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Abstract

Objective. Inborn errors of metabolism (IEM) are genetic
conditions that are sometimes associated with intellectual
developmental disorders (IDD). The aim of this study is
to contribute to the metabolic characterization of IDD of
unknown etiology in Mexico. Materials and methods.
Metabolic screening using tandem mass spectrometry and
fluorometry will be performed to rule out IEM. In addition,
target metabolomic analysis will be done to characterize the
metabolomic profile of patients with IDD. Conclusion.
Identification of new metabolomic profiles associated with
IDD of unknown etiology and comorbidities will contribute
to the development of novel diagnostic and therapeutic
schemes for the prevention and treatment of IDD in Mexico.
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Resumen

Objetivo. Los errores innatos del metabolismo (EIM) son
condiciones genéticas que pueden asociarse con trastornos
del desarrollo intelectual (TDI). El objetivo de este estudio
es contribuir a la caracterizacion metabdlica de los pacientes
con TDI de etiologia desconocida. Material y métodos.
Se realizara un tamiz metabolico mediante espectrometria
de masas-tandem y fluorometria para descartar EIM;ademas,
se analizara el perfil metabolomico de los pacientes con TDI.
Conclusion. La identificacion de perfiles metaboldmicos
asociados con los TDI de etiologia desconocida contribuira
al desarrollo de nuevos esquemas diagnosticos y terapéuticos
para la prevencion y tratamiento de los TDI en México.
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Inborn errors of metabolism (IEM) represent a group
of about 500 rare genetic diseases, closely associ-
ated with intellectual developmental disorders (IDD),
where the diversity of metabolic pathways involved
explains the difficulties in making an accurate and early
diagnosis."? Basic biochemical procedures, including
quantification of amino acids (AA) and acylcarnitines
(AC), should be systematically performed whenever an

IDD is suspected,’ to identify treatable congenital meta-
bolic disorders (table I). Routine metabolic screening is
especially important in countries like Mexico, where
newborn screening (NBS) programs are still limited to
only a few diseases*> and where IDD affect close to 2
million people under 18 years of age.®

IEM are a complex group of monogenic disorders
leading to the accumulation of toxic compounds, cellular

Table |
IEM AssocIATED WITH IDD THAT couLD BE DETECTED THROUGH

Disease name

Argininemia

TANDEM=MASS SPECTROMETRY METABOLIC SCREENING

Biochemical deficiency or defect

Arginase deficiency

Argininosuccinic acidemia

Argininosuccinate lyase deficiency

Defect of biopterin cofactor biosynthesis

Pyruvoyltetrahydropterin synthase deficiency

Defects of biopterin cofactor regeneration

Dihydropteridine reductase deficiency

CPS|

Carbamylphosphate synthetase de ciency

Phenylketonuria

Phenylalanine hydroxylase deficiency

Citrullinemia type |

Argininosuccinate synthase deficiency

Citrullinemia type I

Citrin deficiency

Homocystinuria

Cystathionine synthase deficiency

Hypermethioninemias

Methionine adenosyltransferase I/lll deficiency, S- adenosylhomocysteine hydrolase deficiency, glycine N-methyltransferase deficiency

Maple syrup urine disease

Branched-chain ketoacid dehydrogenase complex deficiency

Orotic aciduria

Oprnithine transcarbamylase deficiency

Tyrosinemia type |

Fumarylacetoacetate hydrolase deficiency

Ketothiolase deficiency

Mitochondrial acetoacetyl-CoA thiolase deficiency

Ethylmalonic encephalopathy

Mitochondiral matrix protein (ETHEI gene)

Glutaric acidemia type |

Glutaryl-CoA dehydrogenase deficiency

Glutaric acidemia type Il

Multiple acyl-CoA dehydrogenase deficiency

3-Hydroxy-3-methyglutaric aciduria

3-hydroxy-3- methylglutaryl-CoA lyase deficiency

Isobutyrylglycinuria

Isobutyryl-CoA dehydrogenase deficiency

Isovaleric acidemia

Isovaleryl-CoA dehydrogenase deficiency

Malonic acidemia

Malonyl-CoA decarboxylase deficiency

2-Methyl-3-hydroxybutyric aciduria

2-methyl-3- hydroxybutyryl-CoA dehydrogenase deficiency

3-Methylcrotonylglycinuria

Isolated 3-methylcrotonyl-CoA carboxylase deficiency

3-Methylglutaconic aciduria

3-methylglutaconyl-CoA hydratase deficiency

Methylmalonic acidemia

Methylmalonyl CoA mutase deficiency

Methylmalonic acidemia

Adenosylcobalamine synthesis defects

Methylmalonic acidemia & homocystinuria

Methylmalonyl CoA mutase, Homocysteine: methylene tetrahydrofolate reductase methyltransferase deficiency

Multiple carboxylase deficiency

Holocarboxylase synthetase deficiency

Propionic acidemia

Propionyl-CoA carboxylase deficiency

[-fatty acids oxidation defect

2-short/branched chain acyl-CoA dehydrogenase deficiency

[-fatty acids oxidation defect

Carnitine-acylcarnitine translocase deficiency

[-fatty acids oxidation defect

Carnitine palmitoyltransferase | deficiency

[-fatty acids oxidation defect

Carnitine palmitoyltransferase Il deficiency

[-fatty acids oxidation defect

Carnitine uptake defect

[3-fatty acids oxidation defect

2,4-Dienoyl-CoA reductase deficiency

[-fatty acids oxidation defect

Long-chain L-3-hydroxyacyl-CoA dehydrogenase deficiency

[-fatty acids oxidation defect

Medium-chain acyl-CoA dehydrogenase deficiency

[-fatty acids oxidation defect

Short-chain acyl-CoA dehydrogenase deficiency

[3-fatty acids oxidation defect

Trifunctional protein deficiency

[3-fatty acids oxidation defect

Source: references 5,7 and 9

Very long-chain acyl-CoA dehydrogenase deficiency
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energy deficiency, or a lack of the substrates necessary
for important biochemical processes. Although indi-
vidually rare, collectively IEM represent the causes of
devastating disturbances of the developing nervous
system,’ including brain formation abnormalities and
mild to severe mental disability.5’ Opportune detection
of IEM is essential because specific treatments may be
available, metabolic decompensation could be avoided,
and accurate genetic counseling can be provided,
thereby offering the possibility of preventing the effects
of IEM on brain development and function or reverting
to some extent the consequences on mental health.

Metabolic screening comprises biochemical testing
of blood, urine, or cerebrospinal fluid samples, to be used
in the diagnosis of an IEM."" In developed countries, the
detection of IEM has been focused on newborns, so as to
obtain the earliest diagnosis possible and receive prompt
treatment. However, some studies highlight the impor-
tance of IEM detection in adults with IDD." NBS was
first applied to massive detection of phenylketonuria, an
IEM of amino acids. Initially, screening was done using
a simple bacterial inhibition assay, but over time, tech-
nological advances have enabled the detection of many
other metabolic disorders."? Tandem mass spectrometry
(MS/MS) s a powerful analytical tool that can be applied
to metabolic screening both in neonates and in people
of other ages. MS/MS methodology analyzes biological
samples for both amino acids and acylcarnitines, among
other metabolites.”® In a systematic literature review
update in 2013, 89 treatable IEM that cause IDD have
been identified, many of which can be detected by MS/
MY’ (table I). Worldwide, there are important variations
in the number and type of disorders detected through
NBS. Congenital hypothyroidism is the most frequently
screened disease, but mandatory screening for IEM
only exists in developed countries.* In Mexico, the NBS
disease panel has also varied.! Currently, the Ministry
of Health only includes five diseases in the screening
program: congenital hypothyroidism, congenital adre-
nal hyperplasia, cystic fibrosis, phenylketonuria, and
galactosemia. Therefore, the number of IEM screened
remains very low, which results in the high likelihood
to find undiagnosed patients between the IDD Mexican
population.

Recently, metabolomics has been used for the study
of pediatric neurologic and psychiatric conditions such
as Down syndrome,’ schizophrenia,'® and autism."”
Metabolomics could be used to identify unreported
metabolic alterations associated with IDD. Metabolo-
mics refers to the comprehensive measurement of small
molecules, typically <1 500 daltons (e.g., sugars, amino
acids, organic acids, nucleotides, acylcarnitines, and lip-
ids), called metabolites, which are present in biological
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samples. Metabolomics is a potent tool for the study of
human metabolism in health and disease.'® Comparative
statistical analysis can reveal perturbations of metabolite
levels in disease conditions and thus has the potential to
identify novel biomarkers for diagnosis, prognosis, and
treatment response. Metabolomics is complementary
to genomics, transcriptomics, and proteomics.19 Me-
tabolites represent the end products of the genome and
proteome and can therefore be helpful in providing a
holistic physiologic phenotype of a system or metabolic
pathway.?? Metabolome profiling can be useful in disease
heterogeneity for evaluating the underlying biological
state of individuals through assessment of metabolite
levels, thus providing a better understanding of disease
mechanisms.

To identify novel metabolic diseases associated with
IDD of unknown etiology and comorbidities, the objec-
tive of this study is to carry out an extensive metabolic
analysis, including standard metabolic screening and
metabolomics analysis, as part of the Intellectual Devel-
opmental Disorders Mexico Study (IDD Mexico Study).

Materials and methods

This methodology paper is part of the IDD Mexico
Study, which has been reviewed and approved by the
Ethics in Research Committee of the National Institute
of Public Health, with number CI 1456. The diagnostic
algorithm shown in figure 1 will be followed to identify
individuals with IDD of unknown etiology and comor-
bidities so as to conduct the metabolic screening and
metabolomics analysis described herein, as well as the
complementary genomics characterization previously
presented.®

Metabolic screening test

After clinical and clinical genetic diagnoses (first and
second selection filters previously discussed by Lazcano
and colleagues),® metabolic screening (third selection
filter) will be done at the Laboratory of Inborn Errors
of Metabolism and Screening of the National Institute
of Pediatrics, as follows:

1. Quantification of AA, AC, and succinylacetone
(SA). Dried blood spots (DBS) will be analyzed by
liquid chromatography-electrospray ionization-
tandem mass spectrometry (LC-ESI-MS/MS),
using a Quattro micro API tandem MS with a com-
mercial kit (NeoBase Non-derivatized MSMS Kit;
PerkinElmer, Waltham, MA, USA). Quantification
of the metabolites is achieved using appropriate
internal standards as reference. This method has
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Patient with presumptive IDD

(Triad evaluation)

Recruitment in hospital,

reference center and school

* Primary care

¢ Clinical referral (pediatrics, psychology,
neurology, psychiatry, others)

* Infant care professionals

Study population

H
1
v

Clinical evaluation*®

* Medical history

* Psychiatric clinical diagnosis

* Formal diagnostic asessment*

* Neurologic examination

Clinical diagnosis
First selection filter

Excluded from the study:

H No . ) . Continuation of
e e e NO > - Cases without c?nﬁrn?ed dlflgnf)sns ====p pre-existing
Yes : or do not meet inclusion criteria clinical regime
v
C.hmcal .genetlc Medical genetic assessment
dlagn05|s * Clinical/dysmorphological examination
Second selection filter * Family history of IDD, ASD, ADHD
. Excluded from the study:
:_ (+) * Cases with suspected syndromic
Gy > types emmmm——al
. * Cases with familial aggregation S
v AN
MgtabOhc ‘screenlng | Metabolic screening test’ | |
Third selection filter Excluded from the study: * Genetic counseling
H (+) . v * Recommended clinical
(-) FToTTTTmmmeeT P - Cases with inborn errors --=--p regime
! of metabolism Eime
v * Specialized referral
) . «
rgla X geeenig | CGG repeats (fragile X) | Excluded from the study: o
Fourth selection filter H * Cases with specific genetic =

PeSoocoooo®

diagnosis (fragile X syndrome)

Genomic and [ GE =l 0 (Child)
metabolomic child triad) Metabolomic
Exome analysis ELETY

analysis

* Recruiting and evaluation of triads with children and adolescents 6-15 years of age will be carried out at the Dr. Juan N. Navarro Children’s Psychiatric Hos-
pital (HPIDJNN) in Mexico City and recruitment and evaluation of triads of people over 18 years old will be done at the Integral training and development
center (CADIA. C.) in Mexico

* Formal diagnostic evaluation will be done through application of tools described in the section on clinical diagnosis

§ Metabolic screening will be done at National Institute of Pediatrics (INP) in Mexico City. Children and adolescents with IDD or autism spectrum disorders
will be evaluated, to exclude cases with inborn metabolism errors.

IDD: Intellectual Developmental Disorder; ADHD:Attention Deficit Hyperactivity Disorder, ASD: Autism Spectrum Disorder.

Algorithm modified from reference 6

FiGURE |. DIAGNOSTIC ALGORITHM FOR THE EVALUATION OF SUBJECTS WITH IDD OF UNKNOWN ETIOLOGY
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been proved to be in concordance with “Guidance
for Industry-Bioanalytical Methods Validation”,
which implies proof of reproducibility within a
given error range.?! In cases of abnormal screen-
ing results, 4-5 drops of dry blood sample will be
obtained for a second confirmatory quantification
of AA, ACand SA. In addition, a 5-ml urine sample
will be collected, to perform organic acid analysis
by gas chromatography mass spectrometry (GC/
MS) on an Agilent 6890N GC coupled to an MSD
5973 MS (Agilent Technologies, Santa Clara, CA,
USA), as previously described.®

2. Thyrotropin (TSH) determination. A 3-mm punch
of each DBS sample will be used for TSH quanti-
fication with a commercial kit (hTSH FEIA PLUS)
and a fluorometric equipment (Fluoroskan Ascent),
both from Ani Labsystems Ltd. (Vantaa, Finland).

IEM associated with IDD that will be ruled out
using this approach are shown in table [; additionally,
congenital hypothyroidism will also be detected. Pa-
tients with an IEM will be excluded from the study and
clinical and genetic counseling will be provided.

Metabolomics analyses

As shown in figure 1, offspring (children, adolescents,
and young adults) with normal results for metabolic
screening and negative results for Fragile X screening
(the fourth selection filter discussed by Lazcano and
colleagues)® will undergo metabolomics analyses of
DBS samples with LC-ESI-MS/MS, to identify metabolic
profiles associated with pure and comorbid diagnostic of
IDD of unknown etiology (see stratification previously
described for genomic characterization).® Statistical
analysis will be performed using MetaboAnalyst.?
Partial least squares discriminant analysis (PLSDA)
and variable importance in projection (VIP) scores will
be used.

Discussion

In the metabolic screening to be carried out as part of
the IDD Mexico Study, close to 50 congenital metabolic
diseases will be analyzed, and patients identified with
one of these disorders will receive appropriate medical
attention. Furthermore, the study will yield information
about the epidemiology and etiology of IDD, which
in conjunction with other findings about children’s
health, will support decision making for health ser-
vices in Mexico.

The increased use of “omics” technologies offers
the perspective of the molecular basis, to construct and

salud piiblica de méxico [ vol. 59, no. 4, julio-agosto de 2017

understand the origin of pathologies and address them
more efficiently. Metabolomics is a new technology
based on the biochemical characterization of metabo-
lites related to genetic and environmental changes.?#%
Metabolomics knowledge and characterization could
complement the genomic approach of the IDD Mexico
Study, for the first time providing metabolic insights for
patients with IDD in Mexico.

Acknowledgments

The authors gratefully acknowledge FOSISS 2016 (Proj-
ect No. 272137) for providing funding for this work.

Declaration of conflict of interests. The authors declare that they have no
conflict of interests.

References

I. Ghosh A, Schlecht H, Heptinstall LE, Bassett JK, Cartwright E, Bhaskar
SS, et al. Diagnosing childhood-onset inborn errors of metabolism by
next-generation sequencing. Arch Dis Child 2017. https://doi.org/10.1136/
archdischild-2017-312738

2.Alves V,Villaverde-Hueso A, Hens M, Morales-Piga A, Abaitua |, Posada
de la Paz M. Public Health research on rare diseases. Georgian Med News
2011;(193):11-16.

3.Sayson B, Popurs MA, Lafek M, Berkow R, Stockler-Ipsiroglu S, van Kar-
nebeek CD. Retrospective analysis supports algorithm as efficient diagnos-
tic approach to treatable intellectual developmental disabilities. Mol Genet
Metab 2015;115(1):1-9. https://doi.org/10.1016/j.ymgme.2015.03.001
4.Therrell BL, Padilla CD, Loeber )G, Kneisser |, Saadallah A, Borrajo GJ, et
al. Current status of newborn screening worldwide: 2015. Semin Perinatol
2015;39(3):171-187. https://doi.org/10.1053/j.semperi.2015.03.002

5. Ibarra-Gonzilez |, Fernandez-Lainez C, Belmont-Martinez L, Guillén-
Lopez S, Monroy-Santoyo S,Vela-Amieva M. Characterization of inborn
errors of intermediary metabolism in Mexican patients.An Pediatr (Barc)
2014;80(5):310-316. https://doi.org/10.1016/j.anpedi.2013.09.003

6. Lazcano-Ponce E, Katz G, Rodriguez-Valentin R, de Castro FAllen-Leigh
B, Marquez-Caraveo ME, et al. The intellectual developmental disorders
Mexico study: situational diagnosis, burden, genomics and intervention
proposal. Salud Publica Mex 2016;58(6):694-707. https://doi.org/10.21 149/
spm.v58i6.8267

7.van Karnebeek CD, Shevell M, Zschocke |, Moeschler ]B, Stockler S.
The metabolic evaluation of the child with an intellectual developmental
disorder: diagnostic algorithm for identification of treatable causes and
new digital resource. Mol Genet Metab 2014;1 1 1(4):428-438. https://doi.
org/10.1016/j.ymgme.2014.01.01 |

8. Garcia-Cazorla A,Wolf NI, Serrano M, Moog U, Pérez-Duenas B, Poo P,
et al. Mental retardation and inborn errors of metabolism. ] Inherit Metab
Dis 2009; 32(5):597-608. https://doi.org/10.1007/s10545-009-0922-5

9. Saudubray JM. Neurometabolic disorders. ] Inherit Metab Dis
2009;32(5):595-596. https://doi.org/10.1007/s10545-009-9958-9

10.Wang H,Wang X, Li Y, Dai W, Jiang D, Zhang X, et al. Screening for
inherited metabolic diseases using gas chromatography-tandem mass
spectrometry (GC-MS/MS) in Sichuan, China. Biomed Chromatogr
2017;31(4):e3847. https://doi.org/10.1002/bmc.3847

I'l.Hope S, Johannessen CH,Aanonsen NO, Streamme P.The investigation
of inborn errors of metabolism as an underlying cause of idiopathic intel-
lectual disability in adults in Norway. Eur ] Neurol 2016;23(suppl 1):36-44.
https://doi.org/10.1111/ene.12884

427


https://doi.org/10.1136/archdischild-2017-312738
https://doi.org/10.1136/archdischild-2017-312738
https://doi.org/10.21149/spm.v58i6.8267
https://doi.org/10.21149/spm.v58i6.8267
https://doi.org/10.1016/j.ymgme.2014.01.011
https://doi.org/10.1016/j.ymgme.2014.01.011

ARTICULO BREVE

Ibarra-Gonzdlez 1 y col.

12.Wilcken B, Wiley V. Fifty years of newborn screening. | Paediatr Child
Health 2015;51(1):103-107. https://doi.org/10.1 11 |/jpc.12817

I3. Chace DH, Hannon WH.Technological journey from colorimet-

ric to tandem mass spectrometric measurements in the diagnostic
investigation for phenylketonuria. IEMS 2016;4:1-11. https://doi.
org/10.1177/2326409816671733

14.Vela-Amieva M, Belmont Martinez L, Ibarra Gonzalez |, Fernandez
Lainez C.Variabilidad interinstitucional del tamiz neonatal en México. Bol
Med Hosp Infant Mex 2009;66:43 |-439.

I5. BorelliV,VanhoorenV, Lonardi E, Reiding KR, Capri M, Libert E, et

al. Plasma N-Glycome Signature of Down Syndrome. | Proteome Res
2015;14(10):4232-4245. https://doi.org/10.102 | /acs.jproteome.5b00356
16.HeY,Yu Z, Giegling |, Xie L, Hartmann AM, Prehn C, et al. Schizophre-
nia shows a unique metabolomics signature in plasma.Trans| Psychiatry
2012;2:e149. https://doi.org/10.1038/tp.2012.76

17.Wang H, Liang S,Wang M, Gao |, Sun C,Wang , et al. Potential serum
biomarkers from a metabolomics study of autism. ] Psychiatry Neurosci
2016;41(1):27-37. https://doi.org/10.1503/jpn. 140009

18. Bernini P, Bertini |, Luchinat C, Nincheri P, Staderini S, Turano P, Stan-
dard operating procedures for pre-analytical handling of blood and urine
for metabolomic studies and biobanks. | Biomol NMR 201 1;49(3-4):231-
243. https://doi.org/10.1007/s10858-01 1-9489- |

428

19. Zhao YY. Metabolomics in chronic kidney disease. Clin Chim Acta
2013;25:59-69. https://doi.org/10.1016/j.cca.2013.03.033

20.Vidal M, Cusick ME, Barabisi AL. Interactome networks and human dis-
ease. Cell 201 1;144(6):986-998. https://doi.org/10.1016/j.cell.2011.02.016.
21. Chace DH, DiPerna JC, Mitchell BL, Sgroi B, Hofman LF, Naylor EW.
Electrospray tandem mass spectrometry for analysis of acylcarnitines in
dried postmortem blood specimens collected at autopsy from infants
with unexplained cause of death. Clin Chem 2001;47(7):1166-1182.

22. Xia J,Wishart DS. Using MetaboAnalyst 3.0 for Comprehensive
Metabolomics Data Analysis. Curr Protoc Bioinformatics 2016;55:14.10.1-
14.10.91. https://doi.org/10.1002/cpbi. | |

23. Castro F Rojas R,Villalobos A, Allen B, Hubert C,Romero M, et al.
Methodological bases and implementation results of Mexico’s National
Survey of Children and Women 2015. Salud Publica Mex 2016;58(6):676-
684. https://doi.org/10.21 149/spm.v58i6.8192

24.Tebani A, Abily-Donval L, Afonso C, Marret S, Bekri S. Clinical Metabo-
lomics: The New Metabolic Window for Inborn Errors of Metabolism
Investigations in the Post-Genomic Era. Int | Mol Sci 2016; 17(7):1167.
https://doi.org/10.3390/ijms 7071167

25. Roberts LD, Souza AL, Gerszten RE, Clish CB.Targeted metabolo-
mics. Curr Protoc Mol Biol 2012;98:30.2:30.2.1-30.2.24. https://doi.
org/10.1002/0471 142727. mb3002s98

salud piiblica de méxico | vol. 59, no. 4, julio-agosto de 2017


https://doi.org/10.1177/2326409816671733
https://doi.org/10.1177/2326409816671733
https://doi.org/10.1002/0471142727.mb3002s98
https://doi.org/10.1002/0471142727.mb3002s98

