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Abstract: Gestational diabetes mellitus (GDM) is a disorder in pregnancy with
highest impact in the future life of both mother and newborn. Increasing incidence,
economic impact, and potential for severe GDM-related pregnancy complications
are some factors that have motivated the deep study of physiopathology, risk factors
for developing GDM, and potential biomarkers for its diagnosis. In the present pilot
study, we analyzed the urinary metabolome profile of GDM patients in the 3rd
trimester of pregnancy, when GDM is already established and the patients are under
dietary and pharmacological control. An untargeted metabolomics method based on
liquid chromatography—mass spectrometry analysis was developed to identify
differentially expressed metabolites in the GDM group. We identified 14 metabolites
that are significantly upregulated in the urine of GDM patients, and, more importantly,
we identified those related with the steroid hormone biosynthesis and tryptophan
(TRP) metabolism pathways, which are associated with GDM pathophysiology.
Thus, these metabolites could be screened as potential prognostic biomarkers of
type two diabetes mellitus, coronary artery disease and chronic renal failure in future

follow-up studies with GDM patients.

Keywords: gestational diabetes mellitus; metabolomics; urine; tryptophan; mass

spectrometry.



1. Introduction

Gestational diabetes mellitus (GDM) is the most common complication of pregnancy
worldwide and is defined as hyperglycemia that is recognized for the first time during
pregnancy [1]. The disease is usually diagnosed in the second or third trimester of

pregnancy in patients with no history of diabetes prior to gestation [2].

In Mexico, the prevalence of GDM ranges from 8.7—-17.7%. Women in Mexico are a
high-risk group for developing GDM, which increases in incidence in older,
overweight and obese women (body mass index > 30 kg/m2), or those with a family
history of type two diabetes (T2D) [3,4].

Hyperinsulinism with increased peripheral insulin resistance (IR) is a characteristic
of GDM. Hyperglycemia during pregnancy promotes epigenetic changes to the fetus
and is associated with increased risk for chronic diseases during adult life [5].
Maternal hyperglycemia results in exaggerated fetal anabolism, growth of fetal
adipose tissue, and bone and muscle tissue leading to macrosomia. The newborns
are prone to neonatal hypoglycemia, hyperbilirubinemia, hypocalcemia, respiratory

distress syndrome, and polycythemia [6].

Women with GDM are, on average, seven times more likely to develop T2D.
Approximately 50% of mothers with GDM will develop T2D within ten years—along
with cardiovascular morbidity, metabolic syndrome, and renal complications [7,8].
However, the metabolic mechanisms underlying this pathophysiology remain poorly
understood. Metabolomics studies have confirmed that highest circulating
concentrations of different metabolites in patients with T2D and GDM are associated
with IR and pancreatic -cell dysfunction [9]. A range of untargeted and targeted
metabolomics methodologies have been developed to characterize the metabolome.
Amino acids and its derivatives—organic acids, lipids, and fatty acids—are some
dysregulated metabolites identified in studies conducted principally with maternal
serum or plasma [10]. Only a few studies have investigated the excretion profile of
maternal urine [11-16]. Urine is very useful for clinical applications because it is
available in large quantities, can be collected in a non-invasive manner, and sample

treatment is relatively simple. However, the biological interpretation of the urine
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metabolome remains challenging due to the effect of physiological factors or

hydration status.

While the search for biomarkers capable of predicting GDM early in pregnancy (first
and second trimesters) has been the main goal of metabolomics studies conducted
in pregnant women, it is also very important to investigate the metabolic alterations
in late pregnancy, when GDM has been established. The identification of
dysregulated circulating metabolites in GDM patients—metabolites which have also
been found to be dysregulated in patients with diabetes, renal failure, cardiovascular
complications, and hypertensive disorders—may reflect unmanaged GDM or
ineffective response to treatment and dietary control, leading to the aforementioned
diseases. Recently, dysregulated tryptophan (TRP) and purine metabolism have
been described as the major pathophysiology of GDM [16]. Besides, chronic kidney
disease secondary to T2D is also associated with accumulation of toxic TRP
metabolites due to both inflammation and impaired kidney function [17].
Dysregulation of TRP-kynurenine (KYN) and KYN-nicotinamide adenine
dinucleotide (NAD) metabolic pathways has been postulated as one of the
mechanisms of IR [18]. Recently, branched-chain amino acids (BCAAs) and the
valine metabolite 3-hydroxybutyrate have shown potential as biomarkers for the
transition of GDM to T2D [19]. In conjunction, the study of metabolic pathways
dysregulated during the course of GDM could contribute to predicting irreversible

metabolic effects in the mother.

In the present study, we analyzed the urinary metabolome of Mexican GDM patients
at the 3rd trimester of pregnancy, when GDM is already established and the patients
are under dietary and pharmacological control, with the purpose of predicting
dysregulated metabolic pathways that could be molecular links associated with

negative outcomes after pregnancy.
2, Results

2.1.  Clinical and Demographic Characteristics of the Groups Under Study



A total of 35 pregnant women were selected for the study from an initial cohort of 80
patients. 11 women had healthy pregnancies (control group) and 24 patients had
GDM (GDM group). The clinical characteristics of the study groups are presented in
Table 1. These data belong to the first prenatal control. There were no statistically
significant differences between groups for maternal age, pre-gestational body mass

index (BMI), and all clinical findings except glucose levels (p = 0.0029).

The urea, creatinine, and glucose results measured in the plasma of GDM patients

before and after the diagnosis are shown in Figure 1.

2.2. Ultra-Performance Liquid Chromatography (UPLC)-Mass Spectrometry (MS)
Urinary Profiles

Typical urinary profiles acquired under positive ion mode are shown in Figure 2.

The methodology’s reproducibility was evaluated between quality control (QC)
injections, which were run before the samples, and showed good reproducibility for
retention time, peak shape, and peak intensity. These were evaluated by direct
comparison of overlaid chromatograms (Figure 3A, B) that showed no drifts in

retention time, reflecting the stability and reproducibility of the system.
2.3. Metabolites Identification

A total of 4598 features were detected under the conditions employed for the pre-
processing of the raw data within UNIFI 1.8.1 (Waters Corp., Milford, MA, USA) and
detailed in the Material and Methods section (retention times from 0 to 10 min). Since
creatinine normalization had been proven inappropriate for clinical applications [20],
in the present study normalization was applied using total ion abundance, scaling

the summed abundance of all compound ions in each sample to an equal value.

In the principal component analysis (PCA) score plot, the samples of the control
group were only partially separated from the GDM group (variance explained
R2Xcum = 60%). PCA was first performed to discover intrinsic treatment-related

clusters within the datasets and to identify outliers (Supplementary Figure S1).



Following this, partial least-squares discriminant analysis (PLS-DA) and orthogonal
partial least-squares discriminant analysis (OPLS-DA) were used to improve
separation among the groups and to screen for differential metabolites. The OPLS-
DA score plots resulted in inter-group separation (Figure 4A). The parameters of the
obtained models were satisfied with an acceptable quality of variance explained (R2)
and variance predicted (Q2) and are represented in Figure 4B. Differential
metabolites were selected based on the separation through the OPLS-DA loadings
and variable importance projection (VIP) scores (Figure 4C). VIP represents the
extracted variables’ ability to discriminate between different treatments. The
variables with VIP values greater than 1.5 (VPI > 1.5) were included in the set of
metabolites analyzed. The loading plots (S-Plot) identified the metabolites with
significant differences in abundance between the study groups (Figure 4D). These
variables were further filtered by Mann—Whitney—Wilcoxon test to determine whether
a potential biomarker was statistically significant between the two groups. The
metabolites with a significant difference after false discovery rate correction (q <

0.05) were kept and considered as the potential biomarkers.

The metabolites selected in the OPLS-DA loading S-plot were identified as described
in Material and Methods. Identified metabolites with significant changes in
expression after false discovery rate (FDR) correction in the GDM group are
summarized in Table 2. Moreover, Supplementary Table S1 shows other identified
metabolites (p < 0.05; g > 0.05). The exact measured mass/charge (m/z), mass error
(mDa), retention time, and percentage of changes between groups (fold change) are
detailed along with the statistical significance of each change. The selected
metabolites were identified and classified according to their degree of
physicochemical and/or spectral similarity to published data. Mass Spectrometry
(MSE) data were manually inspected for the correct identification of major ions.

2.4. Pathway Analysis

The underlying signaling pathways and molecular networks influenced by GDM were
explored and visualized by MetPA, a web application for metabolomics analysis.

Identified metabolites contributing to the separation of pairwise groups were



imported into MetPA. The “Homo sapiens” library was selected for the database,
while hypergeometric test and relative-betweenness centrality were performed for
over-representation analysis and pathway topology analysis respectively.
Tryptophan metabolism and steroid hormone biosynthesis were classified as
important, although other metabolic pathways related to amino acids, lipids, purine,

and carbohydrate metabolism were also identified (Figure 5).

When investigated with the same methodology for the relationship of urinary
metabolites with diseases, cervical/colon/ovarian cancer, impaired glucose
tolerance, diabetes mellitus, coronary artery disease, and chronic renal failure,

among others, were predicted (Figure 6).
3. Discussion

In the present pilot study, we analyzed the urinary metabolomics profiles of patients
with GDM in the third trimester of pregnancy. At this point, all the patients enrolled in
the study were receiving dietary control and/or pharmacological support (insulin or
metformin or a combination of both). Since GDM was diagnosed at 24—-28 weeks of
gestation, the hyperglycemia associated with this condition could have induced
persistent metabolic alterations during the pregnancy. The selected participants
were matched according to pre-gestational BMI and age, which, although non-
significant, were higher on average in the GDM group. In both groups, consistent
with epidemiologic statistical reports in the Mexican population [3], overweight and
obese women were predominant. As shown in Figure 1, the evolution of the disease
was monitored measuring the levels of glucose, creatinine, and urea before and after
the GDM diagnosis. The levels of glucose decreased significantly at the 3rd
trimester, reflecting a positive effect of treatment and dietary control (three patients
received insulin treatment and 21 were treated with metformin 850 mg). However,
the significant increase in the levels of serum urea and creatinine in the GDM group
after diagnosis means that underlying metabolic disorders continued taking place
during the pregnancy. The significantly upregulated metabolites identified in our work
by the metabolomics approach belong to the following compound classes:

benzopyrans, carboxylic acids and derivatives, glycerolipids, indoles and



derivatives, tetrapyrroles, sphingolipids, and steroid derivatives. Different
metabolites within these classes have an impact in the physiopathology of GDM and

its complications.
3.1.  The Contribution of Identified Metabolites in the Physiopathology of GDM

Since the composition of urine is significantly influenced by diet, measurement of
maternal urine can be used to identify a change in dietary pattern. In our study,
aspartame (known as trademark canderel), 5-carboxy-alpha-chromanol (related with
the Vitamin E metabolism), and cucurbitacin ¢ (present in fruits and cucumber) are
related with dietary control in the GDM group. These substances are particularly
consumed in Mexican patients under a dietary regimen, as suggested by the

Mexican Food System Equivalents [21].

Several compounds classified as steroids and derivatives were also found
upregulated in our study: 11-oxo-androsterone-glucuronide, cortolone-3-
glucuronide, tetrahydroaldosterone-3-glucuronide, 5-androstene-3b,16b,17a-triol,
and 21-deoxycortisol. Some of these metabolites are related to the glucuronidation
process—which is used to assist in the excretion of toxic substances, drugs or other
substances that cannot be used as an energy source—and have been found altered
during GDM [16]. The increase in cortisol cortisol derivative levels during pregnancy
is considered as the main cause of the decrease in glucose tolerance. Steroid
hormones, which are elevated steadily during pregnancy, are the main hormones
that influence B-cell function in early pregnancy and IR, especially in late pregnancy.

Estrogen levels change during pregnancy in different states of GDM [22].

Steroid hormones and lipid metabolism are closely related, not only because lipids
are precursors of steroid hormones, but also due to the effect on lipid metabolism
during pregnancy. In our study, we identified two classes of lipids: sphingolipids and
glycerolipids. Diacylglycerols (DGs; belonging to glycerolipids) are intracellular
messengers that have been identified as mediators of IR [23]. Regarding
sphingolipid metabolism, we detected two species differentially expressed: SM
(d18:0/22:0) and Cer (d18:0/23:0). Sphingomyelins are present in animal cell
membranes, and the synthesis and degradation of sphingomyelin species produce
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signal transduction second messengers that regulate the innate immune response
at the feto-maternal interface [24]. Other authors have found pronounced elevations
in several species of both saturated and unsaturated sphingomyelins in GDM
amniotic fluid [25].

The metabolic breakdown of SM results in ceramides, which are recognized as
proinflammatory lipids which are increased in T2D. Ceramide accumulation has
demonstrated to be detrimental to pancreatic beta cells and may promote IR, thereby
playing a direct role in the pathogenesis of T2D in both the general population and

in women with previous GDM [26].

L-tryptophan was found upregulated in our study. Altered levels of TRP have been
found in GDM patients [16] as well as in normal pregnancies [9]. TRP is metabolized
via TRP-KYN and TRP-methoxyindole pathways.

Regarding the relationship between the identified metabolites and the
pharmacological treatment with metformin, in a recent work, Zucker diabetic fatty
rats were treated daily for 12 weeks with metformin (200 mg/Kg), which represents
a high dose when compared to the maximum human daily dose of 2000 mg/day. In
this study, six metabolites were found to have significantly reverted to the normal
levels after the therapy, including sphingosine [27]. However, this study was
conducted in a model of non-pregnant diabetic rats. A recent report informed about
the metabolic profile in women with GDM treated with metformin or insulin [28]. In
this study, independently of medication, pregnancy itself had marked influences on
amino acid profiles. Metformin treatment of GDM caused a greater increase in serum
alanine, isoleucine, and lactate concentrations; this agrees with other previously
reports. It was demonstrated that treatment with metformin is associated with
increased triglyceride levels and higher atherogenic index of plasma in the third
trimester in pregnant women with GDM [29]. Although measures of glucose and C-
reactive protein improved with treatment with metformin and insulin, the increase in
maternal plasma triglycerides—between randomization to 36 weeks—was greater

in women treated with metformin [30,31]. Moreover, previous randomized control



trials of lifestyle advice or metformin in obese or overweight pregnant women have

reported little or no effect on standard lipid measurements [32,33].
3.2. Pathway Analysis: Impact on GDM Complications

The metabolic pathways considered as significant (pathway impact > 0.1) in our

study were the steroid hormone biosynthesis and TRP metabolism pathways.

In pregnancy, increase in IR occurs due to substantial steroid spectra changes.
Major changes in the hypothalamic—pituitary—adrenal/~gonadal axis influence fetal
growth and timing of delivery. In the same manner, counter-regulatory hormones—
placental growth hormone (GH), glucocorticoid cortisol, and progesterone—
progressively increase. It has been reported that gonadal steroids have also been
shown to modulate pancreatic function and susceptibility to developing IR and T2D.
High levels of androgens are also associated with other serious health
consequences, such as high cholesterol, high blood pressure, heart disease, IR, and
T2D. Moreover, IR leads to hyperinsulinemia, which is described to induce androgen
production and, consequently, hyperandrogenemia directly promotes peripheral IR
in women [34]. These mechanisms, when dysregulated, promote the emergence of
GDM. Regarding the TRP dysregulation, in a recent study, serum TRP level was
found to be significantly higher in T2D and was positively and independently
associated with risk of diabetes onset. Patients with higher TRP level tended to
present with a higher degree of IR, higher triglycerides, and higher blood pressure
[35]. These authors suggest that serum TRP levels increased before IR and T2D,
and then depleted gradually along with the progression of T2D. The variation pattern
of circulating TRP may represent the compensatory metabolic response to increased
oxidative stress related to inflammation as well as the competition with branched-
chain amino acids for the same trans-membrane transporter during the development
of T2D.

Metabolites of the TRP-kynurenine pathway (i.e., TRP, kynurenine, kynurenic acid,
quinolinic acid, 3-hydroxyanthranilic) were also associated with diabetes
development in another study [36]. Other authors have reported that downstream
bioactive TRP metabolites—kynurenine, kynurenic acid, and quinolinic acid—were
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positively and robustly correlated with the severity of kidney disease [18]. The close
relationship in the kynurenine pathway between TRP, gamma-interferon, and 2-3-
dioxygenase (IDO) as an immuno-modulatory mechanism has since been
substantiated [36]. In the specific context of TRP alterations during pregnancy, recent
work has also demonstrated similar results: changes in L-TRP in the GDM group

were related to an altered serotonin metabolism [37].

TRP is in high demand during pregnancy to meet the increased protein formation for
the development of the fetus, and also essential for the production of serotonin in
brain, melatonin in the pineal gland, nicotinic acid in liver, etc. This has led to the end
for “the tryptophan depletion concept in pregnancy” and its replacement by the
“tryptophan utilization concept” [38]. High levels of TRP have also found in
pregnancy disorders. A potential role of excessive levels of TRP in preeclampsia has
been found, suggesting that high TRP levels can undermine T-cell suppression,

resulting in pregnancy complications [39].

The finding of steroid hormones and TRP metabolism dysregulation in our study may
be linked with the results obtained in the metabolite set enrichment analysis, where
some of the diseases that have been associated with abnormalities in these
metabolites are listed (Figure 6). These diseases have been associated with

previous GDM history.

Since this study is a pilot and exploratory study, it is limited by a small sample size
and the lack of an external validation cohort at the time of the study. The internal
cross-validation and univariate methods employed were helpful in validating the
OPLS-DA model; this intriguing initial observation, however, requires external
validation. Hence, it is imperative that further longitudinal studies be conducted to

replicate these results using a larger and more diverse patient cohort.
4. Materials and Methods
4.1. Study Design and Selection of Participants

A cross-sectional study was performed between May and December 2018 to

evaluate the metabolomics profile in the 3rd-trimester urine of pregnant women
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diagnosed with GDM. The GDM group (n = 24) was composed of patients who were
diagnosed with GDM during the second trimester. The control group (n = 11) was
constituted by euglycemic women. Patients who developed GDM were matched with
women with normal pregnancies based on age and first prenatal body mass index
(BMI). The criteria used for the diagnosis of GDM were established in accordance
with the parameters established by the American College of Obstetricians and
Gynecologists (ACOG) [40]. A routine oral glucose tolerance test (OGTT) was
performed at 24-28 weeks’ gestation, following the World Health Organization
recommendations [41]. Patients enrolled in the study received treatment
immediately after the diagnosis and until the delivery. The first-line treatment for pre-
gestational and GDM is diet and moderate exercise, which can control up to 70-85%
of patients. The first-line pharmacological treatment for gestational diabetes mellitus
is insulin, however, in this study, the use of metformin in GDM patients with 20 weeks
of gestation or higher was considered as a choice of treatment: (a) when the patient
refused the insulin therapy, (b) when the patient was controlled without risk for the
binomial, and (c) when the patient stated her agreement with the therapy having

signing an informed consent form.

Table 3 summarizes the diagnostic criteria established at Hospital Central. Patients
with gestational hypertension, urinary infections, pre-existent T2D, preeclampsia,
and chronic renal disease were excluded. Patients were also interviewed and tested
for additional comorbidities. Neither cancer nor Polycystic ovary syndrome were
reported among the patients. Clinical and demographic data were collected from the
medical records for each participant at the first prenatal visit. For GDM patients,

levels of glucose, urea, and creatinine were also measured in the 3rd trimester.
4.2.  Ethical Considerations

The study was carried out in agreement with the Helsinki Declaration. Signed written
informed consent was obtained from all participants prior to interviews and sample
collections. The protocol was approved by the Research Ethics Committee of the

Hospital Central “Dr. Ignacio Morones Prieto”, San Luis Potosi, Mexico, with
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Registry: CONBIOETICA-24-CEI-001-201604279. The Registry number of the

protocol is 84-17 and it was approved on 19 December 2017.
4.3. Sample Collection and Preparation

Prenatal visits were always scheduled in the morning. Midstream urine samples
were collected from each patient at the Hospital Central. The samples were
centrifuged at 1200 rpm for 15 min at room temperature (RT) to eliminate cells and/or
cellular debris. Then, the urine samples were again centrifuged at 3000 rpm at 4 -C,
aliquoted and stored at —80 -C until use. For metabolomics analysis, urine samples
were thawed on ice and vortexed. A 10-microliter aliquot of each sample was pooled
to build quality controls (QC) for each group under study. A 100-microliter aliquot of
each sample and QCs was diluted with liquid chromatography—mass spectrometry
(LC—MS) grade water (1:1 v/v). The mixture was then centrifuged at 14,000 rpm at
4-C for 15 min. The supernatant was transferred to glass sample vials for UPLC-MS

analysis.
4.4. UPLC- MS Method for Metabolomics Analysis

LC-MS grade acetonitrile and water was purchased from JT Baker (Brick Town, NJ,
USA). High- purity formic acid (99%) was provided by Thermo Scientific (Rockford,
IL, USA).

Samples were analyzed with an ACQUITY UPLC I-Class (Waters Corp., Milford, MA,
USA) coupled to a XEVO-G2 XS quadrupole time-of-flight (ToF) mass spectrometer
(Waters, Manchester, NH, USA) with an electrospray ionization source. The
separation of different metabolites was done in a UPLC Ethylene Bridged Hybrid
(BEH) C18 column (2.1 x 100 mm, 1.7 ym) using binary gradient elution of solvents
A and B. The mobile phase was A: 0.1% formic acid in water; B: 0.1% formic acid in
acetonitrile. The mobile phase was delivered at a flow rate of 0.5 mL/min, initially
with 1% B, followed by a linear gradient to 15% B over 3 min. Then the percentage
of B was increased to 50% within 3 min. Over the next 4 min, the gradient was
ramped up to 95% B, and the amount of B was then decreased to 1% in 1.1 min.
Over 2 min, the percentage of B returned to initial conditions (1%), until the end of

13



the chromatographic run (13 min). The column temperature was adjusted to 40 -C.

The injection volume was 5 L.

Data were acquired in positive electrospray ionization (ESI+) mode with the capillary
voltage set to 2.0 kV, the cone voltage to 30 eV and the source temperature to 120
°C. The desolvation gas was nitrogen, with a flow rate of 500 L/h and with a
temperature of 350 -C. Data were acquired from m/z 100 to 2000 in Mass
Spectrometry (MSE) mode in which the collision energy was alternated between low

energy (6 eV) and high energy (ramped up from 20 to 40 eV).

As a look mass for accurate mass measurements, leucine enkephalin (200 pg/uL in
acetonitrile: water (50:50 v/v) + 0.1% formic acid) was infused. For calibration, 0.5
mM sodium formate was used. Five pooled samples (QC) were initially injected to

equilibrate the column.
4.5. Data Acquisition and Statistical Analysis

The raw MSE datasets were acquired in continuum mode and processed within
UNIFI 1.8.1 (Waters Corp., Milford, USA). The analysis parameters were as follows:
retention time of 0—10 min and peak width of 1-30 s. Data within UNIFI 1.8.1 were
passed through the apex peak detection and alignment processing algorithms. The
intensity of each ion was normalized with respect to the total ion count (TIC) to
generate a data matrix that consisted of the retention time, m/z value, and the

normalized peak area.

The multivariate data matrix was analyzed by EZinfo software (Waters Corp., Milford,
MA, USA) and the univariate analysis was performed with MetaboAnalyst [23]. The
data were mean-centered and Pareto-scaled prior to principal component analysis
(PCA) and orthogonal projection to latent structures discriminate analysis (OPLS-
DA). Potential markers of interest were extracted from the combining VIP plot that
was constructed from the loading plots of OPLS-DA. A VIP threshold of 1.5 was

considered to select the metabolites.
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The nonparametric univariate method, Mann—Whitney—Wilcoxon test was applied to
measure the significance of each metabolite, with results adjusted for multiple testing

using false discovery rate (FDR) correction, with a mass tolerance of 10 ppm.

Exact molecular mass data (m/z) from significant peaks were used to search the
online Human Metabolome Database (HMDB) (http://www.hmdb.ca) for metabolite
identities. The identities of key metabolites were confirmed by inspecting the MSE
spectra and by comparison of fragmentation pattern with those reported in the HMDB

database.
4.6. Pathways Analysis

Metabolite Set Enrichment Analysis and Pathway Analysis were carried out using
the pathway analysis module (MetPA) of MetaboAnalyst 3.0. Hypergeometric test
and relative betweenness centrality were used for over-representation analysis and

pathway topology analysis, respectively.
5. Conclusions

In our pilot study conducted with Mexican women in their the 3rd trimester of
pregnancy and previously diagnosed with GDM, we identified 14 metabolites
belonging to different classes of compounds which suggest biochemical and
metabolic changes orchestrated due to GDM physiopathology. This is, to our
knowledge, the first metabolomics study conducted in Mexican women diagnosed
with GDM. We found that metabolites from steroid hormone biosynthesis and TRP
metabolism pathways could have a significant role in GDM and may be associated
with different negative outcomes. The upregulation of these pathways, as a
consequence of the oxidative stress and inflammation persistent in GDM, could lead
to a higher IR, predisposing to several diabetes-associated complications. These
metabolites need to be investigated as potential biomarkers for prognostication in

future follow-up studies.

Supplementary Materials: The following are available online at
http://www.mdpi.com/1422-0067/20/5/1186/s1, Figure S1: Principal Component

Analysis (PCA) scores plots of urine GDM and controls acquired in positive mode.
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Table S1: Metabolites differentially expressed (p < 0.05) predicted from a multivariate

model.
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Figure legends

Figure 1. Levels of (A) glucose, (B) creatinine, and (C) urea measured in plasma of
GDM patients before and after GDM diagnosis. Significant differences between the
levels in the first prenatal visit (pre-D) and the levels at 3rd trimester (post-D) were
found for the three metabolites (p < 0.05). Data were analyzed by a paired t-test with

the software GraphPad Prism.

Figure 2. Positive ion base peak intensity chromatograms of urine from a healthy

control (top) and a GDM patient (bottom) in the third trimester.

Figure 3. Overlaid chromatograms of quality controls (QC) showing good
reproducibility for retention time, peak shape, and peak intensity. (A) QCS: overlaid
chromatograms of five replicates of QC from the control group. (B) QCD: overlaid

chromatograms of five replicates of QC from the GDM group.

Figure 4. (A): Orthogonal partial least-squares discriminant analysis (OPLS-DA)

score plots of the urine data set, acquired under positive ion mode. Visual inspection
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of the OPLS-DA score plot exhibited tight clusters of samples from each group. (B):
Goodness of fit; variance explained R2Y(Cum): 88%, variance predicted Q2(Cum):
59%. (C): Coefficients vs. variable importance in the projection (VIP). The VIP values
were also implemented to search for potential biomarkers. Only variables with VIP
values higher than 1.5 were highlighted to be important for discrimination. (D): S-plot

score plot.

Figure 5. Summary of pathway analysis visualized by MetPA. Steroid hormone
biosynthesis and tryptophan metabolism pathways have significant pathway impact
(pathway impact > 0.1). The dots represent the pathways that were matched using
pathway impact values from pathway topology analysis and p values from pathway
enrichment analysis. Colors (varying from yellow to red), means the metabolites are
in our data with different levels of significance for enrichment analysis. Other
metabolic pathways identified are: Sphyngolipid metabolism, Phenylalanine,
Tyrosine and Tryptophan metabolism, Nitrogen metabolism, Nicotinate and
nicotinamide metabolism, Glycine, serine and threonine metabolism, Starch and
sucrose metabolism, Pentose and glucuronate interconversions, Aminocyl t-RNA

biosynthesis, Arginine and proline metabolism, and Purine metabolism.

Figure 6. Metabolite set enrichment analysis for the prediction of disease associated

metabolite sets (urine).

Table 1. General clinical characteristics of the pregnant women included in the study.
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GDM (n = 24) Control (n =11) p-Value
Age (years) 31.00 £+ 1.401 26.91 +£1.232 0.0771
Gestational age at sampling (weeks) 32.05 = 0.9026 34.74 £+ 0.6853 0.0672
BMI (Kg/mz) 30.07 £ 1.268 25.98 £+ 1.594 0.0546
Glucose (mg/dL) 92.75 4+ 3.174 76.70 + 1.764 0.0024
SBP (mmHg) 110.4 £9.079 108.2 £ 9.816 0.8781
DBP (mmTHg) 73.75 £ 9.816 71.82 & 7.109 0.8161
Creatinine (mg/dL) 0.5262 £ 0.02066 0.5500 £ 0.03643 0.5436
Urea (mg/dL) 13.83 4 0.9461 16.12 + 1.734 0.2144
Hb (g/dL) 12.52 + 0.8055 13.26 £ 1.074 0.1453
Leucocytes (X103) 8.739 4+ 1.756 8.000 4+ 1.525 0.2339

Data are presented as mean = standard error of mean (SEM). BMI: body mass index; SBP: systolic blood pressure;
DBP: diastolic blood pressure. p-values were determined by independent t-test or Mann-Whitney test. Statistically

significant: p < 0.05.

Table 2. Differential metabolites dysregulated in GDM urine.
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Molecular

Class Compound HMDB Formula Observed mi/z RT (min) p-value FC Mass Error (mDa) Adducts
Benzopyrans 5-carboxy-alpha-chromanol HMDB0012798 CygHagOy 338.2322 5.82 2 % 1042 42 2.0 NH4*
1-Methyl
Carboxylic acids and derivatives N- -alpha-aspartyl- -phenylalanate HMDBO0001894 CqiqH1gN.O5 205.12879 3.32 445 x 104 5.1 0.2 H*
(Aspartame)
Glycerolipids DG (24:0/14:1) HMDBO0007792 CyHz505 668.6179 9.87 636 x 107*2 3.6 -09 NH*
Indoles and derivatives L-Tryptophan HMDB0000929 C11H1aN2Og 205.09703 2.90 3.08 x 10762 24 —0.5 H*
Tetrapyrroles and derivatives L-Urobilinogen HMDB0004157 C3aHygNsOg 597.3631 5.94 375 x 10732 3.2 -16 H*
Sphingolipids Cer (d18:0/23:0) HMDB0011767 CyyHgzNOy 638.60751 9.92 50 %1072 1 0.1 H*
SM (d18:0,/22:0) HMDB0012091 CysHozN,OgP 780.685 9.62 496 x 10762 42 0.6 H*
11-oxo-androsterone-glucuronide HMDB0010338 CasHa09 503.2247 55 544 x 107%2 26 —0.5 Na*
cortolone-3-glucuronide HMDB0010320 CyrHynOgq 543.2789 512 5.80 x 107*2 29 -1.1 H*
tetrahy droaldosterone-3-glucuronide HMDB0010357 CyrHypOqq 563.2456 5.09 2.38 x 10772 4.6 -07 Na*
Steroid and steroid derivatives 5-androstene-3b, 16b,17a-triol HMDB0000523 CroHagOs 32021105 5.00 610 x 1052 44 19 Na*
21-deoxycortsol HMDB0004030 Ca1Hay Oy 347.22121 5.26 245 x 10~*2 37 0.6 H*
11b, 17a,21-Triydroxypreg-nonolone HMDBO0006760 Cy1Ha,05 365.2317 5.00 2.0 x 10732 3.1 -04 H*
cucurbitacin ¢ HMDB0034706 CaaHasO 561.3411 5.92 3.00 x 107*2 3.3 0.1 H*

25

a: significative for false discovery rate (FDR) correction. FC: Fold change. Metabolites in bold are exogenous metabolites.



Table 3. Diagnostic criteria for GDM.

Procedure Glucose Cut Points @
Time (h) mg/dL mmol/L
Step1:50 g Fasting =140 mg/dL 7.8
Step 2: 100 g, 3 h OGTT b Fasting >95mg/dL 5.3
1 =180 mg/dL 10.0
2 >155mg/dL 8.6
3 >140 mg/dL 7.8
758 2h OGTTD Fasting >92 mg/dL 5.1
1 >180 mg/dL 10.0
2 >153 mg/dL 8.4

a: venous serum or plasma glucose measured at the hospital laboratory. b: Two values meeting or exceeding the cut

points are required for diagnosis.
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Abstract: The knowledge of normal metabolite values for neonates is key to
establishing robust cut-off values to diagnose diseases, to predict the occurrence of
new diseases, to monitor a neonate’s metabolism, or to assess their general health
status. For full term-newborns, many reference biochemical values are available for
blood, serum, plasma and cerebrospinal fluid. However, there is a surprising lack of
information about normal urine concentration values for a large number of important
metabolites in neonates. In the present work, we used targeted tandem mass
spectrometry (MS/MS)-based metabolomic assays to identify and quantify 136
metabolites of biomedical interest in the urine from 48 healthy, full-term term
neonates, collected in the first 24 h of life. In addition to this experimental study, we
performed a literature review (covering the past eight years and over 500 papers) to
update the references values in the Human Metabolome Database/Urine
Metabolome Database (HMDB/UMDB). Notably, 86 of the experimentally measured
urinary metabolites are being reported in neonates/infants for the first time and
another 20 metabolites are being reported in human urine for the first time ever. Sex
differences were found for 15 metabolites. The literature review allowed us to identify
another 78 urinary metabolites with concentration data. As a result, reference
concentration values and ranges for 378 neonatal urinary metabolites are now

publicly accessible via the HMDB.

Keywords: newborn; metabolites; tandem mass spectrometry; inborn errors of

metabolism; reference values.
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1. Introduction

According to the 2018 WHO annual report, across the globe, 2.5 million children died
in the first month of life. This represents 7000 newborn deaths per day. One third of
these deaths occur in the first 24 h of life, while three quarters of infant deaths occur
during the first week after birth [1]. Some of the most important causes of neonatal
death are preterm birth, intrapartum related events, sepsis/tetanus, infections and
congenital abnormalities [2,3].

A neonate is formally defined as a baby that is four weeks old or younger. The
neonatal period, a time during which a baby is particularly small and fragile, is
characterized by continuous and rapid changes in behavior, physiology and
metabolism. During the neonatal stage, a number of important physiological events
take place, including the establishment of feeding patterns, remodeling of the
immune system, changes to the endocrine system, as well as modifications to the
infant’s overall metabolism. Usually, the common hospital stay for a newborn is 48 h
after a vaginal delivery and 96 h after a caesarean section. However, when medical
conditions appear shortly after birth, longer periods of hospitalization are required. It
is during these extended stays that multiple hematological, urinary, clinical and
biochemical tests are often performed. Therefore, the availability of reference values
for hematological, urinary, clinical and biochemical parameters for newborns and
neonates is of critical importance.

Indeed, the use of neonatal reference values for biochemical tests (on blood or urine)
of selected metabolites have been the basis of newborn screening programs around
the world for more than 50 years. While the first tests, introduced by Dr. Robert
Guthrie to diagnose inborn errors of metabolism (IEMs), were quite limited and
based on simple enzymatic assays [4], over the past 55 years, these biochemical
tests have been expanded and improved significantly. Tandem mass (MS/MS)
spectrometry is now widely used in the screening of newborns and has greatly
expanded the number of metabolite measurements that can be performed [5]. The
specificity and sensitivity of tandem mass spectrometry methods may reach values
up to 99.99% and 99%, respectively, for IEM diagnoses. With the advent of LC-MS
and direct infusion tandem mass spectrometry (DI-MS/MS), an increased number of
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less common metabolites and correspondingly rarer IEMs can now be detected with
relative ease.

For full term-newborns, infants and children, a modest number of reference
biochemical values are available for blood, serum, plasma, urine and cerebrospinal
fluid. This information is also available for preterm newborns [6—-10]. However,
reference values for many common urinary metabolites in newborns are lacking.
Indeed, an in-depth literature review, along with detailed comparisons to values
reported in the Human Metabolome Database (HMDB) [11] and the human Urine
Metabolome Database (UMDB) [12] indicates that only 212 metabolites have
reported urinary reference values for newborns and infants (detected and
quantified). In contrast, the number of urinary metabolites with adult reference values
is >2000 [12]. This suggests that there is a surprising lack of information about
normal urine concentration values for a large number of important metabolites in
neonates.

In the present work, we used targeted MS/MS assays to identify and quantify 136
metabolites of biomedical interest in the urine from 48 healthy, full-term term
neonates collected in the first 24 h of life. The targeted assays that we employed use
a combination of liquid chromatography tandem mass spectrometry (LC-MS/MS)
and flow injection analysis (FIA-MS/MS). In addition to this experimental study, we
also performed a detailed literature review (covering the past eight years and a total
of 509 papers) to update the information on neonatal urinary concentration data in
the HMDB [11] and the UMDB [12]. Combined with the experimental data reported
in this study, the total number of neonatal urinary metabolites with reference
concentration data has now grown to 378. By conducting this combined
experimental/literature review study, we have now nearly doubled the number of
urinary metabolites, with reference concentrations for neonates and infants. All of
these metabolites and reference values have now been added to the HMDB [11] and
the UMDB [12], and are publicly available at www.hmdb.ca.

2. Results

Table 1 shows the clinical and phenotypic data collected from the 48 singleton,

healthy full-term neonates, along with the relevant clinical data from the mothers.
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2.1. Concentration Data of 136 Metabolites Measured by Targeted Metabolomics
In the present study, we experimentally determined the concentrations of 136
metabolites, selected due to their known involvement in multiple metabolic pathways
associated with metabolic or genetic disorders (such as IEMs), that could manifest
in the first 24 h of life. A total of 45 amino acids and biogenic amines, 17 organic
acids, 24 glycerophospholipids, 10 sphingomyelins and 40 carnitines and
acylcarnitines were detected and quantified in every urine sample. Supplementary
Table S1 shows the limit of detection (LOD) for each measured metabolite using our
LC-MS/MS approach.

Figure 1a—c show the quantitative results we obtained using our LC-MS/MS method,
expressed as mean = SD for metabolites previously reported in newborns.
Additionally, Supplementary Tables S2 and S3 contain the measured concentration
data (mean + SD, raw and normalized to creatinine) for these metabolites. We also
report the urinary reference values found in the literature for these compounds, along
with values reported in the HMDB [11] and UMDB [12]. When available, the reference
value is listed for newborns or neonates. However, when this data is not available, a
reference value listed for infants (which is generally assumed to cover babies aged
one week to one year) is provided.

Tables 2 and 3 contain the experimental results for metabolites not previously
reported in newborn and in human urine, respectively, including the absolute
concentration (UM, expressed by mean * standard deviation (SD)); creatinine-
normalized values (WM/mM creatinine) expressed as a mean = SD; and the 2.5—
97.5% percentile range (WM/mM creatinine).

Urinary creatinine (Ucreat) is often used to adjust or normalize urinary analyte
concentrations, but we found that Ucreat appeared to be a relatively unreliable
reference value in the early newborn period, due to its high variation (ranging from
1000 to 17,000 mM). For this reason, we also provide the absolute concentrations

of each metabolite measured in urine.

34



Atotal of 86 of these experimentally measured urinary metabolites (64%), along with
their concentration ranges, are being reported in neonates/infants for the first time.
Of these, 20 metabolites (14% of the compounds identified in this study) are being
reported in human urine for the first time ever. Note that the concentration data for
some metabolites found through our literature and database searches had more than
one reference value, obtained by different laboratories using different methods. This

can lead to some minor discrepancies for the numbers reported in these tables.

2.2. Gender-Sex Differences Associated Metabolites

In addition to the combined sex (male + female) results, we also investigated the
presence of any sex differences in the measured metabolites. We found that three
metabolites (uric acid, butyric acid and octadecadienylcarnitine (C18:2)) were
consistently higher (p < 0.05) in males than females, while the following 12
metabolites (creatinine, symmetric dimethylarginine, spermine, spermidine, LysoPC
a 17:0, LysoPC a 18:1, SM C16:0, SM(OH) C16:1, PC aa 36:0, SM(OH)24:1, PC aa
40:2, and PCaa 40:1) were consistently lower in males than females (p < 0.05)
(Supplementary Figures S1 and S2). A complete set of tables showing the sex-
specific values is included in the Supplementary Material (Supplementary Tables
S4-S8). Additionally, the sex-specific values for these urinary metabolites are now
available in the HMDB [11] and UMDB [12].

2.3. Impact of Resolution Mode on the Urinary Metabolome of Healthy Newborns
In the present study, 22 newborns were born by vaginal delivery (VD) and 26
newborns were born by caesarian section (CS). Babies born by VD had significantly
lower levels of asparagine, lysine and arginine than babies born by CS. Moreover,
an increase in glutaconylcarnitine and nonaylcarnitine was also found in VD babies

(Supplementary Figure S3).

2.4. Literature Review of the Urinary Metabolome of Healthy Newborns
Finally, we conducted a thorough literature review of other neonatal/infant metabolite
concentrations reported over the past eight years, and used this information to
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supplement the neonatal urinary data reported in the HMDB and UMDB
(www.hmdb.ca). This literature review, which covered an initial set of 509 papers,
allowed us to identify another 78 urinary metabolites, with concentration data
measured by different platforms (LC-MS/MS, HPLC, 1H-NMR, FIA-MS/MS and GC-
MS). Combined with the 212 neonatal urinary metabolites previously reported in the
HMDB/UMDB and the 86 neonatal urinary metabolites experimentally detected and
reported here, there are now 378 neonatal urinary metabolites that have reported
concentration values, and which are publicly accessible via the HMDB or UMDB
(Figure 2).

3. Discussion

Over the past decade, our team, as part of the Human Metabolome Project (HMP),
has been systematically characterizing human biofluids using a combination of
quantitative metabolomic techniques and literature analyses. During that time, we
have characterized human (adult) serum [13], cerebrospinal fluid [14], urine [12],
saliva [15] and stool samples [16]. Other groups have also analyzed the
metabolomes for human breath [17], breast milk [18], bile fluids [19] and hair [20].
We undertook this study to fill in important gaps in our understanding of urinary
metabolite concentrations in neonates. While a number of databases and reference
textbooks are available that provide reference values for different populations (age,
gender, ethnicity) for serum, plasma, CSF and other fluids in newborns [12,13,21—
23], there is a paucity of information on urine reference values for newborns and
infants. Given that urine samples can be non-invasively collected (via diapers or
other simple collection mechanisms) and given that urine provides an invaluable
readout of general metabolism, as well as kidney, liver and gut microbiome function,
we believe that the development of a reference set of urine metabolites would be

highly valuable.

3.1. Comparison of Experimental Values with Reported Reference Values

As described here, we were able to experimentally measure 136 urinary metabolites
in 48 full-term healthy neonates. Our combined experimental and literature approach
has nearly doubled the total number of metabolites and reference ranges reported
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for neonatal/infant urine. In addition to greatly expanding the knowledge of neonatal
urine composition, we were also able to quantify 20 metabolites (including
acylcarnitines and glycerophospholipds), that had never been reported in human
urine previously. Given that several well-known metabolic disorders involve the
dysregulation of lipid metabolism and molecules transporting lipids, we believe it is
very important to monitor the abundance of these types of compounds in biological
fluids. In the specific case of the population selected for this study, several babies
were born to mothers who, in some cases, were overweight (see Table 1). The
monitoring of lipids during the early stages in life may be useful in preventing the
development of future metabolic disorders (such as diabetes or dyslipidemia) in the
children of overweight or obese mothers.

In general, the experimental values reported by us are in accordance with previous
reference values consulted in the UMDB and the Metagene database
(http://metagene.de). We only found notable discrepancies in the concentration
values of six compounds: taurine, carnosine, butyric acid, isobutyric acid, 3-
hydroxyphenyl-3-hydroxypropionic acid (HPHPA) and indoleacetic acid
(Supplementary Table S2). In our study, the interquartile (IQ) range for taurine was
74.64—-2841 umol/mmol creatinine. The reference value reported in the UMDB was
250-910 pmol/mmol creatinine (using NMR) [24]. The abnormal concentration
quoted for taurine in the HMDB is 1261 umol/mmol creatinine, associated with
molybdenum cofactor deficiency [25]. However, since all babies included in our study
were healthy babies, we must consider other factors contributing to this discrepancy.
Relatively few reports on taurine in the perinatal period have been published, but
Zaima et al. [26] demonstrated that, in newborns, the urinary taurine concentration
was 6222.3 uymol/L on the first day; 1620.1 umol/L on the third day and on the fifth
day 419.3 umol/L or 1/15 of that of the first day. The daily urinary excretion of taurine
was 74.3 micromoles/day on the first day; 79.1 micromoles/day on the third day and
22.7 micromoles/day on the fifth day. So, this suggests that, depending on the day
of sampling, the results may be different, with a very large difference between the
first and third day after birth. The results obtained in newborns by us correspond to
the first 24 h after birth and appear to match well with the data reported by Zaima et
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al. Taurine accumulates in the maternal tissue during pregnancy to provide the fetus,
via the placenta, with adequate levels and to the newborn via breast milk. Low
maternal taurine levels result in low fetal levels [27], but high levels of taurine have
been found in maternal plasma in the third trimester among GDM Hispanic women
treated with insulin, reflecting altered protein metabolism [28].

We also found that the measured urinary concentration of carnosine was
consistently lower (IQ 0.47-35.5 ymol/mmol creatinine) than the value reported in
previous literature (IQ 3.05-115.4 pmol/mmol creatinine), which was reportedly
measured by the same method (LC-MS/MS) [29]. Carnosine is a dipeptide of the
amino acids B-alanine and histidine. It is highly concentrated in muscle and brain
tissues. It has been reported that carnosine increases with age as the muscle mass
increases in newborns [30]. Because the age of the neonates cited in reference [14]
is not known, and given that the urinary samples evaluated in the present work
belong to the first 24 h of life, we suspect that the concentration differences in
carnosine are likely due to minor age differences in the neonate cohorts being
sampled, not unlike those seen with taurine.

In addition to taurine and carnosine, the concentration values of four organic acids
(butyric acid, isobutyric acid, 3-hydroxyphenyl-3-hydroxypropionic acid [HPHPA] and
indoleacetic acid) are lower than the respective reference values reported for these
metabolites (Supplementary Table S2). In the specific case of butyric, isobutyric acid
and HPHPA, the literature-derived reference values found by us and listed in
Supplementary Table S2 (marked with asterisks) belong to infants (4 weeks to 1
year) and not to neonates (<4 weeks). We suspect that this is the primary reason
why our values are significantly lower (by a factor of 5-10) than the reported
reference values. It is well known that during the first hours of life, glycogen stores
are depleted, and protein catabolism contributes little to energy requirements. This
particular metabolic situation seems to be reflected in the reduced urinary excretion
of certain organic acids (including butyric and isobutyric acid) compared to older
individuals where glycogen stores are fully restored [31]. Furthermore, indoleacetic
acid measured in our neonatal cohort were also found to be 10-fold lower than what
has been reported in the literature for neonates [32]. Both HPHPA and indoleacetic
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acid are known gut microbial metabolites, with HPHPA excretion being associated
with gut microbial degradation of dietary phenylalanine or polyphenols [33] and
indoleacetic acid being a microbially derived breakdown product of tryptophan [33].
Neonates typically do not have a well-established gut microflora, while older infants
do. This difference in intestinal microflora likely contributes to the age-related

difference in these two microbially-derived metabolites [34].

3.2. Gender-Sex Differences Associated Metabolites

Through this study, we were also able to identify a number of metabolites that exhibit
clear sex-dependent trends, including uric acid, butyric acid and
octadecadienylcarnitine (C18:2), which are increased in males, relative to females.
In addition, we found that creatinine, symmetric dimethylarginine, spermine,
spermidine, LysoPC a 17:0, LysoPC a 18:1, SM C16:0, SM(OH) C16:1, PC aa 36:0,
SM(OH)24:1, PC aa 40:2, and PC aa 40:1 are increased in the urine of females,
relative to males. The influence of gender in the early newborn metabolome has not
been well studied and reliable reference intervals for males and females have not
been extensively reported. It is commonly understood that sex differences start in
utero [35] and the implementation of sex or gender-dependent strategies in
laboratory medicine may help to obtain the correct diagnosis of diseases affecting
newborns. Only a handful of studies have been published addressing the effect of
gender in the urinary newborn metabolome [30,36,37]. In particular, Diaz et al. [37]
reported that allantoin and xanthine levels are higher in the urine of females than in
males, which suggests a slightly altered nitrogen metabolism in females, compared
to males. In addition, glucose and lactose were also found to be higher in females,
but infant females also had lower levels of inositols and other sugars, suggesting
that changes in sugar metabolism may be associated with gender in the first days of
life [37]. More recently, Caterino et al. [36] analyzed urinary organic acids in healthy
Caucasian infants and children (aged 1 month to 36 months), and reported that in
the first six months of life, sex differences were more frequent, and the majority of
urinary organic acids were higher in males than in females. The authors conclude

that sex deeply influences urinary organic acids levels [36]. In our study, we only
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found significant sex differences in the level of two organic acids: uric acid and

butyric acid (higher in males than in females).

3.3. Impact of Birth Resolution on the Urinary Metabolome of Healthy Newborns

We found significantly lower levels of asparagine, lysine and arginine in the urine of
neonates born by VD, than in those born by CS. Moreover, an increase in
glutaconylcarnitine and nonaylcarnitine was found in the urine of VD neonates. Early
in the postnatal period, major physiological adaptations occur in newborns to cope
with stress and extrauterine cold exposure upon exiting the womb. Differences found
in relation to delivery mode have been associated with difference in lower gut
microflora colonization as well as in alterations of hepatic metabolism [37]. In a
recent study, Pierre Martin et al. [38] reported that VD newborns had lower urinary
levels of lysine (as we found), as well as lower levels of histidine, relative to CS
newborns. It is also important to remember that lysine is involved in carnitine
biosynthesis. Indeed, the two main precursors for carnitine biosynthesis are lysine
and methionine, which provide the carbon backbone and 4-N-methyl groups of
carnitine, respectively. The substrate for carnitine biosynthesis is 6-N-trimethyllysine
(TML) [39]. Using up reserves of lysine to produce TML to synthesize carnitine and
acylcarnitines would be expected to lead to low levels of lysine. This is consistent
with the increased urinary excretion of acylcarnitines and the decreased excretion of
lysine in VD newborns found by us. It is also possible that these metabolic
differences may arise from the differential nutrition between VD and CS newborns.
Neonates from our cohort born by VD were fed with breast milk immediately after
delivery. Breast milk is known to be rich in carnitine. The development of ketogenesis
in the human neonate is greatly dependent on the exogenous supply of carnitine,
because the liver has a limited capacity for de novo carnitine synthesis [40]. Given
that VD versus CS metabolic differences were not the primary focus of this study, it

is clear that additional mechanistic studies are warranted.

3.4.  Urinary Metabolites Associated with IEMs
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While most IEM tests are designed for blood or dried blood spots, many health
institutions also perform urine tests using targeted assays that employ liquid or gas
chromatography coupled with tandem mass spectrometry [41,42]. In a recent study,
Kennedy et al. [43] identified (but did not quantify) over 1200 molecules from among
100 clinical urine samples from children (average age of 4.3 years). This study
showed clear biochemical signatures for 16 of the 18 IEM diseases tested. This work
nicely illustrated the utility of urinary metabolomics for assessing IEMs [43].
Supplementary Table S9 lists the metabolites included in our experimental approach
that have been previously identified as urinary markers for different IEMs. A number
of IEMs, such as those related to amino acid metabolism; creatinine disorders; fatty
acid metabolism and (3-oxidation and organic acid disorders; peroxisomal biogenesis
and metabolism; aminolevulinic acid dehydratase deficiency; purine and pyrimidine
metabolism and urea cycle disorders, can be diagnosed via urinalysis. Urinary
metabolic profiling can be used to detect altered levels of intermediate metabolites
that result from the incomplete metabolism of amino acids or organic acids.

Carnitines and acylcarnitines are usually measured in plasma to detect IEMs.
However, genetic defects in the OCTN2 carnitine transporter can result in a condition
known as primary carnitine deficiency. This is associated with a decreased
accumulation of intracellular carnitine, higher levels of carnitine in the urine and low
levels of carnitine in serum. Because carnitine is transferred from the mother to the
child via the placenta, shortly after birth, the levels of carnitine in newborns with
carnitine transporter defects could, artefactually, be normal. However, this deficiency
could be more easily diagnosed in urine, by detecting an increase in urinary
carnitine. Therefore, to properly detect this condition, the additional analysis of
urinary organic acids in conjunction with the clinical presentation would allow one to
correctly diagnose it [44]. In the study reported by Kennedy et al. [43], they measured
urinary concentrations of B-hydroxyisovaleroylcarnitine, a-
hydroxyisovalerylcarnitine, tiglylcarnitine, succinylcarnitine, malonylcarnitine, 3-
methylglutarylcarnitine and glutarylcarnitine. These authors demonstrated the
comparable usefulness of these acylcarnitine biomarkers when determined both in
plasma and in urine, for the correct diagnosis of holocarboxylase deficiency and
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lysinuric protein intolerance [43]. However, to use urinary acylcarnitines in the
diagnosis of IEMs, it is necessary to have reference values for normal concentrations
of urinary acylcarnitines. Prior to our work (presented in Table S6), reference
concentration values for most neonatal urinary acylcarnitines were not previously
available.

In this work, we also provide the urinary concentration values for 24
glycerophospholipids and 10 sphingomyelins. There are at least 40 IEMs with
neurological/muscular presentations related to the defects in phospholipid,
sphingolipid and long chain fatty acid biosynthesis [45]. Additionally, there are more
than 100 IEMs that may lead to primary or secondary defects of complex lipids
synthesis and remodeling [46]. Supplementary Table S9 shows the associated IEMs
to urinary markers experimentally measured in the present work and the abnormal
concentrations reported in literature to diagnose these conditions. We believe that,
with the availability of so much more referential data for neonatal urine, it should now
be possible to identify a number of other previously undetected or unsuspected IEMs

or metabolic conditions in neonates via urinalysis.

3.5. The Importance of Age-Specific Intervals

The availability of quantitatively measured metabolites in biofluids of newborns,
particularly in urine, provides extensive and dynamic information that, if followed and
controlled over time, can be useful in predicting the “biological age” of infants.
Biological age (as opposed to calendar age) is greatly influenced by several factors,
such as diet, stress, environment, lifestyle, genetics and disease [47]. Since these
factors play important roles in determining the metabolome, urinary metabolomics
may provide reliable and sensitive markers to understand the complexity of age-
related changes, leading to the identification of novel treatments or strategies for the
management of health and disease in early childhood [48]. These age-specific data
may also be used for the establishment of inflection points related to metabolic
disorders, which is very important in accurate disease diagnosis or prognosis. In this
sense, it is important to keep in mind that metabolite concentrations change
continuously with growth and age, especially with children and infants. This is often
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not fully realized, due to the fact that the majority of clinical studies that have been
published are for adults [49-55]. Indeed, to date, there have only been a few
comprehensive studies looking at age-specific intervals in children [48,56,57] and
newborns [30].

Among the urinary metabolites that are known to vary considerably with age are
carnitine, 3-hydroxyisovalerate, creatinine, alanine, and trigonelline. Indeed, these
metabolites differ significantly between younger and older groups [54]. Urinary
trimethylamine-N-oxide (TMAO) has been found to be higher in infants (aged 1
week—1 year), which may be directly associated to the consumption of milk at this
age and/or the corresponding gut microflora found in infants, due to breast feeding
[48]. Urinary glycine and glutamine levels have been reported to decline significantly
within the first year of life, probably due to their use in supporting the increased
growth of skeletal muscle tissue during infancy [48]. Another important metabolite
measured in urine that changes with age is creatinine (Ucreat). In particular, it has
been noted that creatinine levels increase as children age. However, only a few
studies have attempted to measure the values of Ucreat in the first days of life. It has
been demonstrated that the mean Ucreat concentration is significantly higher in
neonates than in older children [58]. Furthermore, Ucreat is also highly variable, until
it begins to stabilize by the first month. Creatinine levels at birth typically do not yet
reflect neonatal creatinine clearance, but rather maternal creatinine clearance.
Furthermore, because of passive tubular back leak in infants instead of active
secretion, creatinine clearance does not yet fully reflect GFR (glomerular filtration
rate). Supplementary Table S10 shows a comparison between metabolite
concentrations (normalized to creatinine) measured in the present study and in a
previous study conducted by our group on healthy adult urine samples [12]. By
limiting the comparison to samples analyzed in the same lab using largely the same
techniques and workflow (from pre-analytical to post-analytical analysis), we could
ensure that any inter-laboratory variation was minimized. From a total of 79 common
metabolites, 33 showed a clear, decreasing trend with age, while most others were
largely unchanged. In comparing adult urine with newborn urine, we found that a

number of amino acids were much higher in newborns than adults, including glycine,
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alanine, serine, proline, histidine, lysine, methionine, and most branched-chain
amino acids. Amino acids have been previously reported to decrease with age and
this phenomenon likely arises from age-dependent changes in cell growth, tissue
growth and muscle metabolism [59]. High levels of glycine, serine and proline in
newborn urine may be correlated with generally high levels of these amino acids in
the newborn body, as high levels of water-soluble metabolites in the urine strongly
correlated with levels of water-soluble metabolites in the blood or tissues. These
small amino acids are likely needed to support high levels of collagen synthesis in
newborns (the most abundant protein in the body). High levels of essential amino
acids in newborn urine also reflect their high levels throughout the newborn body.
Essential amino acids are obviously needed by newborns to support rapid cell
division and cell growth during the first weeks of life [60]. Another group of molecules
that showed a decreasing trend with age are biogenic amines. This is in line with
previous reports. For example, in children (at five years of age), muscle carnosine
levels are initially low but, as children grow, carnosine levels gradually increase
before declining and reaching a plateau in adulthood [61]. Dopamine is also
observed to be lower in adults than in newborns. This decrease may be explained
by the age-related decline in the integrity of the dopamine system, which is seen in
most adults [62]. Urinary polyamines, such as putrescine, spermidine and spermine,
were also seen to decline with age in our newborn-adult comparison. This result
mirrors a previous study that showed that polyamines declined progressively with
age [63]. Polyamines are typically elevated in cells that are rapidly dividing (as might
be expected for newborns) and can often be seen as metabolic by-products in
cancer (in adults).

4. Materials and Methods

4.1. Sample Collection and Research Ethics Approvals

This was a cross-sectional study carried out at the Hospital Central “Dr. Ignacio
Morones Prieto”, San Luis Potosi, Mexico, from January 2018 to August 2019. The
study was approved by the Research and Ethics Committee, with the registration
number 84-17 and folio CONBIOETICA-24-CEI-001-201604279. The protocol
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complied with the Declaration of Helsinki. Written informed consent was obtained
from the parents of all studied subjects.

At the moment of birth, all newborns were carefully examined by a trained
neonatologist. Variables such as weight, sex, Apgar score at 1 min, Apgar score at
5 min, pregnancy resolution, gestational age (Capurro test) and Silverman—
Anderson test scores were determined and recorded for each newborn as
expediently as possible. After this assessment was complete, one urine sample was
collected noninvasively for each newborn. The genitals were cleaned thoroughly,
and a sterile bag was placed on the genital area until micturition.

Urine samples contaminated with meconium were discarded. After visual inspection
of the urine sample and after at least 1 mL of urine had been excreted by the infant,
the sterile bag was removed. The urine sample in the bag was transferred via a
micropipette to a sterile 1.5 mL Eppendorf tube. The urine samples were then
centrifuged at 3000 rpm to precipitate sediments. Following this, the samples were

stored in sterile microtubes at =80 -C until further use.

4.2. Chemicals and Internal Standards (ISTD)

Optima™ LC/MS grade formic acid and HPLC grade water were purchased from
Fisher Scientific (Ottawa, ON, Canada). Optima™ LC/MS grade ammonium acetate,
phenylisothiocyanate (PITC), 3-nitrophenylhydrazine (3-NPH), HPLC grade
methanol and HPLC grade acetonitriie (ACN) were also purchased from Sigma-
Aldrich (Oakville, ON, Canada). Furthermore, 2H-, 13C-, and 15N-labelled
compounds were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury,
MA, USA) and from Sigma-Aldrich (Oakville, ON, Canada).

A working internal standard (ISTD) solution mixture in water (for amino acids,
biogenic amines, carbohydrates, carnitines and derivatives, phosphatidylcholines
and their derivatives) was made by mixing all the prepared isotope-labeled stock
solutions together. For organic acids, a working internal standard (ISTD) solution
mixture in 75% aqueous methanol was made. All standard solutions were

aliquoted and stored at -80 -C until further use.
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4.3. Metabolite Measurement

4.3.1. Sample Preparation

The urine samples were thawed on ice before analysis. For the analysis of organic
acids, 10 pL of an internal standard (ISTD) mixture solution and 10 pL of the samples
(three phosphate buffered saline [PBS] blank samples, seven calibration standards,
three quality control samples and urine samples) were pipetted directly into the
center of corresponding spot in a 96-deep well plate. 30 pL of 75% aqueous
methanol was then added to each of the wells, followed by adding 25 pL to each of
the following three solutions: 1) 3-nitrophenylhydrazine (250 mM in 50% aqueous
methanol), 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (150 mM in methanol)
and pyridine (7.5% in 75% aqueous methanol). The whole plate was then shaken at
room temperature for 2 h to derivatize the organic acids. After the derivatization
reaction, to each plate well, 350 pL of water and 25 uL of butylated hydroxytoluene
solution (2 mg/mL in methanol) were added, to dilute and stabilize the final solution.
Then, 10 yL was injected into an Agilent 1260 UHPLC-equipped QTRAP 4000 mass
spectrometer for LC-MS/MS analysis, using multiple reaction monitoring (MRM)
scanning in the negative mode. For the analysis of amino acids, biogenic amines
and derivatives, acylcarnitines, lipids and glucose, 10 pL of each sample and 10 pL
of the ISTD mixture solution were loaded onto the center of a 96-well filter plate and
dried in a stream of nitrogen for 30 min. Subsequently, 50 pL of 5%
phenylisothiocyanate (PITC) solution was added to each sample and the whole plate
was then incubated at room temperature for 20 min. After incubation, all the samples
were again dried under nitrogen for 1.5 h to evaporate excess PITC. The extraction
of targeted metabolites was then achieved by adding 300 pL of extraction solvent (5
mM ammonium acetate prepared in methanol). The extracts were obtained by
centrifugation into a lower 96-deep well collection plate. To quantify amino acids,
biogenic amines and derivatives, extracts were diluted with water in a 1:1 ratio, and
10 yL was injected; to analyze acylcarnitines, lipids and glucose, extracts were
diluted five times and 20 pyL was injected into an Agilent 1260 UHPLC-equipped

QTRAP 4000 mass spectrometer, using multiple reaction monitoring (MRM)
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scanning in the positive mode. All data analysis was done using Analyst 1.6.2 (AB
SCIEX, Foster, CA, USA) and MultiQuant 3.0.3 (AB SCIEX, Foster, CA, USA).

4.3.2. LC-MS/MS Method

An Agilent reversed-phase Zorbax Eclipse XDB C18 column (3.0 mm x 100 mm, 3.5
um particle size, 80 A pore size), with a Phenomenex (Torrance, CA, USA)
SecurityGuard C18 pre-column (4.0 mm x 3.0 mm), was used for the LC-MS/MS
analysis of organic acids, amino acids, biogenic amines and derivatives.

The LC parameters used for the analysis of amino acids, biogenic amines and their
derivatives were as follows: mobile phase A 0.2% (v/v) formic acid in water, and
mobile phase B 0.2% (v/v) formic acid in acetonitrile. The gradient profile was as
follows: t = 0 min, 0% B; t = 0.5 min, 0% B; t = 5.5 min, 95% B; t = 6.5 min, 95% B; t
=7.0 min, 0% B; and t = 9.5 min, 0% B. The column oven was set at 50 -C. The flow
rate was 500 uL/min, and the sample injection volume was 10 pL. For the analysis
of organic acids, the mobile phases used were A) 0.01% (v/v) formic acid in water,
and B) 0.01% (v/v) formic acid in methanol. The gradient profile was as follows: t =
0 min, 30% B;t = 2.0 min, 50% B; t = 12.5 min, 95% B; t = 12.51 min, 100% B; t =
13.5 min, 100% B; t = 13.6 min, 30% B and finally maintained at 30% B for 4.4 min.
The column oven was set to 40 -C. The flow rate was 300 yL/min, and the sample

injection volume was 10 pL.

4.3.3. FIA-MS/MS Method

For the analysis of lipids, acylcarnitines and glucose, the LC autosampler was
connected directly to the MS ion source by red PEEK tubing. The mobile phase was
prepared by mixing 60 uL of formic acid, 10 mL of water and 290 mL of methanol,
and the flow rate was programmed as follows: t = 0 min, 30 yL/min; t = 1.6 min, 30
ML/min; t = 2.4 min; 200 yL/min; t = 2.8 min, 200 pyL/min; and t = 3.0 min, 30 yL/min.

The sample injection volume was 20 pL.

4.3.4. Quantification
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To quantify organic acids, amino acids, biogenic amines and derivatives, an
individual seven-point calibration curve was generated for each analyte. The ratios
of each analyte’s signal intensity to its corresponding isotope-labelled internal
standard were plotted against the specific known concentrations, using quadratic
regression with a 1/x2 weighting.

Lipids, acylcarnitines and glucose were analyzed semi-quantitatively. Single point
calibration of a representative analyte was built, using the same group of compounds
that share the same core structure, assuming linear regression through zero. All data

analysis was done using Analyst 1.6.2 and MultiQuant 3.0.3.

4.4. Statistical Analysis

GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was
used for all statistical analyses reported here. Percentiles, mean values and
standard deviations (SD) were calculated using standard statistical formulas.
Continuous and categorical variables are presented as mean + SD or median
(interquartile range) and number (for percentile) respectively. The Kolmogorov—
Smirnov test was used to test the normality of the distribution for continuous
variables. A statistical analysis to evaluate gender differences was performed with
GraphPad Prism 5.0 software (GraphPad, La Jolla, CA, USA) and MetaboAnalyst
(https://www.metaboanalyst.ca). p-value adjustments for multiple metabolites were
carried out by using Benjamini-Hochberg false discovery rate adjustment (FDR <
0.05).

The methodology for determining the reference intervals is based on the
recommendations from the International Federation of Clinical Chemistry [64]. All
primary reference ranges have been calculated using more than 40 samples,
allowing for reliable estimates of the 2.5th and 97.5th centiles. A non-parametric

calculation was used to calculate ranges, due to non-normally distributed data.

4.5. Literature Review and Data Entry
The last detailed literature overview conducted by our team on urinary metabolites
in newborns was performed in 2012 [12]. A literature search was conducted in
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PubMed from November 2019 to February 2020. Our first search filter combined the
truncated search term “urin*”. Our second search filter combined the term “newborn”
and its synonym “neonat*” with the Boolean operator OR. The third search filter
combined the terms “reference value” and “concentration” with the operator OR. Our
last search filter used the truncated search term “metaboli*”. We then combined
these searches with the Boolean operator AND. Through this preliminary search, we
retrieved 509 articles. From this number, 191 were from the last 8 years (the time of
the last literature update conducted on the UMDB and HMDB for neonatal reference
values). After careful reading through these articles, 34 papers were found to have
useful information about metabolite concentration values in newborn urine. From
these 34 papers, 78 metabolites with concentration values were obtained and used
to update the HMDB/UMDB.

5. Conclusions

The size and chemical diversity of the “measurable” metabolome of healthy
neonates appear to be somewhat smaller and simpler than that of children or adults
(~300 metabolites vs. ~2000 metabolites). This appears to be due to fundamental
differences in neonatal metabolism, as well as differences due to diet, exposures
and gut microflora composition. Despite the relative simplicity of neonatal urine in
terms of its metabolic diversity, we were surprised by the appearance of several
unexpected metabolites. Indeed, 86 of the experimentally measured urinary
metabolites had not previously been reported in neonates/infants, and another 20
metabolites are being reported in human urine for the first time ever. Comparisons
between neonatal urine and adult urine also show some striking concentration
differences for certain metabolites. Much higher levels of essential amino acids,
collagen-associated amino acids and acylcarnitines in neonatal urine likely reflect
the large pool of these compounds needed to sustain rapid cell growth and cell
division in neonates. In addition to the obvious differences between adult and infant
urine composition, we also observed clear differences in urinary metabolites
between newborn males and females, as well as differences arising due to birth
modality (VD vs. CS). Some of our findings reiterated the findings of earlier studies,
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while others appear to be quite novel. The clear existence of sex differences in the
urine composition of newborns reinforces the need for implementing specific sex-
reference values of metabolic markers for female and male neonates. These sex-
specific differences may also be relevant in the diagnosis of IEMs. Interestingly, prior
to this study, the influence of sex on acylcarnitines, glycerophospholipids, biogenic
amines and sphingomyelines urinary levels at birth had not been investigated.

One of the major strengths of our work is the fact that all the urinary samples were
collected in the same period of time (the first 24 h of life), which makes the reported
measurements more comparable and homogeneous. As a result, we believe that the
values reported here should constitute a robust and generally useful set of clinical
reference values for the absolute and creatinine-normalized urinary concentration
for healthy, full-term neonates. All of these values, along with chemical structures
and detailed descriptions of the compounds, are freely available in the UMDB and
HMDB (www.hmdb.ca). We hope that such a set of reference values and reference
information will be used by clinicians and other health professionals to assist with
the diagnosis, prognosis or monitoring of various IEMs and other neonatal health

conditions.

Supplementary Materials: The following are available online at
http://www.mdpi.com/2218-1989/10/4/165/s1, Figure S1: Metabolites showing
higher urinary concentration levels (p < 0.05) in female versus male. Data are shown
as Box and Whisker plots. Comparison of continuous variables were performed
using the t-test (when data were normally distributed) or Mann-Whitney test (when
data were non-normally distributed), Figure S2: Metabolites showing higher urinary
concentration levels (p < 0.05) in male versus female. Data are shown as Box and
Whisker plots. Comparison of continuous variables were performed using the t-test
(when data were normally distributed) or Mann-Whitney test (when data were non-
normally distributed), Figure S3: Metabolites differentially expressed in vaginal
delivery (VD) and Caesarean section (CS) newborns. Data are shown as Box and
Whisker plots. Comparison of continuous variables were performed using the t-test
(when data were normally distributed) or Mann-Whitney test (when data were non-
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normally distributed); Table S1: Limit of detection for measured analytes, Table S2:
Metabolites previously reported in newborns and infants, Table S3: Creatinine
urinary concentration in newborns. Table S4: Differences in gender (Amino acids and
biogenic amines); Table S5: Differences in gender (Organic acids and glucose);
Table S6: Differences in gender (Glycerophospholipids); Table S7: Differences in
gender (Sphingomyelins); Table S8: Differences in gender (acylcarnitines); Table S9:
List of metabolites experimentally measured in the present work that are currently
used as primary or secondary markers for Inborn errors of metabolism, Table S10:
Comparison between newborn and adult urinary concentration of 79 metabolites
measured via LC-MS/MS.
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Figure legends.

Figure 1. Graphical representation of urinary concentrations of (a) amino acids
(b) biogenic amines and (c) organic acids, previously reported in newborns by
LC-MS/MS. The error bars reflect one standard deviation. (a) Amino acids are
represented by their three-letter code. (b) 4-hydroxyproline: Hyp; methionine-
sulfoxide: Met(O); acetyl-ornithine: AOR; serotonin: 5-HT, asymmetric
dimethylarginine: ADMA; symmetric dimethylarginine: SDMA; total dimethylarginine:
TDMA,; carnosine: Car; sarcosine: Sar; diacethylspermine: DASpm; betaine: Bet;
choline: Cho; alpha-aminoadipic acid: Aad. (c) lactic acid: LA; 3-Hydroxybutyric acid:
BHIB; alpha-Ketoglutaric acid: AKG; citric acid: CA; butyric acid: BA; 3-(3-
Hydroxyphenyl)-3-hydroxypropanoic acid: HPHPA,; succinic acid: SA; fumaric acid:
FA; pyruvic acid: PA; hippuric acid: HA; methylmalonic acid: MMA; homovanillic acid:
HVA; indoleacetic acid: IAA; Glucose: Glu.

Figure 2. VVenn diagram showing the overlap of urine metabolites detected by LC-
MS/MS, high performance

Table 1. Clinical data from the newborns and their mothers.

Newborns (N = 48)

Sex
Female 17 (35%)
Male 31 (65%)
Gestational age (weeks) 382+15
Ave. Apgar at 1 min 8§ (100%)
Ave. Apgar at 5 min 9 (100%)
Ave. Silverman—Anderson 0 (100%)
Weight (g) 2979 + 472
Weight (g) males 2992 + 86.59
Weight (g) females 2882 +112.4
Mothers (N = 48)

BMI (pre-gestational) 271+49
Age (years) 29+ 7
Resolution

Vaginal delivery 22 (45.8%)
Caesarean section 26 (54.2%)
Euglycemic 22 (45.8%)

Gestational Diabetes Mellitus (GDM) 26 (54.2%)
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Table 2. Metabolites not previously reported in newborns.

Metabolite HMDE ID EUMD . (iMfmM Creatinine)  (uMjaM Creatining
Histamine HMDB0000870 0.08 + 0.03 0.02 £ 0.01 0.01-0.04
Putrescine HMDB0001414 1.09 + 1.54 0.31+£0.63 0.03-3.42
Methionine sulfoxide HMDB0002005 7.02+4.70 1.60 £ 0.73 0.60-3.60
N2-Acetylornithine HMDB0003357 3.28 + 4.00 0.67 = 0.75 0.12-3.50
Serotonin HMDB0000259 0.98 + 0.67 0.20 + 0.06 0.10-0.35
DOPA HMDB0000181 0.20 £ 0.10 0.05 +0.03 0.01-0.15
Asymmetric dimethylarginine HMDB0001539 10.6 + 6.40 231+0.83 0.98-4.90
Symmetric dimethylarginine HMDB0003334 45.7 + 30.8 9.80 + 3.00 5.33-18.1
Spermidine HMDB0001257 0.25 £ 0.19 0.06 = 0.05 0.02-0.30
Spermine HMDB0001256 0.23 +0.28 0.06 +0.11 0.01-0.62
Diacetylspermine HMDB0002172 464 +352 1.03 £ 0.59 0.37-3.11
Trimethylamine N-oxide HMDB0000925 59.4 + 540 122+ 103 0.30-43.1
p-Hydroxyhippuric acid HMDB0013678 37.1+248 8.03 + 348 4.20-19.6

Table 2. Cont.
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Metabalite HMDE 1D “’.Tn? ) - luh‘l."ﬂ;:n'::tfl?niml i:ﬂ::?;:ﬁ::]
LysoPC 2 Cl&1 HMDBO01 0383 0013 + 0,011 0005 = 1.003 0L0001-0.0150
LysoPC a C1&0 HMDBO010382 019 +0.20 0043 = 0036 Q0070165
LysoPC a C17-0 HMDBOI1 2108 0018 + 0013 0005 = 0.001 DLO008-0.0582
LysoPC a C1&:2 HMIDBO01 0386 0,03 + 0.04 QLN = 0.007 0010030
LysoPC a C1&0 HMDB001 0384 0,06 + 0.06 0015 = 0012 DLO00E-0.0652
LysoPC a C20k4 HMDBO010595 002 +0.04 0005 = 0006 L0103

PC ae C364) HMDBO01 3406 002 + .03 0006 = 0013 (L1 08

PC aa (3606 HMDBIME06 D07 + 0.006 0002 = 0003 L1

PC aa C3640 HMDBOMNTE86 005 + 0.06 0013 = 0023 0.001-0.130

PC aa CI6:6 HMDBOME] 16 006 +0.12 0017 = 0020 0020089

PC aa (3640 HMDBOMT 893 (.06 + 0.04 0022 = 0021 Q005-0.124

PC ae CA0 HMDBO013422 002 +0.02 0005 = 0,004 0.001-0.021

PC aa CAM HMDBOMEIST 004 + 0.05 0010 = 0013 LO-L
SM{OH) C14:1 HMIDBO01 3462 101 +0.09 002 + .04 (L00-0.25

SM Clécl HMDB001 3464 010 £ Q.11 002 = 002 LO-111
SM CL6&D HMDBOO10168 202 +278 050 £ 092 L07-5.31
SMOH) Cl6c] HMDBO01 3463 006 + .08 002 + 4 L0124
SM Cla1 HMDBI17101 008 +0.10 002 + 007 L0106
SM C1&D HMIDB001 087 031 +0.37 0T + 079 L01-0.43
SM C2H:2 HMIDB001 3465 0,005 + (.00 0L.001 = 0.001 {L0~L004
SMIOH) C22:2 HMDB001 3467 0,03 +0.04 L0 = Q01 L0105
SMOH) £22:1 HMIDB001 3466 016 +0.15 004 + 003 L0115
SMOH) C24:1 HMIDBO0] 3465 004 + 0.05 001 + Q.02 (L0014
Carnitine (CO) HMDBOM0062 .96 + 7.07 201 + 113 179-5.67
L-Acetylcarnitine (C2) HMDBO000201 445 +432 089 + (.38 L3581 86
Propenovicarnitine (C3:1) HMDBO013124 (.08 + 0.08 002 £ Q01 T
Propionylcamitine (C3) HMDBI0E24 .14 £ 0.09 003 + 02 L0107
Buterylcarnitine (C4:1) HMDBO13126 009 + 0.04 002 Q01 L01-0.04
Buty rylcarnitine (C4) HMDBOMZ 3 053 +0.39 012 & 0T L05-0.33
Hyckroney propiony | camitine HMDBO13125 011 +0.05 0.03 Q01 L01-0.06
(CI0H]
Tighylcarnitine (C5:1) HMDBOMIZ366 034 £ 0.3 0T + (.03 L0G-0.16
Hypclroncybuty ryl camitine HMDBMZNES 018 +0.10 004 + .02 (L01-0.08
(CA0H)
Hewenany kearnitine (C6el) HMDB0013161 0,06 + 0.03 0020 = 01.004 (L01-0.02
Hevanoylcarnitine (C6) HMDBOM0TSE 012 +0.07 003 + (L08 L02-0.05
Hy droxyvalerylcamitine HMIDED013132 036 + 020 008 + 005 04029
(CS0H)
Glutaconylcarnitine (C31DC)  HMDBO013129 07 +0.04 002 Q01 L0103
Glutarylcarnitine (C300C) HMDBO013130 020 £ Q.11 005 + 002 L02-0.09
Ovctanoyicamitine (CF) HMDBO0007S1 024 £0.19 005 + 005 (L02-0.31
Methylghutary lcamitine HMIDBOM0E52 0T +0.16 006 + 002 L0G-0.13
(SN
Nonay kcamitine (C9) HMIDBO01 3285 0.46 + 0,38 009 + 004 (L0G-0.18
Pirnelyicamitine (C7DC) HMDBO013328 021 +0.14 005 + 002 0L02-0.09
Decenoylcarnitine (C10L) HMDBO013205 034 £0.12 0% = (L4 L0G—0.20
Decanoy lcarnitine (C10) HMDBOM0651 029 +0.18 006 + .02 (L04-0.13




. Mean + 5D Mean = S0 2.5-97.5% Percentile
Metabalite HMDE ID M) {(UM/mM Creafinine)  {M/mM Creafinine)
Diodecenoylcarnitine (C121) HMOHO013326 .24 +0.10 006 < 007 [L2-0.14
Dodecanoylcarnitine (12) HMOBO0Z250 135 + 027 008 = 004 [LOG-0.25
Tetradecadieny] carniti
Ermcecatieny’ camitms HMDENI13331 005 + 0.08 010 + 0008 L.01-0.02
[C1£2)
Tetradecenoylcarnitine (C14:1)  HMDBO013329 006 + .05 001 = Q.02 001
Tetradecanmylcarnitine (C14) HM 005066 .11 +0.10 002 < Q.07 L.01-0.10
Hydrowyietradecadienyloarnitine oy e aasg 003 + 002 LNF = (.002 L00G-0.014
(14 200H])
Hydmaytetradeenoy HMIMEN013330 04 & 0.02 LO08 £ 0,002 L004-0.015
carnitine {14 10H)
: '“m"lf_.']“:f‘;;mm'tm HMIE0013334 002 +0.01 0004 + (L.002 L 0-1.01
He ade canowloarnitine (C16) HMOBO000222 .05 + 0.03 001 = .01 1.01-0.06
Octadecadzeny lcarnitine HMOBO006465 U0 + 0.0 (LEHIE = (001 1.0-1.01

(C18:2)

Table 3. Metabolites not previously reported in human urine.

Metabolite HMDB ID Meiﬁ)SD {;LM/iziillleejgnineJ (Zusrv_i,?;iié:i?::::}
LysoPC a C14:0 HMDB0010379 0.02 + 0.02 0.006 + 0.003 0.002-0.012
LysoPC a C18:1 HMDB0002815 0.07 + 0.09 0.02 + 0.03 0.0-0.20
LysoPC a C20:3 HMDB0010394 0.014 + 0.002 0.004 = 0.003 0.0-0.01
LysoPC a C24:0 HMDB0010405 0.07 + 0.02 0.02 + 0.01 0.0-0.05
LysoPC a C26:1 HMDB0029220 0.01 + 0.01 0.002 + 0.002 0.0-0.01
LysoPC a C26:0 HMDB0029205 0.01 + 0.01 0.004 = 0.005 0.0-0.03
LysoPC a C28:1 HMDB0029221 0.01 +0.01 0.002 + 0.002 0.0-0.01
LysoPC a C28:0 HMDB0029206 0.04 +0.01 0.011 + 0.007 0.0-0.04
PC aa C32:2 HMDB0007874 0.03 + 0.03 0.01 +0.01 0.0-0.03
PC aa C40:2 HMDB0008276 0.01 + 0.01 0.003 + 0.008 0.0-0.05
PC aa C40:1 HMDB0007993 0.03 + 0.04 0.01 + 0.02 0.0-0.13
Decadienylcarnitine (C10:2) HMDB0013325 0.14 + 0.07 0.03 £ 0.01 0.01-0.07
D"deca?éfé‘gg“mm“e HMDB0013327 0.27 +0.29 0.05 + 0.05 0.01-0.29
Hexadecenoylcarnitine (C16:1) HMDB0006317 0.05 £ 0.02 0.01 = 0.01 0.0-0.03
HYdro"yh(%{‘ggg‘g)enylmr“m“e HMDB0013335 0.02 + 0.01 0.004 + 0.001 0.0-0.01
I{‘;‘:;‘fﬂg?gf{gﬁ)‘” HMDB0013333 0.04 + 0.02 0.010 + 0.004 0.0-0.02
Hydroxyhexadecanoylearnitine 4y rypoogy 64 0.04 + 0.02 0.008 = 0.003 0.0-0.02
(C160H)

Octadecenoylcarnitine (C18:1) HMDB0006464 0.02 + 0.01 0.005 + 0.004 0.0-0.03
Octadecanoylcarnitine (C18) HMDB0000848 0.03 £ 0.03 0.01 = 0.01 0.0-0.07
Hydroxyoctadecenoylearnitine 1y rypig13330 0.02 + 0.01 0.004 = 0.002 0.0-0.01

(C18:10H)
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Figure 1
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Abstract: Gestational diabetes mellitus (GDM) is one of the most frequent
pregnancy complications with potential adverse outcomes for mothers and
newborns. Its effects on the newborn appear during the neonatal period or early
childhood. Therefore, an early diagnosis is crucial to prevent the development of
chronic diseases later in adult life. In this study, the urinary metabolome of babies
born to GDM mothers was characterized. In total, 144 neonatal and maternal
(second and third trimesters of pregnancy) urinary samples were analyzed using
targeted metabolomics, com- bining liquid chromatographic mass spectrometry (LC-
MS/MS) and flow injection analysis mass spectrometry (FIA-MS/MS) techniques. We
provide here the neonatal urinary concentration values of 101 metabolites for 26
newborns born to GDM mothers and 22 newborns born to healthy mothers. The
univariate analysis of these metabolites revealed statistical differences in 11
metabolites. Multi- variate analyses revealed a differential metabolic profile in
newborns of GDM mothers characterized by dysregulation of acylcarnitines, amino
acids, and polyamine metabolism. Levels of hexadecenoyl- carnitine (C16:1) and
spermine were also higher in newborns of GDM mothers. The maternal urinary
metabolome revealed significant differences in butyric, isobutyric, and uric acid in
the second and third trimesters of pregnancy. These metabolic alterations point to

the impact of GDM in the neonatal period.

Keywords: newborns; metabolomics; gestational diabetes; pregnancy
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1. Introduction

Gestational diabetes mellitus (GDM), defined as hyperglycemia during gestation [1],
is the most frequent medical complication in pregnancy, affecting 7-10% of all
pregnancies worldwide [2]. GDM has been associated with various adverse
outcomes both in mothers and newborns. Women with GDM are at higher risk of
developing type 2 diabetes (T2D), mainly 3—6 years after delivery, and their offspring
is also at higher risk of becoming over- weight and obese [3]. The metabolic
abnormalities associated with GDM include increased insulin resistance and B-cell
defects, which can occur before conception, especially in populations with a high
prevalence of obesity and T2D.

Pregnancy is a complex physiological condition associated with relevant metabolic
changes resulting from increased energy and nutrition requirements needed for fetal
development [4,5]. However, studies comparing the metabolic profiles of women with
GDM and their offspring are still scarce.

There are only a few reports from newborn metabolome addressing the effect of
maternal GDM. Most of these studies have been performed in serum from the
umbilical cord [6—8]. The first study on this topic reported that the metabolomic profile
observed in serum from the umbilical cord of neonates born to GDM women differed
between those with and without pregnancy complications, suggesting that a
prolonged fetal exposure to hyperglycemia could impact the newborn’s metabolome
[4]. In cord blood, Lu et al. found that fetal phosphatidylcholine acyl-alkyl C 32:1 and
proline showed an independent association with GDM [8]. In a recent work,
associations between GDM and higher offspring ketone levels in cord serum at birth
were found consistent with maternal ketosis in diabetic pregnancies [9]. Only a study
using untargeted metabolomics compared urine and meconium between neonates
born to GDM women and healthy controls, finding metabolic differences. However,
in this study, no maternal urine or serum samples were available for analyses [5].

In the present work, urine samples were collected from 48 full-term healthy neonates
born to GDM mothers and controls. Urine samples were also collected from mothers
in the second and third trimesters of pregnancy to investigate whether metabolic
alter- ations found in babies could relate to maternal metabolic alterations. All the
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samples were analyzed using targeted MS/MS-based metabolomic assays to
assess the potential influence of GDM in the early urinary metabolome of newborns.
Multivariate analyses revealed a differential metabolic profile in newborns of GDM
mothers characterized by the dysregulation of long-chain acylcarnitines, amino
acids, short-chain fatty acids, and polyamine metabolism. A dysregulation in the
arginine/nitric  oxide (Arg/NO) signaling pathway, intestinal dysbiosis, or
diet/treatment differences could explain these metabolic alterations. In addition,
quantitative values of 101 metabolites measured in newborn urine samples collected
within 24 h of birth are presented. Knowing these concentration values is of pivotal
importance for clinicians and neonatologists to monitor the impact of GDM in the
early stages of life.

2, Results

2.1.  Clinical Characteristics of Newborns and Mothers

Comparisons of selected characteristics between mothers and newborns by diabetic
status of the mother are shown in Table 1. Newborn gestational age, Apgar scores,
and birth weight were similar between those born to GDM and healthy women.
Women with GDM were 2.8 years older (p = 0.05). The prevalence of overweight
was high in both groups (GDM 38.4%, healthy 40.9%; p = 0.32). Mean glucose
measured at the first prenatal visit was also 7.1 mg/dL higher in women with GDM
(p =0.03). From all GDM women, 15 received metformin and one received combined
treatment for diabetes control. All women with GDM were diagnosed between weeks

24 and 28 of gestation.

2.2.  Urinary Concentration Values of 101 Metabolites of Newborns to Diabetic and
Healthy Mothers

From the 136 metabolites analyzed, 101 were absolutely quantified (35 metabolites
belonging to glycerophospholipid and sphingomyelin classes were excluded from
the sta- tistical analysis as they fell below the limit of detection by the method
employed). Table 2 shows the concentration values of the statistically significant
metabolites quantified, both for babies born to GDM and healthy mothers.

Supplementary Table S1 shows the concen- tration levels for the rest of measured
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metabolites. Mann—Whitney U tests revealed that 11 metabolites were statistically
different between the study groups (trans-hydroxyproline, glutamic acid, DOPA,
spermine, lactic acid, butyric acid, isobutyric acid, C5:1DC, C5DC, C10:2, and
C16:1).

2.3.  Multivariate Analysis

Figure 1 shows the results from multivariate analyses performed to compare the
new- borns of GDM mothers with those from healthy mothers. Supervised PLS-DA
(Figure 1A) showed a partial separation with low risk of overfitting (p = 0.008 for 2000
permutation test). Figure 1B shows the variable importance in projection for 15
metabolites with a VIP >1.5. C16:1 and spermine were the most discriminant
metabolites and remained significant also after FDR adjustment (q < 0.05).

When these metabolites were modeled, adjusting by mother’s age in years and pre-
pregnancy BMI in kg/m2, only spermine remained significant (p < 0.05). Such model
had a non-significant Hosmer—Lemeshow Chi2 p-value of 0.30, indicating a good fit,
and a Nagelkerke R2 of 0.62, indicating that the model explained 62% of the
variability of the outcome (i.e., diabetes status of the mother).

The pathway-enrichment analysis revealed that discriminant metabolites were
mainly involved in amino acid, carbohydrate, spermine, and spermidine biosynthesis

and lipid metabolism-related pathways, as shown in Figure 2.

2.4. Analysis of the Maternal Urinary Metabolome during the Second and Third
Trimesters of Pregnancy

To assess the possible relation between the metabolic alterations found in the
newborns and those of their mothers, maternal urine samples collected during the
second half of the pregnancy were analyzed.

Multivariate analyses did not show a clear separation between healthy and GDM
mothers in the second (Figure 3A) or third (Figure 3B) trimesters. VIP analysis
(Figure 3C) shows the top 20 metabolites differentially expressed between healthy
and GDM mothers in their second and third trimesters. Most of the metabolites
altered in GDM newborns were also increased in GDM mothers in the third trimester.
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However, only isobutyric, butyric, and uric acid were significantly dysregulated
between GDM and healthy mothers, and between trimesters of gestation (q < 0.05).
3. Discussion

This study aimed at analyzing the urinary metabolome of babies born to GDM and
healthy mothers. To our knowledge, this is the first work reporting quantitative
concentra- tion values for 101 metabolites measured in urine within the first 24 h of
life of neonates born to GDM mothers. Since there are no previous studies
presenting quantitative analyses performed on the urine of newborns of GDM
mothers, comparison with these findings was not possible. Despite most urinary
metabolite concentrations of all newborns included in the present work being within
the normal range, as documented earlier [10], our results showed a differential profile
in the urinary levels of some amino acids, polyamines, and carnitines among
newborns of GDM mothers.

While we found 11 differential metabolites in the neonatal urine, after the Benjamini
Hochberg (BH) procedure, only two metabolites remained as significant. Spermine
was increased in the urine of babies born to GDM mothers. The higher levels of
spermine in GDM babies could be a result of a dysregulation in the arginine/nitric
oxide (Arg/NO) signaling pathway. GDM has been associated with endothelial
dysfunction due to a dysregulated endothelial Arg/NO signaling pathway [11]. The
activity of this signaling pathway is modulated by D-glucose, adenosine, insulin, and
ATP, among other molecules in T2D, GDM, and other diseases coursing with
vascular and/or endothelial compromise [12]. An increase in the level of serum
arginine in the umbilical artery of women with GDM has been reported, suggesting
that GDM upregulates the Arg/NO pathway. This could, in turn, explain the high
levels of spermine seen in this and other studies, since the arginine pathway is
involved in the polyamine synthesis [11]. Previously, it was found that increased
adiposity in children was associated with an increase in the three circulating
polyamine levels, including spermine [13]. The authors showed that the spermine
level was related to markers of the NO pathway, oxidative stress, inflammation, and
leptin [13]. Polyamine metabolism has been involved in adipogenesis, suggesting
that increased polyamine levels may be implicated in adipose tissue expandability
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during obesity. A close relationship has also been proposed between polyamine
levels and the gut microbiota composition. In fact, the gut microbiota area considered
as mainly responsible for polyamine levels in the lower part of the intestine from
where they are transferred into the bloodstream via the colonic mucosa [14].
Polyamines can also be acquired by breast milk during lactation, although Atiya Ali
et al. found that the spermine levels did not differ between breast milk from obese
mothers and mothers with normal body weight [15]. The results presented here
suggest that spermine could be monitored during the neonatal period and childhood
due to its proven relation with metabolic disorders such as obesity.

A significant decrease of urinary C16:1 in babies born to GDM mothers was also
observed. In GDM pregnancies, data on carnitines are scarce, but increased
carnitine levels in GDM mothers and their offspring have been reported without clear
explana- tion [16]. Shokry et al. found that reduced levels of C16:0 in GDM was
associated with diminished placental transport of NEFAs and carnitines along with
incomplete or reduced FAO, which was reported in insulin resistance and T2D [7].
Several studies have reported an increase in the concentration of long-chain
carnitines (C12—C16) in plasma and urine samples of T2D patients, suggesting an
incomplete oxidation of long-chain fatty acids, altered activity of the tricarboxylic acid
cycle, and an increased flow of fatty acids to the mitochondria, which are molecular
mechanisms that contribute to the pathogenesis of insulin resistance [17-19]. Some
authors have proposed a similar mechanism for GDM. Lin et al. evaluated the
association of plasma acylcarnitine profiles and GDM throughout gestation, reporting
that elevated levels of C4, C8:1, and C16:1-OH were associated with an increased
risk of GDM [20]. Batchuluun et al. found a specific elevation in the serum of
hexanoylcarnitine and octanoylcarnitine among women with GDM and individuals
with T2D without alteration in long-chain acylcarnitines [21]. In contrast, Pappa et al.
reported for the first time that GDM does not further affect the efficiency of the
carnitine system. The authors proposed that the mild effect of GDM on carnitine
status could be explained by the concurrent increased gluconeogenesis, a process
that does not directly affect carnitine metabolism [16]. The decrease of only one long
acylcarnitine in our study is insufficient to suggest one possible molecular
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mechanism. Additional studies would be needed to propose a clear explanation for
this C16:1 decrease. Although the trend for urinary concentrations of long
acylcarnitines was in general to decrease (Supplementary Table S1), no significant
differences were found except for C16:1. In line with our results, Sanchez-Pinto et
al. compared GDM and no GDM Large for Gestational Age (LGA) new- borns, finding
that a history of GDM was associated with lower levels of medium- and long-chain
acylcarnitines, although the differences were not significant. From the analysis of the
individual acylcarnitines, no remarkable differences were revealed [22].

The urinary metabolome in the second and third trimesters of pregnancy was studied
to explore the potential impact of maternal alterations on the newborn urinary
metabolome. The study presented here compared urinary metabolites between
healthy and GDM women in the second and third trimesters. A distinctive pattern
between GDM and healthy pregnant women was not observed. This is in general
agreement with what other researchers have reported. For instance, an earlier
longitudinal study using a non-targeted approach found that urine metabolites
associated with GDM could be detected in the first trimester, but not in the third
trimester [23]. In this study, nearly all women diagnosed with GDM were treated with
insulin or metformin and dietary/lifestyle interventions to bring their condition under
control. This suggests that the urinary metabolic profile of GDM patients could be
substantially affected by medical and/or dietary interventions. Similar to that
observed here, a large multiethnic study showed that while changes in the maternal
urinary profile could be seen during and after pregnancy, no identifiable and reliable
biomarkers of GDM were seen [24]. Another study did find alterations in the urinary
excretion of some amino acids, but failed to correlate well with the glycemic control
of GDM women [25]. Finally, a non-targeted UPLC-MS characterization of second
trimester maternal urine and amniotic fluid was unable to find associated changes in
the pre-diagnostic GDM group [26]. Overall, the effect of pharmacological treatment
(metformin, insulin, or combination of both), diet, and exercise, appears to normalize
the metabolic profile of GDM patients to match (or nearly match) that of healthy

controls in the second and third trimesters of pregnancy.
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Interestingly, levels of butyric and isobutyric acids (SCFAs and BSCFAs,
respectively) increased significantly between the second and third trimesters in both
healthy and GDM women in this study. This replicates a finding that reported an
increase in butanoate metabolism throughout pregnancy in urine samples of GDM
women [27] and serum [6].

SCFAs are produced through colonic fermentation of dietary fibers, while BSCFAs
are generated from undigested protein reaching the colon and are associated with
the fermentation of branched amino acids [28]. In this study, a large proportion
(38.5%) of GDM women were overweight (BMI > 25 kg/m2). In overweight women
with GDM, a shift in the microbiota composition to higher a-diversity has been
observed, along with numerous associations between metabolic and inflammatory
patterns and specific bacterial abundance [29]. For instance, in a study with obese
Mexican women, with and without metabolic syndrome, firmicutes bacteria were the
most abundant gut bacterial phylum [30]. While bacterial presence was not
determined in this population, excessive production of SCFA (butyrate) and BSCFA
(isobutyrate) was found among GDM women in the second and third trimesters. It
has been suggested that there is an obesity-associated gut microbiota that harvests
more energy from soluble dietary fiber through fermentation and produces more
short-chain fatty acids than lean individuals, influencing host energy metabolism
[30]. Butyric and isobutyric acid were also found to be dysregulated in the GDM
newborn urinary metabolome, which constitutes a possible connection between
maternal and newborn metabolomes influenced by GDM. In addition, intestinal
dysbiosis (indirectly reflected by altered levels of butyric and isobutyric acid) can also
affect the pool of polyamine metabolism including spermine levels [31].

This study has a number of strengths and weaknesses that need to be highlighted.
The application of quantitative, targeted metabolomics to study urinary metabolites
of babies born to GDM mothers makes it valuable for clinicians and neonatologists,
helping in the screening of the early newborn metabolism. On the other hand, the
main limitations relate to the relatively small sample size and the uncontrolled follow-
up of dietary regimen in GDM mothers, which may also modulate the maternal
metabolome. This led to relatively large standard errors, imprecise estimates, and to
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potential selection bias. In spite of the fact that urine is a biofluid with a high content
of metabolites and its collection is non- invasive, a number of relevant metabolites
for the GDM physiopathology such as lipids had to be excluded because they were
below the detection limit for the method employed. Future research is needed to

confirm the findings reported here and to address these study limitations.

4. Materials and Methods

4.1.  Study Design and Research Ethics Approval

The study was carried out between May 2018 and April 2020 at the Hospital Central
“Dr. Ignacio Morones Prieto” from San Luis Potosi, in Mexico. The study design is
summarized in Figure 4. The research proposal was revised and approved by the
Hospital's Research and Ethics Committee (Registration No. 84-17; CONBIOETICA-
24-CEI-001-201604279). All relevant ethical aspects were carefully considered, and
the Helsinki Declaration was followed. Written informed consent was signed by all
participant women prior to the interview and to urine sample collection including that

of their babies.

4.2. Study Population

Newborns: Forty-eight newborns were examined by a neonatologist (26 newborns
of mothers with GDM and 22 of healthy mothers). Collected data included sex,
weight, type of delivery, gestational age, APGAR score (i.e., appearance, pulse,
grimace, activity, and respiration at minutes 1 and 5), Capurro test, and Silverman—
Anderson score (Table 1). The first urine collection from babies born to GDM and
healthy women was carried out within the 24 h after birth once the babies’ genitals
were thoroughly cleaned, placing the samples into sterile bags until micturition.
Samples contaminated with meconium were discarded.

Mothers: Forty-eight pregnant women were recruited. The GDM group was
composed of 26 patients who were diagnosed with GDM during the second trimester.
The control group included 22 euglycemic women. GDM diagnosis was based on a
positive oral glucose tolerance test undertaken between weeks 24 and 28 using the
diagnostic criteria established by the WHO and the American College of
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Obstetricians and Gynecologists. Pregnant women with hypertension or
preeclampsia, T2D, urinary infections, chronic renal disease, cancer, or polycystic
ovary syndrome were excluded. All GDM patients were given treatment after
diagnosis until delivery. In addition to diet and moderate exercise counseling,
patients were prescribed metformin, insulin, or a combination of both. Clinical and
demographic data were collected from medical records for each participant at the
first prenatal visit. A total of 96 urine samples (first-morning urine) from the 48
pregnant women was collected between weeks 24 and 28 (first sample, second

trimester), and weeks 30 and 34 (second sample, third trimester) of gestation.

4.3. Metabolite Measurements

A targeted quantitative metabolomics assay called The Metabolomics Innovation
Center (TMIC) Prime (TMIC PRIME®) Assay was employed using a combination of
direct injection (FIA) MS and reverse-phase high-performance liquid
chromatography tandem mass spectrometry (LC-MS/MS). The method was
previously described by Zheng et al. [32].

Samples were derivatized prior to MS analysis. Amino acids, biogenic amines and
deriva- tives, acylcarnitines, lipids, and glucose were derivatized with
phenylisothiocyanate (PITC), while for organic acids, 3-nitrophenylhydrazine, 1-
ethyl-3-(3-dimethylaminopropyl) car- bodiimide, and pyridine were added to achieve
derivatization.

LC-MS/MS was used for the analysis of amino acids, biogenic amines and deriva-
tives, and organic acids. An Agilent reversed-phase Zorbax Eclipse XDB C18 column
(3.0 mm 100 mm, 3.5 ym particle size, 80 A pore size) with a Phenomenex
(Torrance, CA, USA) SecurityGuard C18 pre-column (4.0 mm 3.0 mm) was used.
The LC and MS parameters are described elsewhere [10]. Seven-point calibration
curve was generated for each analyte.

The FIA-MS/MS method was employed for the analysis of lipids, acylcarnitines, and
glucose; the LC autosampler was connected directly to the MS ion source by red

PEEK tubing. Lipids, acylcarnitines, and glucose were analyzed semi-quantitatively.
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4.4. Statistical Analysis

Means and standard deviations (s.d.) or medians with interquartile range (IQR) and
percentiles were calculated for continuous data with normal and non-normally
distributed data, respectively. Normality of the distributions was assessed by the
Kolmogorov—Smirnov test. GraphPad Prism 7 software (GraphPad Software, Inc.,
La Jolla, CA, USA) was used. Statistical procedures were conducted as described
elsewhere for quantitative metabolomics [33]. Univariate analyses were performed
using Mann-Whitney rank sum tests and Fisher’s exact tests, while principal
component analysis (PCA) and partial least squares discriminant analysis (PLS-DA)
were conducted using MetaboAnalyst [34]. A 2000- fold permutation test was
performed to assess the significance. The differential variables were selected
according to three conditions: (1) adjusted p < 0.05; (2) fold change between two
groups >1.5; and (3) variable importance for the projection (VIP) value obtained from
PLS-DA >1.5. Metabolic pathway analysis was carried out using the pathway
analysis module of MetaboAnalyst 4.0. The Benjamini and Hochberg method was
used to adjust the p values. This method, rather than controlling the false positive
rate, controls the false discovery rate (FDR). In the FDR method, p values are ranked
in an ascending array and multiplied by m/k where k is the position of a p value in

the sorted vector and m is the number of independent tests [35].

5. Conclusions

In this study, an extensive quantitative characterization of the urinary metabolome of
newborns to GDM and healthy mothers is presented. Concentration values of 101
metabolites detected in the urine of newborns collected within the first 24 h of life
were available for analyses. Spermine and hexadecenoylcarnitine were
dysregulated in newborns of GDM mothers. Additionally, urinary maternal samples
from the second half of pregnancy were used to assess the influence of GDM in the
urinary metabolome of new- borns. GDM mothers in the second and third trimester
of gestation had increased urinary levels of isobutyric, butyric acid, and uric acid.
Apparently, GDM slightly modulates the maternal metabolome, with altered levels of
butyric and isobutyric acid, which are also detected in the urinary metabolome of
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newborns. This information is of clinical relevance for neonatologists and

pediatricians to monitor the impact of GDM in the early stages of life.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/metabo11110723/s1, Table S1: Concentration
values of the metabolites measured for babies born to mothers with GDM and
healthy controls.
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Figure legends.

Figure 1. Multivariate analysis showing the comparison between urine
metabolite data acquired for newborns of GDM (D) and healthy mothers (H).
(A) Partial least squares discriminant analysis (2-D PLS-DA) score plots; (B) Variable
importance in projection plot. The most discriminating metabolites are shown in

descending order of their coefficient scores.

Figure 2. Pathway analysis of the deregulated metabolites in newborns to GDM

mothers. The node size is proportional to the enrichment ratio.

Figure 3. Multivariate analysis showing the comparison between urinary
metabolite data acquired for GDM and healthy mothers in the second and third
trimesters, respectively. (A) Partial least squares discriminant analysis score plots
(2-D PLS-DA) of healthy pregnant women with GDM during the second trimester of
gestation. (B) 2-D PLS-DA of healthy pregnant women with GDM during the third
trimester of gestation. (C) Importance of the variable in the projection graph. The
most discriminating metabolites are shown in descending order of their coefficient
scores. Second trimester of gestation with GDM (2 d); third trimester of gestation
with GDM (3d); healthy second trimester of pregnancy (2h); healthy third trimester
of pregnancy (3h).

Figure 4. Study design: Longitudinal study of 48 mother—newborn pairs
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Table 1. Comparison of selected characteristics

newborns by diabetes status of the mother.

of the pregnant women and their

Characteristics GDM Healthy p-Value *
Newborns, n (%) 26 (34.1) 22 (45.8)
Sex, n (%) P
Female 16 {61 3) 4(18.1) 0,008 **
Male 10 (38.4) 18 (81.8)

Gestational age (weeks) 385+13 383+1.2 0.5
APGAR score, min 1P 8 (100.0) 8 (100.0) 1.00
APGAR score, min 5° 9 (100.0) 9 (100.0) 1.00

Silverman-Anderson score ° 0 (100.0) 0 (100.0) 1.00
Weight (g) 3026 + 399 2943 + 477 04
Delivery, n (%) b
‘I.fagirfal 9(34.6) 13 (59.1) 01
C-section 17 (65.4) 9 (40.9)
Mothers, n (%) 26 (54.1) 27 (45.8)
Age (years) ® 284 +47 256 + 2.2 0.05
Pre-BMI (Kg/m?) ® 2787 £4.12 2558 + 4.22 0.06
Normal weight, n (%) 8 (30.8) 10 (45.5) 0.3
Overweight, n (%) ° 10 (38.5) 0 (40.9) 0.3
Obese, n (%) P 8 (30.8) 3 (13.6) 0.3
Glucose (mg/dL)? 86.94 4+ 13.3 79.81 + 87 0.03*
Creatinine (mg/dL) ® 0.56 + 0.08 0.57 + 0.09 0.6
Urea (mg/dL)® 14.26 + 4.0 14.19 + 3.91 1.0
Hemoglobin (g/dL) @ 13.02 £ 1.0 12.81 + 0.75 04
Leucocytes (x10°) 2 9.01 + 2.65 8.34 + 170 0.3
SBP {mm Hg) ® 113.1 £ 87 108.2 + 9.6 0.07
DBP (mm Hg) ® 7423 +7.02 7273 + 767 0.5
Treatment, n (%)
Metformin 15 (57.7)
Dhet and exercise 10 (38.5)
[nsulin + Metformin 1(3.8)

Pre-BML prenatal body mass index; SBP: systolic blood pressure; DBF: diastolic blood pressure.

* p value from

Student t-tests wene used for normally distributed and Mann—W hitney U tests for non-normally distributed
continuous variables, * p < 0.05, ** p < 0.01; Chi? tests and Fisher’s exact tests were used for nominal data.

2 Student's ¢ test (mean + 5.0, ® Chi square or Fisher's exact tests.
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Table 2. Concentration values of statistically significant metabolites measured for

babies born to mothers with GDM and healthy controls.

Metabolite Healthy Newborns GDM Newborns p Value
Median (2.5-97.5 IQR) Median (2.5-97.5 IQR)
(uM/mM Creatinine) (uM/mM Creatinine)
trans-Hydroxyproline 36.0 (8.1-96.65) 26.4 (11.31-60.82) 0.01
Glutamic acid 7.4 (1.88-25.28) 12.4 (3.72-36.52) 0.01
DOPA 0.06 (0.02-0.17) 0.04 (0.01-0.08) 0.04
Spermine 0.03 (0.007-0.09) 0.04 (0.006-0.72) 0.003 *
Lactic acid 85.6 (46.95-797.5) 112.0 (47.14-359.8) 0.04
Butyric acid 0.33 (0.12-0.9) 0.22 (0.06-0.7) 0.02
Isobutyric acid 0.08 (0.03-1.0) 0.05 (0.02-1.0) 0.03
Glutaconylcarnitine (C5:1DC) 0.02 (0.008-0.03) 0.01 (0.005-0.03) 0.009 *
Glutarylcarnitine (C5DC) 0.05 (0.03-0.1) 0.04 (0.02-0.06) 0.006 *
C10:2 0.03 (0.02-0.07) 0.03 (0.014-0.05) 0.01
Hexadecenoylcarnitine 0.012 (0.007-0.03) 0.009 (0.004-0.027) 0.01
(C16:1)
p < 0.05 was considered statistically significant; * p < 0.01.
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Figure 2

Metabolite Sets Enrichment Overview
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Abstract: Gestational diabetes mellitus (GDM) is one of the most frequent pregnancy complications
with potential adverse outcomes for mothers and newborns. Its effects on the newborn appear
during the neonatal period or early childhood. Therefore, an early diagnosis is crucial to prevent
the development of chronic diseases later in adult life. In this study, the urinary metabolome of
babies born to GDM mothers was characterized. In total, 144 neonatal and maternal (second and
third trimesters of pregnancy) urinary samples were analyzed using targeted metabolomics, com-
bining liquid chromatographic mass spectrometry (LC-MS/MS) and flow injection analysis mass
spectrometry (FIA-MS/MS) techniques. We provide here the neonatal urinary concentration values
of 101 metabolites for 26 newborns born to GDM mothers and 22 newborns born to healthy mothers.
The univariate analysis of these metabolites revealed statistical differences in 11 metabolites. Multi-
variate analyses revealed a differential metabolic profile in newborns of GDM mothers characterized
by dysregulation of acylcarnitines, amino acids, and polyamine metabolism. Levels of hexadecenoyl-
carnitine (C16:1) and spermine were also higher in newborns of GDM mothers. The maternal urinary
metabolome revealed significant differences in butyric, isobutyric, and uric acid in the second and
third trimesters of pregnancy. These metabolic alterations point to the impact of GDM in the neonatal
period.
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Abstract: (1) Background: Latin America has been harshly hit by SARS-CoV-2, but reporting from
this region is still incomplete. This study aimed at identifying and comparing clinical characteristics
of patients with COVID-19 at different stages of disease severity. (2) Methods: Cross-sectional multi-
centric study. Individuals with nasopharyngeal PCR were categorized into four groups: (1) negative,
(2) positive, not hospitalized, (3) positive, hospitalized with /without supplementary oxygen, and
(4) positive, intubated. Clinical and laboratory data were compared, using group 1 as the reference.
Multivariate multinomial logistic regression was used to compare adjusted odds ratios. (3) Results:
Nine variables remained in the model, explaining 76% of the variability. Men had increased odds,
from 1.90 (95%C1 0.87-4.15) in the comparison of 2 vs. 1, to 3.66 (1.12-11.9) in 4 vs. 1. Diabetes and
obesity were strong predictors. For diabetes, the odds for groups 2, 3, and 4 were 1.56 (0.29-8.16),
12.8 (2.50-65.8), and 16.1 (2.87-90.2); for obesity, these were 0.79 (0.31-2.05), 3.38 (1.04-10.9), and
4.10 (1.16-14.4), respectively Fever, myalgia/arthralgia, cough, dyspnea, and neutrophilia were
associated with the more severe COVID-19 group. Anosmia/dysgeusia were more likely to occur
in group 2 (25.5; 2.51-259). (4) Conclusion: The results point to relevant differences in clinical and
laboratory features of COVID-19 by level of severity that can be used in medical practice.

Keywords: COVID-19; disease severity; Mexico; multivariate analysis; signs and symptoms
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Targeted metabolomics identifies
high performing diagnostic

and prognostic biomarkers

for COVID-19
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Julio Enrigue Castafieda Delgade™*, Lun Zhang®, Jiamin Zheng®, Juan José Oropeza Valdez®,
Rupasri Mandal®, Fitima de Lourdes Ochoa Gonzalez™”, Juan Carlos Borego Moreno®,

Flor M. Trejo-Medinilla®”, Jesis Adrian Lopez®, José Antonio Enciso Moreno® &

David 5. Wishart®

Research exploring the development and outcome of COVID-19 infections has led to the need to find
better dizgnostic and prognostic biomarkers. This cross-sectional study used targeted metabolomics
to identify potential COVID-1% biomarkers that predicted the couwrse of the illness by assessing 110
endogenous plasma metabolites from individuals admitted to a local hospital for diagnosisftreatment.
Patients were classified into fowr groups (= 40 each) according to standard polymerase chain reaction
(PCR) COWID-15 testing and disease course: PCR-/controls (i.e., non-COVID controls), PCR4/not-
hospitalized, PCR+/hospitalized, and PCR#/intubated. Blood samples were collected within 2 days

of admission/PCR testing. Metabolite concentration data, demographic data and clinical data were
used to propose biomarkers and develop optimal regression models for the diagnosis and prognosis of
COVID-19. The area under the receiver operating characteristic curve (AUC; 95% Cl) was used to assess
each models' predictive value. A panel that included the kynurenine: tryptophan ratio, lysoPC a C26:0,
and pyruvic acid disciminated non-COVID controls from PCR+/not-hospitalized (AUC=0.947; 35% Cl
0.531-0.962). A second panel consisting of C10:2, butyric acid, and pyruvic acid distinguished PCR+/
not-hespitalized from PCR+/hospitalized and PCR+/intubated (AUC=0.575; 35% Cl 0.568-0.983). Only
lysoP'C a C28:0 differentiated PCR+/hospitalized from PCR #/intvbated patients (AUC=0.770; 35% Cl
0.736-0.803). f additicnal studies with targeted metabolomics confirm the diagnostic value of these
plasma biomarkers, such panels could eventually be of clinical vse in medical practice.

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first identified in China in December 2019,
1s responsible for the coronavirus disease outbreak (COVID-19), One year after the pandemic was declared, the
infection has caused nearly 2.5 million deaths worldwide®. In spite of significant efforts undertaken by govern-
ment and health authorities to contatn the spread, the vinus continues to wreak havoc around the world.

Since COVID-19 can lead to multi-organ dysfunction, disease severity 1s not only the result of pathogen
burden®, but also the consequence of the host’s Immune response to the tnfection. It ts well known that viruses
hijack the host cell machinery for self-replication, as they compete for nutrients and other metabolites to satisfy
thetr Moenergetic and biosynthetic requirements. This metabolic hijacking can lead to an alteration of the hosts
metabolome?. In fact, a number of metabolic pathways have already been found to be consistently altered (ghy-
colysis, fatty ackd synthesis, glulaminodysis, pyrimidine metabolism, and tryptophan/kynurenine metabolism) in
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Immunometabolic signatures predict risk of
progression to sepsis in COVID-19
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Abstract

Viral sepsis has been proposed as an accurate term to describe all multisystemic dysregula-
tions and clinical findings in severe and critically il COVID-19 patients. The adoption of this
term may help the implementation of more accurate strategies of early diagnosis, prognosis,
and in-hospital treatment. We accurately quantified 110 metabolites using targeted metabo-
lomies, and 13 eytokines/chemokines in plasma samples of 121 COVID-19 patients with dif-
ferent levels of severity, and 37 non-COVID-19 individuals. Analyses revealed an integrated
host-dependent dysregulation of inflammatory cytokines, neutrophil activation chemokines,
glycolysis, mitochondrial metabolism, amino acid metabolism, polyamine synthesis, and
lipid metabolism typical of sepsis processes distinctive of a mild disease. Dysregulated
metabolites and cytokines/chemokines showed differential comelation pattems in mild and
critically ill patients, indicating a crosstalk between metabolism and hyperinflammation.
Using multivariate analysis, powerful models for diagnosis and prognosis of COVID-19
induced sepsis were generated, aswell as for mortality prediction among septic patients. A
metabolite panel made of kynurenineitryptophan ratio, IL-6, LysoPC a C18:2, and phenylal-
anine discriminated non-COVID-19 from sepsis patients with an area under the curve (AUC
{959CI)) of 0.991 (0.986-0.995), with sensitivity of 0.978 (0.963-0.992) and specfficity of
0.920 (0.890-0.949). The panel that included C10:2, IL-6, NLR, and C5 discriminated mild
patients from sepsis patients with an AUC (95%CI) of 0.965 (0.952-0.977), with sensitivity
of 0.993(0.984-1.000) and specificity of 0.851 (0.815-0.887). The panel with citric acid,
LysoPC a C28:1, neutrophil-lymphocyte ratio (NLR) and kynurenine/tryptophan ratio
diseiminated severe patients from sepsis patients with an AUC (95%Cl) of 0.829
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Epidemiologia Factores de riesgo en DMG
Diabetes mellitus gestacional (DMG)
Intolerancia a glucosa que se identifica Mundial: 2-25%
por primera vez durante el embarazo. ~ 18 millones de embarazos Madres
- Obesidad y/o sobrepeso (IMC >25 Kgi?)
En México, la DMG complica 6.9 - 30% de los - Edad mayer 3 25 sfios
embarazos - Antecedantes de diabstes gestacional -
~ ENSANUT Continua (ENBANGErB0I6VID-19 ~Antecede f";e enfermedadss metabdicas famiiares
amren adultos - Antecedantes de nacimiento de hijos con peso mayor 34 Kg T~
- s mexicanos: 72 4%
2021, 96% [ Resistenca a la msulina =+ Fipergicema + DGM

~ 48,6 millones de personas
Deteccion de sobrepeso y obesidad-ag adultos de 20 afios 0 mds
2018, 84% E
2021,5.1% -

Fato
- Hormonas placentarias
- Factores inflamatorios.

Prevaiencia de obesidad

(201 Modiicationes epigenéticas, expresian de proteinas y metaboitos
Diaz-veldzguez (2021); ENSANUT 2018-19: Resultados Naconales. 2021, Frohlich kR To (201 3 Dragnostico y Tratamiento de la diabetes en el embarazo. Guia Fractica clinica (2016), Osman (2022) .
Fisiologia del embarazo 5n de la TR ia mat fetal en DMG
Embarazo = cambios = retos = =
) o MADRE FETO Embarazo = cambios = retos
+ Fisiologi s
+ Metabolicos - - Eisiologicos 2R3 ETe o —— &
\ﬁr/ - Metabdlicos DMG e
o - Hormonsles: Glucosa 1 4 Hormonales
« Inmunolégicos - Inmunoldgicos Glucosa ) Sim s
Aminoacidos | ]
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Acidos grasos — — - : :
§ > Acidos grasos = = - ey
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i s [ e Joere
Insulina ——> Insulina ——> ' ' ‘
Estigeno T
Progesterons Glucagon ——p 6 < 3 =
/ Glucagbn ——p> || P——| | A———
R " e J—
m:nmum:.mm PLACENTA ks bk D Skl PLACENTA
anabolsmo cataboksmo Fronikch (2021): Méndez (Modd. Gluckman 2013); Kahn (2020) 6
Fisiopatologia propuesta de la diabetes gestacional Riesgos ¥ iados con DMG
Embarazo sanc Distotes gestacionsi
Rechuce i de fn kg materrs "I'} ROt o4 1a suking materni Materno
il st ‘p Al s Preeclampsia
Heerplasia L o nsacion madcussh g 1 ol
conpmisiianpmRs P Cesirea €160 |
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Complicaciones de parto
[ — [———
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[N O B RSN TECR TR -
) | Hemoragia post parta ., n

I — Q= N\

DMG recurmrente

Evocion de o

[e——
aamacionen e ghema conceniacines de lora
- Tamiz ‘con
I Tiempo sogr 100 gr T8gr  [UPo2
Porw Pt Glucosa ica en ayuno 05 mgidL >g2mgidL | la diabetes tipo 2
ol 5N
A ascular, nefropatia,
R ‘ ‘ ' Glucosa plasmatica 1 hora pos carga | >140 mg/dL. 180 180 5 .
7 T . Glucasa plasmtica 2 haras pos carga 155 153
Sermbidd 0 ' ivsubria ranral Mayer rmsge de | Anssenca msina e 3 horas pos carga 140
Jr— p— s .
5

Mouss (2021} Friiich (3021), OMS, Kim (2015) Rivero (201), Reyes (2023)



Enfoque metabolémico L
Estudio de los perfiles globales de metabolitos en una célula, tejido u organismo bago un conjunto determinada de condiciones.

Uso de diversos métodos de separacion y deteccion que utiizan equipos de alta potencia, incluida la cromatografia de gases, la

dealto ¥

de masas.

7 \
— Metabolito |
A Py

e ———

.
A : ﬁchemSpidPr- M
v - Mousa (2021); Shen (2022 R hmdb

Metabolémica dirigida >
« Apic definidos de metabolitos caracterizados quimicamente.
+ Estand: fiadidos normalizar todos los ¥ lotes de
«  Emplear el andiisis MRM,
s ‘ ata o8 andiis
Metabolémica dirigida (Targeted)
Ooistoesrsts () coleccindemomsa (3 Prewmamioss o} ®
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Monitora de reacciones mikipies (MRM)

( Estrategias metabolémicas )
No dirigida Dirigida
- - s

L)
Muesiras y Estindares de metabolios

%
-

P ¢

Analisis de datos/Cuantificacion

Alineamiento y tratamiento de datos
60 con MS/MS a partir de los estandares
Perfil global de

Confim: Comparacitn de muestra y estancares

Disefio experimental

3 Hospital Central "Dr.
Dr_ Juan Carlos Toro Ortz/ Dra. Victoria Lima Rogel

Mujeres +18 aios

<20 Semanas de Gestacién (SOG)

Que acepten a participacién de su recién nacido

Después de la semana 24 distinguimos dos grupos de
embarazadas:

1. Sanas: Niveles de glucosa: 80-100 mg/di en ayuno; 140 mg/dl
postprandial 1 hora; < 140 mo/di postprandial 2 horas;

21006 120 mg/dl preprandia, sin cetonuras.

2. 0MG: Identificadas en el Servicio de Ginecologia con ef

glucemia a a hora 2 140 mg/dl.

Registro 84-17 (Folio CONBIOETICA-24-CE1-001-201604279)

Disefio experimental

* 1200 x g durante 10 minutos a 4°C y se dividieron en alicuotas de 10 mi.
« Coctel de inhiidores de proteasa (PMSF, NaN; y leupeptina) y se
almacenaron a -80°C hasta su andlisis.

Metabolémica no dirigida
+ Anakzador de masas de escaneo completo para generar medicien de masa para moléculas individuales para permilr cAlculos estadisicos

Critical Insight = desafios >

‘seguidos de la adquisicion datos (DDA) de un para guiar
. G g (miz) y tiempo de- RT) prefimnases.
+ Los iones precursores y los iones fragmentados comespondientes se buscan en bases de dafos para delerminar las asignaciones de
metaboitos Metabolomica no dirigida (Untargeted)
Es importante destacar que (D st s
La g iempre son -~
Pueden estar presentes con diferentes valores de -
miz.
Especies relacionadas Data Pre-Pocessing
- (o ey gt
“isdtopos
“pérdidas neutras
“aductos

Seneimpe-Ruteage 2016) 10

Matrioshka ion-fragmento GBS -2

MDHDHDh.Df |

Metaboloma materno-fetal en DMG Lo
Objetivos de los estudios metabolomicos en DMG:

1

Busqueca de biomarcadores.
Vestoar 33 aBeraciones
rececs o finol 0o Pronostic poSPAno pan 1a
€ 183 primerss etapes del. olteracas ‘madre y ol recién nacco.
‘embarazo. ! 4 1
o
% / {
W
=% B
Disefio experimental

Coleccion de muestras (2018-2019)

= - - g
d J .J

visita prenatal
ter timestre 2do rimestre 3er trimestre
SANAS D;I!G Glucosa plasmatica 1 hora pos carga | >140 mgidl. w0 10
18 )
carga w0
Disefio experimental general o
= =
i . . | —
— -
Ter trimestre 2do trimestre 3ertrimestre
ot
rocmarts

SANAS OMG I
1 Bapn Perfil metabolémico no dirigido — 3" trimestre
2*Etapa Perfil metabolémico dirigido — Recién nacido
3*Etapa

Perfil metabolémico dirigido— 2° y 3° trimestre
Recién nacido

Ampliar los estudios en matrices que resulten no invasivas mediante el uso de estrategias multiémicas
ender el rrollo de una patologia compleja como DMG.




Analisis metabolémico no dirigido en orina de mujeres embarazadas de 3er trimestre con DMG
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Urinary Metabolites Altered during the Third
Trimester in Pregnancies Complicated by Gestational
Diab Mellitus: Relationship with Potential
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Niveles de glucosa, creatinina y urea medidos en plasma de pacientes con DMG antes y
después del diagndstico de DMG.

s
@ Mo & P
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EE T i
;
= s s
(A) (B) ©)
Valores clinicamente sanos. Valores clinicamente sanos. Valores clinicamente sanos
<100 mg/dL. 0.5-0.8mg/dL 6-43 mg/dL
- ;
AR, 5
liquida de ultra (UPLC) ia de masas (MS) perfiles urinarios.

w
wacs. ®aco
No mostraron variaciones en el tiempo de refencion, lo que
refleja la estabilidad y reproducibuiidad del sistema Lopez-ernindez (2019)
con cambios &n la expresisn en pacientes con DMG
gt Wetecbr s Uheeredrmlt WY ot potes ¥ Wi i) A
g S— i e a

1yt N aipha separny. pAsaytslnste Asparaane)

+ Scarb (relacionado con e de Ia vitamina E). aspartamo y I cucurbitacina c (presents en frutas y verduras)
conel ico en el oMG
+ Estas sust consumidas e pacientes bajo un régimen dietético. como ko sugiers el Sistema Alimentario

Mexicano Equivalentes (planes de akmentacion SMAE) g e (2040 amen 015

Las vi

metabolismo de esteroides y derivados
La endocrinologia del embarazo humana esta dominada por miltiples hormanas placentarias que inducen cambios fisiolégicos
en la madre a favor del embarazo

Materno Placonta

L. Impacto del cortisol durante el embarazo:

B. Principal causa de la disminucion

Il Hormonas esteroides y funcién de las células p:

A Hormonas ester umentan ante durante el embar

B. Influencia en la funcién de las células

Progestaracs
Estrégenas.
Cortisol

e e Eama

Estrona / Estradiol —

160H DHEA z
160H Androstanediona

denidrospiandrosterana (DHEA}

Metabolitos urinarios alterados durante el tercer trimestre en embarazos complicados por diabetes

mellitus gestacional: relacion con posibles trastornos metabolicos futuros

Estudio piloto
- Perfil ma winario de paci Control (n=11) pValue cientes
estar fietético y farmacok Age (years) 3100 + 1401 269111232 0077
. Méo démica no dingida
P03 Cestational age at sampling (weeks) 32.05 409026 3474 + 0,6853
expre cialments en el g 7
BMI (Kg/m?) 3007 ¢ 1268 259811504 00546
| Glucose (mg/dL) 927523174 76.70 £ 1.764  0.0024 ]
SBP (mmHg) 110419079 108219816 08781
DBP (mmlig) 737519816 718247109 08161
Creatinine (mg/dL) 05262 4002066 05500 +0.03643 05436
1383309461 161241734 02144
Hb (g/dL) 1252408055 132611074 01453
Leucocytes (x10%) ©73941756 800041525 02339
media + enor estindar de ks meda (SEM) B indice de mas coparal, SBP- prestin afers sistics: DB
presgn el demics  Los G p e deermeaoe mesante pruesa  f-Stent
» p<005.
cohorte inicial de 80 pacientes.

Lipaz Homindez (2019)

Analisis UHPLC-ESI-QTOF-MS

UNIFI 1.8.1 (Waters Corp., Mifford, EE. UU.)

Cromatografia de fase reversa
+ Fase mowil fue A: H,0 con acido formico al 0,1%; B
+ Columna Waters BEH C18 UPLC hibrida con puer
MS: XEVO-G2 XS Q-Tof
+ Modo de ionizacidn por electropulverizacion positiva
. Mst
* m/z100 - 2000

ACOUITY UPLC 1Clsss (Waters Co., Mibe, MA EE.

[rp———
525 Warwrs)

Lbpaz-Horbedz (2019)

Identificacién de metabolitos
Matriz con 4598 variables y 35 muestras

. . Matord, MA, EE LUy ot

* Los datos se centaron en i Medka y andkas MUTVANAGo de COmPoNENtes Prncpales (PCA) ¥ andiiss dSciminante e e3SLCKa lentes PIOYECEion oNogonal
(OPLSDAL

* Los posiies marcacores de imerés 56 exajeron de 1a Sca VIP combinada Que 0 ConatTUYS 8 Pt G 1as GriNicas de carga de OPLS-DA. Se
VIP G 1.5 para seleccionarlos metabotos.

conasderd un umexal

LipezHemindez (2013)

delos enla de la DMG
Metabotas Sars Encichansat Ovsrsen
--.-_-,-...~ [
§ r
Touptophan messbatien

o e o

P gt

andlisis de vias (MetPA) de MetaboAnalyst 3.0
Lipas Hombndsz (2010)

Las vias

i ignificativas en
‘metabolismo de triptéfano (TRP)
Requisitos de triptotano (Trp) durante el
embarazo

1+ Mecesidad de una mayor sintesis de
profeinas por parte de la madre, para el
crecimiento y desarmallo del feto

2. Acido quinalinico para la sinfesis de NAD+
3 Proteger al feto contra ef rechazo de los

metaboios KP inmunosupresores

*citotésicoslcioprotectoros
oxidantes/antoxidantes o pro/antinfiamatorias
DESEQUILIBRIO
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1* Etapa Perfil metabolémico no dirigida — 3° trimestre
2°Etapa Perfil metabolémice dirigido — Recién nacido
3" Etapa Perfil metaboldmico dirigido—+ 2° y 3° trimestre

Recién nacido
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The Urinary Metabolome of Healthy Newborns
Yamilé Lipes- a0, 30, Jarge . B
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Ampliar los estudios en matrices que resulten no invasivas mediante el uso de estrategias multiémicas
para entender el desarrollo de una patologia compleja como DMG.

Metaboloma urinario de recién nacidos sanos
Durante la etapa neonatal I d fisiologi
% de patrones de
- Adaptacién del sistema inmunologico
- Cambios en el sistema endocting
- Modificaciones en el metabolismo general
Habitualmente, la estancia hospitalaria habitual de un recién nacido es de 48 h tras un parto vaginal y de 96 h tras una
cesdrea. Sin embargo, cuando las condiciones médicas aparecen poco después del nacimiento, se requieren periodos de
hospitalizacion mas prolongados. Es durante estas estancias prolongadas cuando se suelen realizar miltiples pruebas
hematologicas, urinarias, clinicas y bioquimicas.

Metaboloma urinario de recién nacidos sanos
Estudio de metabolémica basada en espectrometria de masas en tindem (MS/MS) para identificar y cuantificar 136
k de 48 recién nacidos sanos a témmino, recolectada en las primeras 24 h de vida

de interés

Newborns (¥« 48)

17 (3s%)
3t (es%)
Wiis

- Gertationsl age (weela)

are Apgarae L min

81100%)

wiables para cada recién nacido.
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Metaboloma urinario de recién nacidos sanos

muchos valores

+ Para los recién nacidos a témino,
plasma y liquido cefalorraquideo.

+ Sin embargo, existe una sorprendente falta de informacién sobre los valores nommales de concentracion en orina de una
gran cantidad de metabolitos importantes en los recién nacidos.

+ Una revision en profundidad de la literatura, junto con comparaciones detalladas con los valores informados en la Base de
datos del metaboloma humano (HMDB) y la Base de datos del metaboloma en orina humana (UMDB) indica que solo 212
metabolitos han informado valores de referencia en orina para recién nacidos y lactantes (detectados y cuantificados)

para sangre, suero,

Por lo tanto, la disponibilidad de valores de referencia para parametros urinarios, clinicos y
bioquimicos para recién nacidos es de vital importancia.

Datos de concentracion de 136 metabolitos medidos mediante metabolémica dirigida =%
y un total de 45 y aminas biégenas, 17 acidos organicos, 24 glicerofosfolipidos, 10
y 40 camitinas y
A

J‘fﬁ?c"u}(?\'d’e’[ﬁa“i
(©
grifica de las

S OFFIFIIE Ty e
(b)

urinarias de  (a)

aminodeidos (b) aminas biogénicas y (c) acidos. organicos, informadas.
previamente en recsén nacidos mediante LC-MSMS, media £ SO

LépexHemindez (2020) 35

LipezHemindez 2020) 3¢

#n orina de recién nacidos y orina humana

de no
o rep: recién nacidos
O T— [ pe—
fr— .-
(M) (Mt Creaining) (u/mM Creacnined
Wonion OB amion  oaisan aor-an
Poaracin WOmGds Lmiis 0disam mas

La creatinina urinaria (Ucreat) se utiliza a menudo para ajustar o nomalizar s
concentraciones de analitos urinarios, pero descubrimos que Ucreat parecia ser un
valor de referencia relativamente poco confiable en el periodo neonatal temprana,
detido 2 u sha variacén (que oscia erire 1000 y 17 000 )
Por [ absolutas de cada.
metabolito medidas en orina

Trmarhylarmine N-rede MmO 8041

i s WNDBOIIT 311 e
B LysePCatiel ENDB010383 0013 0000100150
LysePCatied ENDBOL038 0191020 osor-01es
E Lercacine NDB01210 40182001 00030081 wooos-nocaz
B creatinina (creatinina
Diyel dl 2,5-97 5% (creatinins uMimM).




per de no i en orina de recién nacidos y orina humana
Metabolitos no reportados previamente en orina humana

NeansD  MemnssD
() (e

Metaba

OB 10

solitos. urinari
informan por prim
abolitos (14 %

de los ¢ ntran

Concentracién absoluta (M, expresada come media # SD); valores nonmalizados de crealinina (creatining
ph/mM) meda + SO, y el 5-7 5% (creatinina ub/mM).

teménciez (2020)

C ién entre las. de a ini

medidas en el presente
estudio y en un estudio previo realizado por el TMIC en muestras de orina de adultos sanos

De un total de 79 metabolitos comunes, 33 mostraron una tendencia clara y decreciente con la edad, mientras que la
mayoria de los demds se mantuvieron practicamente sin cambios. Al comparar la orina de un adulto con la de un recién
nacido, encontramos que una cantidad de aminoacides era mucho mayor en los recién nacidos que en los adultos, incluidos

glicina, alanina, serina, prolina, histidina, isina, metionina y la mayoria de los aminocidos de cadena ramificada

[ entrela de recién nacidos y adult
de 79 metabolitos medidos mediants LC-MSMS

Metaboloma urinario de recién nacidos sanos

Metabolites medides cuantitativamente en of

a, proporciona informacion que, si se sigue y controla en el tiempo, puede
ser tl para predecir la “edad biolégica” de los bebés. La edad bioldgica (a diferencia de la edad calendario) estd muy

influenciada por varios factores, coma la dieta, el estrés, el medio ambiente, & estilo de vida, la genética y las enfermedades.

de nuevos tratami °

para el manejo de la salud y la enfermedad en la primera infancia

Establecer puntos de inflexidn relacionados con los trastornes metabélicos, lo cual es muy importante para un diagnéstico o

pronéstico preciso de a enfermedad. En este sentido, es importante tener en cuenta que las concentraciones de metabolitos

cambian conel ¥ la edad, niflos y bebés

Hasta la fecha, sdlo se han realizado unos pocos estudios exhaustivas que analicen intervalas especificos recién nacidos.

Chiu £2018) Jazwinski (2018) Jove (2017 Scalabre (2017)

Perfil metabolémico urinario de recién nacidos de mujeres con diabetes mellitus gestacional
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Errores congénitos del metabolismo (IEM)

En el presente estudio, =1 las de 136 debido a
su conocida participacion en mdlfiples vias metabélicas asodadas con trastomos metabdlicos o genéficos (como los IEM),

que podrian manifestarse en las primeras 24 h de vida

La especificidad y sensibilidad de los métodos de espectromelria de masas en tandem pueden alcanzar valores de hasta
€1 99,99% y &l 9%, respectivamente, para diagndsticos de IEM
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Metaboloma urinario de recién nacidos sanos
Ademas de este estudio experimental, realizamos una revision de 1a literatura (que abarca los GHimos ocho afos y 509 articulos)
para actualizar los valores de referencia en la Base de datos del de datos del
(HMDB/UMDB).

en arina
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formacdc

conatales

www himdb €

Diseiio experimental general

i [y s
e o Ser Wimestre
SANAS OMG I
Etepa Perfil metabolémico no dirigida — 3 trimestre
2*Etapa Perfil metabolémico dirigido—=+ Recién nacido
3*Etapa

Perfil metabolomico dirigido—— 2° y 3 trimestra
Recién nacido

Ampliar los estudios en matrices que resulten no invasivas mediante el uso de estrategias multio
para entender el desarrollo de una patologia compleja como DMG.

Justificacion
La DMG es una de las complicaciones del embarazo mas frecuentes con posibles resutados adversos para las madres y los recién nacidos. Sus
efectos en el recién nacido aparecen durants el periodo neonatal o la primera infancia. Por tanto, un diagnéstico oportuno s crucial para prevenir
el desarrollo de enfermedades crénicas mas adelante en la vida adulta
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Hipétesis Caracteristicas clinicas de las mujeres. (a1 nassm)
embarazadas y sus recién nacidos
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o e
metabolémico urinario en sus recién nacidos. 8. i e
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Obijetivo principal: Caractenzar el perfil metabolomico urinario de origen de mujeres embarazadas con DMG o
s nosn
y evaluar su asociacion con el perfil metabolomico urinario fetal para realizar el analisis integral smico del l l use  seen O
Recién nacidos. Recién idas W(541)  20EE)
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1.- Andlisis dirigido del metaboloma urinario de mujeres embarazadas 2° y 3° y sus recién nacidos (binomia) et
2 - Integracion de datos estadisticos y vias de sefializacion para el abordaje de DMG. ‘:
- “peam -pecn
Herrera-van Ocsidam (2021) "
Valores de concentracion urinaria de 101 metabolitos de recién nacidos de madres diabéticas y sanas. g o
y Valores de de medidos en bebés nacidos de
madres con DMG y controles sanos.
Madres con DMG | | Madres con sanas
Metabolite Healthy Newborns GDM Newborns p Valve
23 timestre 23 imestre
w28 2 Median (2.5-97.51QR) Median (2.5-97.5 IQR)
- (M/mM Creatinine)  (uM/mM Creatinine)
[1 [1 ] e e T TY Y S TITE &Y
Glutamic ackd 7.4(1.88-25.28) 124(3.72-3652) 001
DOPA 0.06 (0.02-0.17) 0.04 (0.01-0.08) 004
do DMG desanas. K
& Spermine 0.02(0.007-0.09) 0.04(0.006-072)  0.003*
23" timestre 23" trmestre
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Butyric acid 0.3 (0.12-09) 022 (0.06-0.7) 002
l . Tsobutyric acd 0.08 (0.03-1.0) 0,05 (0.02-1.0) 003
- Glataconylcarnitine (C5:1DC) 0,02 (0.008-0.03) 001(0005-003) _ 0009°
138 : N Ghutarylcanitine (C5DC) 005 (0.03-0.1) 004(0.02-000)  0.006"
metabolitos analizados. e , ——%
c102z 003 (0.02-007) 003(0.014-005) 001
101 cuantificacion dentro del LOD £ E
Hexadecenoylcarnitine (C16:1)  0.012 (0.007-0.03) 0.009(0.004-0027) 001
Integracién y andlisis de datos , = " -
Lomeas  FC 15 VIP >1.5, <0.05
a acido glutamico, DOPA, espermina, cido lactico, dcido butirico, dcido isobutinco, C5:10C, C5DC, €102y C16: 1), "
Resultados de los anilisis multivariados realizados para comparar los recién nacidos de madres. g Metabolites urinarios en recién nacides estan implicados en las vias relacionadas con el
con DMG con los de madres sanas. de ¥ lipidos
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Analisis del metaboloma urinario materno durante el segundo y tercer trimestre del embarazo

Para evaluar a posible relacion entre Ias alteraciones
metaboticas encontradas en ks recién nacidos y las de
sus madres, se analizaron muestras de ofina matema £

Y ) Homera-\an Oostdam (2021) 5

og1D )
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Herera-van Comdam (2021) <0

Relacion del metaboloma urinario de recién nacidos con madres DMG
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El perfil metabélico del recién nacido refleja el perfil metabolémico de la madre durante el embarazo?

Hiara-an Oostdu (2021)

Conclusiones globales del proyecto metaboloma urinario materno en diferentes etapas del
embarazo y sus recién nacidos (2017-2023)

Este fue un proyeclo extenso donde se realizaron lcnicas de metabolomica no dirigida y dingida, en ofina de mujeres

embarazadas sanas y con DMG y su alteras por este efecto.

Se logrd identiicar un escaneo cOMPIEto de MEtabolilos en ofina de Mujeres con DMG en el 3° inmestre del embarazo, con
principal presencia en 1a via del triptbtano

Adgemas, un fotal de 86 de estos metaboiitos urinanos Medidos y presentados con SUS FANgOS de CONCENtracian, se informan
por primera vez en recién nacidosfactantes y a los que se puede acceder pablicamente a ravés de HMDB o UMDB

Finalmente, se presenta una caracterizacion cuaniitativa extensa del metaboloma urinario de recién nacidos con DMG y
madres sanas. Estuvieron disponibles para analisis los valores de concentracion de 101 metabolitos detectados en 1a orina de

recién nackdos recoleclados dentro de 1as primeras 24 h de vida. Vias alteradas

Esta informacién es de relevancia clinica para que los neonatblogos y pediatras monitoreen & impacto de 1a DMG en las
primeras etapas o la vida,
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Conclusiones

Hasta donde sabemos, este es el primer trabajo que informa valores de concentracion cuantitativos para 101

metabolitos medidos en orina dentro de las primeras 24 h de vida de recién nacidos de madres con DMG

Dado que no existen estudios previos que presenten andlisis cuantitativos realizados en la orfina de recién

nacidos de madres con DMG, no fue posible la comparacion con estos hallazgos

A pesar de que la mayoria de las concentraciones de metabolitos urinarios de todos los recién nacidos incluidos

en el presente trabajo se encuentran dentro del rango normal, como se documento anteriormente, nuestros

un perfil en los niveles urinanos de algunos aminodcidos, poliaminas v
camitinas entre los recién nacidos de madres con DMG

Hamara-yan Cosdam (2021)

Anexos

PLOS ONE

RESEARCH ARTICLE
Immunometabolic signatures predict risk of
progression to sepsis in COVID-19
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“La ciencia no es hecha por fantasmas. Lo hacen humanos reales que trabajan duro todos los dias™. - Meredith Course
Postdoc en neurociencia, configuré su camara para lograr una larga exposicion mientras trabajaba en Ia extraccion de RNA
La camara solo capturé el objeto de alto contraste en movimiento: su bata de laboratorio.




