, 31
metabolites were excluded on this basis. The complete list of identified metabolites
measured with good precision by the instrument with their respective National Institute of
Standards and Technology match values (n = 69) is provided in Supplementary Table S1
online in order of their retention time on the first column of the GC x GC separation.

The remaining 69 metabolites were quantified by parallel factor analysis (PARAFAC),
generating a list of metabolites that exhibited a concentration change over time. Metabolite
concentrations are reported by m/z signal intensity, which is not immediately translatable to
clinical serum levels. However, relative changes in metabolite concentration over time are
directly provided, and if of interest, absolute quantification can be obtained using metabolite
standards. Applying the mixed-model ANOVA to the samples yielded a level of significance
of P < 0.05 in all metabolites except for glucose and one minor peak of propanoic acid.
Subsequent post hoc testing with the Dunnett’s test demonstrated significant changes in 23
metabolite concentration levels when comparing each time point to the initial cord blood
sample (time point: 0 min). The complete list of metabolites with significant change over
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time following birth is provided in Supplementary Table S2 online. The m/zsignal intensity
is normalized to the total ion current (TIC) in the table.

Table 2 presents the metabolites that significantly changed over time, as identified by the
signals ratio method, and divided into metabolite category. Note that the metabolites
annotated (?) are considered to have a tentative identification, as they were only identified
using mass spectral matching to an external library. The metabolites are divided into
categories including signaling pathway intermediates, glucose metabolism intermediates,
carbohydrates, amino acids, and an assortment of other metabolites. Figure 1 is a heat map
illustrating the change in metabolite concentration as it relates to the baseline cord blood for
the metabolites listed in Table 2. Metabolites that are upregulated as compared with time
point 0 min are designated in Figure 1 with a change in color along the red spectrum,
whereas metabolites that decrease have a change in color along the blue spectrum. Some
metabolites show a steady increase in concentration (i.e., malic acid, fumaric acid) whereas
others show an acute decrease in concentration (i.e., lactic acid).

Four intermediates from the tricarboxylic acid (TCA) cycle (a-ketoglutaric acid, fumaric
acid, malic acid, and succinyl-CoA) showed a significant change over time. Individual
values from each animal are plotted in Figure 2. Although all four metabolites steadily
increase over the course of the first 3 days of age, with the most rapid rate of rise early in the
time course, there is considerable interanimal variability.

Two intermediates of signaling pathways were identified: glutamic acid and myo-inositol.
Figure 3 shows the change of these metabolites for each animal. The concentration of
glutamic acid peaks at 6 h of age (Figure 3a); the concentration peak for myo-inositol is at
24 h of age (Figure 3b). Other metabolites of interest are lactic acid and its derivatives. After
the immediate rise in lactic acid concentration at 5 min of age, the level decreases
significantly by 1 h of age. This pattern is opposite of the intermediates found within the
TCA cycle. Three metabolites were identified in the primates’ blood that represent maternal
nutritional components that are not discussed in Table 2 (see Supplementary Table S2
online); each metabolite shows evidence of postnatal clearance by the primate.

DISCUSSION

The fetal-to-neonatal transition is complex, and little data exist that demonstrate the body’s
response to this process. To our knowledge, this is the first report of the metabolic response
to birth and the subsequent transition to extrauterine life. Using validated data analysis tools
(18,20,21,25,26), we were able to generate a biochemical profile to describe this transition
as it relates to a number of different metabolic cycles and other biochemical intermediates.

The TCA cycle had the most intermediates represented in the biochemical profile. Four
intermediates, a-ketoglutaric acid, fumaric acid, malic acid, and succinyl-CoA, were
identified with significant changes over the time period. The TCA cycle is crucial in aerobic
metabolism, with its intermediates dependent on oxygen and the electron transport chain in
the mitochondrial membrane to regenerate nicotinamide adenine dinucleotide and flavin
adenine dinucleotide to continue its pathway. Studies have demonstrated that there is an
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acute oxidative stress that occurs at birth due to the rapid change in oxygen exposure (5,27).
Recent analysis of transcription factors in cord blood of human fetuses revealed a large
representation of mitochondrial respiratory chain genes associated with oxidative stress,
suggesting that the fetus prepares for this difficult transition with an intricate redox
transcriptome (6). Our study adds to the growing body of data indicating there is a molecular
transition occurring as the body is exposed to oxygen and can utilize more of it. As Figure 2
demonstrates, all four intermediates slowly increase in concentration over the course of the
first 3 days of age, some more directly than others. We speculate that this steady elevation of
key intermediates represents the body transition to more aerobic metabolism and
demonstrates an ability to utilize the reduction—-oxidation pathways of the electron transport
chain. Of note, lactic acid decreases rapidly as the TCA-cycle intermediates increase. This
may also reflect the body’s transition from more anaerobic metabolism with less oxygen
available to predominantly aerobic metabolism utilizing the TCA cycle. In our previous
study on the discovery of biomarkers of perinatal asphyxia (24), two intermediates of the
TCA cycle were isolated: succinic acid and malic acid. In that study, these two intermediates
showed dramatic elevation following birth and asphyxia, which was thought to be a result of
an interruption of the redox reaction with nicotinamide adenine dinucleotide/flavin adenine
dinucleotide due to the hypoxia insult. Our current study does not demonstrate the same
pattern of elevation of each metabolite concentration, suggesting that the slow elevation of
TCA-cycle intermediates as a result of the birth transition is a different process than the
acute elevation of TCA-cycle intermediates that are affected by asphyxia.

Two metabolites were identified that are associated with signaling pathways: myo-inositol
and glutamic acid. Both metabolites are involved in a number of different biochemical
pathways throughout the body. Myo-inositol is a precursor for inositol phospholipids, which
when cleaved generate the common second messengers inositol 1,4,5-trisphosphate and
diacylglycerol (28). These second messengers are important in a variety of cellular functions
including intracellular calcium homeostasis (29), gene expression (30,31), and fat
metabolism (32). Glutamic acid is a nonessential amino acid that is involved in many
metabolic pathways and is also a crucial central nervous system signaling molecule. In
cellular metabolism, glutamic acid is a part of the malate—aspartate shuttle, central in the
redox reactions of aerobic metabolism by mobilizing nicotinamide adenine dinucleotide
from the cytosol to the mitochondria. Glutamic acid is also involved in the urea cycle,
allowing the removal of ammonia and urea from the body. As a signaling molecule,
glutamic acid is the leading excitatory neurotransmitter in the central nervous system,
associated with memory and learning (33). In this study, we found that concentrations of
both signaling metabolites changed over the first 3 d of age (Figure 3). Myo-inositol peaked
at 24 h of age and glutamic acid had an initial peak at 6 h with a secondary lesser peak at 24
h. Of note, glutamic acid was also found to have significant elevation following perinatal
asphyxia in our previous report (24). In this study, a dramatic elevation of glutamic acid was
not seen immediately following non-asphyxiated birth (at the 5-min time point).

Although the metabolic profile of the perinatal transition generated multiple analytes that
change over time, there may be some metabolites that were not able to be identified using
GC x GC-TOFMS, such as metabolites that are larger than trisaccharides (34). Despite the
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limitations of the instrumental platform (35), numerous studies have demonstrated that GC x
GC-TOFMS has the ability to capture large amounts of data with high resolution and
accuracy (18,21,25), and no single instrumentation can currently monitor the entire
metabolome. In addition, to take the reported information to the clinical arena, the
PARAFAC quantification would need to be applied with calibration standards of the
derivatized metabolites. Although this was not necessary to achieve the desired goals of this
study, absolute quantification could be applied to convert the PARAFAC signal to specific
serum levels. More translational studies are needed to connect the information from this
study to laboratory serum levels for direct comparison. The number of primates studied is
the final limitation to this investigation, having only three nonhuman primates available for
the discovery phase and six subjects for relative quantification. Although these low numbers
may have led to an incomplete capture of the metabolome of the perinatal transition due to
biological variability, we are confident that this study was able to encapsulate a solid
foundation for further understanding the biochemical response to birth.

Metabolomic analysis of the transition of a nonhuman primate from an intrauterine to
extrauterine environment demonstrates a complex framework of biochemical processes. The
novelty of these data adds significantly to the medical literature. First, it supports the
importance of the redox balance that has been previously investigated on molecular and
genomic levels. More important, because little has been reported on the incremental changes
of metabolite concentrations following birth, this study provides foundational information
related to the metabolic pattern of perinatal transition. With each metabolite identified, we
have a better understanding of the biochemical changes that occur. This profile has the
potential to be used in future studies as a baseline normal pattern for metabolites as a
function of time. In addition, as future studies are implemented, this metabolomic birth
transition profile may aid as a stepping stone for further understanding of pathophysiology
and target therapy within the field of perinatology.

METHODS

The Animal Care and Use Committee at the University of Washington, in accordance with
US National Institutes of Health guidelines, approved all the experimental protocols.

Primate Delivery Protocol

Time pregnant Macaca nemestrina were anesthetized for delivery by hysterotomy at ~170
days (5 + 2 days before term; n = 6). Cord blood was obtained by venipuncture before
delivery (36). A 2.5 French umbilical arterial catheter (Vygon, Montgomeryville, PA) was
then placed into the ascending aorta via the umbilical cord (37). Following delivery, the
primates were stabilized by a team of neonatologists using standardized neonatal
resuscitation principles. Apgar scores, vital signs, and serial laboratory parameters were
collected. Up to nine timed samples were obtained for each primate: baseline cord blood
(time point 0 min) and at 5 min, 1, 3, 6, 12, 24, 48, and 72 h after birth. Samples were
collected into heparinized containers, centrifuged at 4 °C, and plasma (200 pl) removed,
snap-frozen in liquid nitrogen and stored at —80 °C until metabolite extraction.
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Metabolite Extraction, Derivatization, and Instrumentation

Extraction of the metabolites from the plasma was performed using an 8:1 methanol:water
solution (by volume), as previously reported (24). Briefly, metabolites were extracted with 2
min of probe sonication, incubated briefly on ice, then centrifuged at 15,0009 for 10 min to
remove cellular debris. Aliquots (200 ul) of the supernatant were transferred to a GC vial
and then evaporated to dryness. Derivatization using methoximation and trimethylsilylation
was performed on sample extracts to improve thermal stability and volatility of the
metabolites for GC-based analysis. Sample volumes (1 ul) were injected in triplicate to GC
x GC-TOFMS (LECO, St Joseph, MI). The first column, 20 m x 250 um internal diameter
x 0.5 um Rtx-5MS (Restek, Bellefonte, PA), separated metabolites primarily by volatility.
The second column, 2 m x 180 um internal diameter x 0.2 um Rtx-200MS (Restek),
separated metabolites primarily based on polarity. Effluent from the second column was
detected by the TOFMS where the mass fragment ions generated via electron-impact
ionization were collected from mass-to-charge ratio (m/z) 40-600. Data were collected with
the LECO ChromaTOF software, v 3.32 (LECO).

Data Analysis

The signal ratio method (25) was used to identify metabolites with potentially significant
differences between the GC x GC-TOFMS chromatograms of samples from the first three
primates (P1-3). These samples were processed together and used for metabolite discovery.
Samples from subsequent primates were processed later, thus had slight retention-time shifts
and were not included in the discovery stage. Metabolites from P1-3 that showed potential
differences over time were identified by retention time and mass spectral matching to an in-
house library of derivatized metabolite standards, which were processed and categorized
using the same instrumentation. Metabolites that were not identified by the in-house library
were tentatively identified using external libraries, including the National Institute of
Standards and Technology library and the Kyoto Encyclopedia of Genes and Genomes
database. Quantification of identified metabolites was performed using PARAFAC, an
internally derived mathematical deconvolution algorithm that provides the m/z signal
intensity volume under the curve of each metabolite peak (20). Following the signal ratio
method discovery step, the identified metabolites from all six primates were quantified using
PARAFAC. Precision of the instrument was determined by calculating the relative standard
deviation between injection replicates of each metabolite. To ensure that the changes in the
identified metabolites were not due to technical sample variation (e.g., variation in the
sample volume injected into the instrument), the TIC was calculated for each sample
replicate, and used as the internal standard. The TIC is a measure of the absolute amount of
signal detected within the complete injection by the GC x GC-TOFMS instrument and can
be used as an internal standard. The TIC can be used as an internal standard by dividing
each individual metabolite signal in a given injection by the TIC for the corresponding
injection, thus correcting for slight variations within the injection volumes or instrument
detection (19).

To evaluate changes in metabolites over time, mixed-model ANOVA was performed on
each metabolite individually to include all repeated measures from animals with missing
values as sampling was not complete for all animals. The SPSS linear mixed modeling
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procedure used: time as a factor, fixed model, diagonal covariance, type 3 sum of squares,
100 iterations, and absolute convergence. For each metabolite with a P value <0.05 with
mixed-model ANOVA, post hoc testing was performed using Dunnett’s test, comparing
each sample time point to the baseline cord blood samples. Significance for the Dunnett’s
test was P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Heat map demonstrating the change in concentration of metabolites associated with the birth
transition relative to time point 0. The 20 identified metabolites are listed on the y-axis,
divided into metabolite categories from Table 2. The individual time points 0-72 h are listed
on the x-axis, additionally subdivided by individual primate (P1-6). Each square represents
the metabolite concentration of one analyte for one primate at one time point. Each value is
the natural log of the concentration change relative to time point 0 determined by dividing
the respective value by the mean of time point zero. Time points with colors along the red
spectrum are >0 (the natural log of 1), which translates into an increased m/z signal intensity
and metabolite concentration as compared with time point 0. Time points with colors along
the blue spectrum are <0 (the natural log of 1), demonstrating a decrease in metabolite

concentration as compared with time point 0.
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Figure2.

Tricarboxylic acid (TCA)-cycle intermediates and the change in their normalized m/z signal
intensity over the first 72 h of age. (a) a-Ketoglutaric acid, (b) fumaric acid, (c) malic acid,
and (d) succinyl-CoA. Each individual line represents the change in the specified metabolite
over time for each primate (P1-6) plotted independently. Each metabolite slowly increases
over the time course demonstrated on the x-axis. After mixed-model ANOVA, post hoc
Dunnett’s tests comparing individual time points to time point zero are demonstrated: *P <
0.05; TP < 0.01; *P < 0.001.
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Figure 3.
Signaling pathway intermediates and the change in their normalized m/z signal intensity

over the first 72 h of age. (a) Glutamic acid slowly increases with an analyte peak at 6 h of
age. (b) Myo-inositol peaks at 24 h of age. Each individual line represents the change in the
specified metabolite over time for each primate (P1-6) plotted independently. After mixed-
model ANOVA, post hoc Dunnett’s tests comparing individual time points to time point
zero are demonstrated: *P <0.05; TP < 0.01; ¥P < 0.001.
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Primate characteristics (mean + SD)

Birth weight (g)
Sex (male:female)
Apgar scores
1 min
5 min
10 min
Vital signs
Temperature (°C)
Heart rate (beats/min)
Respiratory rate (breaths/min)

Oxygen saturation (%)

Blood pressure (mm Hg)@

Mean arterial pressure (mm Hg)
Labs at 0 min (cord blood)

pH

PCO, (mm Hg)

Base excess

Lactate (mmol/I)
Labsat3h

pH

PCO, (mm Hg)

Base excess

Lactate (mmol/l)

543.8+61.9
4:2

42+11
57+18
7.7+0.8

36.3+1.2
173+ 25
84 +22
91+6
56-142/21-102

78 +35

7.21+0.13
54.4+15
-6.8+45
58+2.6

7.36 £ 0.04
424+6
-20+19
20+11

PCO2, partial CO2.

aRange of systolic blood pressure/diastolic blood pressure.
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Table 2

Metabolites that significantly change during the birth transition

Metabolic category

Pathway/description

Sgnaling intermediates
Glutamic acid
Myo-inositol

Glucose metabolism
a-Ketoglutaric acid
Fumaric acid
Malic acid
Succinyl-CoA

Lactic acid
Propanoic acid®
Carbohydrates and derivatives
D-Ribo-hexitol2
Erythro-pentonic acid®
Gluconic acid lactone®
Glucuronic acid®
Glucose-1-phosphate
Maltose
Amino acids and derivatives
Isovaleric acid®
Proline2
Tryptophan
Miscellaneous
Butanoic acid®
Creatinine

Threonic acid

Excitatory neurotransmitter; malate—aspartate shuttle; urea cycle

Second messenger system, including intracellular calcium homeostasis, gene expression, fat metabolism

TCA cycle; malate-aspartate shuttle

TCA cycle; urea cycle

TCA cycle; malate-aspartate shuttle

TCA cycle; leucine/isoleucine/valine end point of metabolism
Anaerobic metabolic pathway

Derivative of lactic acid; anaerobic metabolic pathway

Six-carbon sugar alcohol

Isosaccharinic acid; six-carbon sugar acid

Glucose metabolite

Xenobiotic metabolism (glucuronidation in liver); proteoglycan

Gluconeogenesis intermediate; galactose utilization

Disaccharide

Isoleucine metabolism
Ornithine metabolism; derived from glutamic acid

Essential amino acid; precursor for serotonin and niacin

Short-chain fatty acid

Marker for renal function

Vitamin C metabolism

TCA, tricarboxylic acid.

&I'entative identification defined as metabolites that were identified with external libraries (i.e., National Institute of Standards and Technology
library) and did not have retention time matching to the in-house library of metabolite standards.
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