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DHEAS production pathway. DHEA is the most abundant weak androgen precursor produced by the adrenal gland. Excess DHEA is sulfated by
the enzyme SULT2A1, producing an inactive by-product, DHEAS, in the presence of a sulfate donor, PAPS. PAPS is generated by the PAPSS2
enzyme, which has ATP sulfurylase and APS kinase activities. This safeguarding reaction prevents excess DHEA from being used as a precursor to
synthesize more potent androgens, such as androstenedione and testosterone, in adrenal, gonads and peripheral tissues
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Bone Phenotype is Always Present But Androgen Excess is Less Frequently Seen in PAPSS2 Deficiency
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GENERAL INFORMATION

Manuscripts must be written in English and must meet the requirements of the
journal. Papers that do not meet these requirements will be returned to the
author for necessary revision before the review. Manuscripts submitted to JCRPE
are evaluated by peer reviewers. Authors of manuscripts requiring modifications
have two months to resubmit a revised paper. Manuscripts returned after this
deadline will be treated as new submissions. The journal is in compliance with the
uniform requirements for manuscripts submitted to biomedical journals published
by the International Committee of Medical Journal Editors (NEJM 1997; 336:309-
315, updated 2001). Upon submission of the manuscript, authors are to indicate
the type of trial/research and provide the checklist of the following guidelines
when appropriate: Consort statement for randomized controlled trials (Moher D,
Schultz KF, Altman D, for the CONSORT Group. The CONSORT statement revised
recommendations for improving the quality of reports of parallel group randomized
trials. JAMA 2001 ; 285 : 1987 - 91), the QUOROM statement for meta-analysis and
systemic reviews of randomized controlled trials (Moher D, Cook DJ, Eastwood S,
Olkin I, Rennie D, Stroup DF. Improving the quality of reports of meta-analyses of
randomized controlled trials: the QUOROM statement. Quality of Reporting of
Meta-Analyses. Lancet 1999; 354 : 1896 — 900) and the MOOSE guidelines for meta-
analysis and systemic reviews of observational studies (Stroup DF, Berlin JA, Morton
SC, et al. Meta-analysis of observational studies in epidemiology: a proposal for
reporting Meta-analysis of observational studies in Epidemiology (MOOSE) group.
JAMA 2000; 283: 2008 - 12). Keywords are included according to MeSH (Medical
Subject Headings) National Library of Medicine.

Once the manuscript is accepted to be published in The Journal of Clinical Research
in Pediatric Endocrinology, it receives a Digital Object Identifier (DOI) number.
Uncorrected full text files can be reached online via PubMed and Ahead of Print
section of the journal’s website (http:/Awww.jcrpe.org/ahead-of-print).

All contents will be printed in black and white.

NEW

Article Publication Charges for accepted case reports is $100. Please contact the
editorial office for detailed information by the following link:

info@jcrpe.org

In case of exceeding 4000 word limit, the author is charged with $50 for each page.
All other forms of articles are free of publication charge.

MANUSCRIPT CATEGORIES

All manuscripts must adhere to the limitations, as described below, for text only; the
word count does not include the abstract, references, or figure/table legends. The
word count must be noted on the title page, along with the number of figures and
tables. Original Articles should be no longer than 4000 words and include no more
than six figures and tables and 50 references.

Short Communications are short descriptions of focused studies with important, but
very straightforward results. These manuscripts should be no longer than 2000 words,
and include no more than two figures and tables and 20 references.

Brief Reports are discrete, highly significant findings reported in a shorter format.
The abstract of the article should not exceed 150 words and the text/article length
should not exceed 1200 words. References should be limited to 12, a maximum of 2
figures or tables.

Clinical Reviews address important topics in the field of pediatric endocrinology.
Authors considering the submission of uninvited reviews should contact the editors
in advance to determine if the topic that they propose is of current potential interest
to the Journal. Reviews will be considered for publication only if they are written
by authors who have at least three published manuscripts in the international peer
reviewed journals and these studies should be cited in the review. Otherwise only
invited reviews will be considered for peer review from qualified experts in the area.
These manuscripts should be no longer than 5000 words and include no more than
four figures and tables and 120 references.

INSTRUCTIONS TO AUTHORS

Case Reports are descriptions of a case or small number of cases revealing novel
and important insights into a condition’s pathogenesis, presentation, and/or
management. These manuscripts should be 2500 words or less, with four or fewer
figures and tables and 30 or fewer references.

Consensus Statements may be submitted by professional societies. All such
submission will be subjected to peer review, must be modifiable in response to
criticisms, and will be published only if they meet the Journal's usual editorial
standards. These manuscripts should typically be no longer than 4000 words and
include no more than six figures and tables and 120 references.

Letters to the Editor may be submitted in response to work that has been published
in the Journal. Letters should be short commentaries related to specific points of
agreement or disagreement with the published work. Letters should be no longer
than 500 words with no more than five complete references, and may not include
any figures or tables.

Note on Prior Publication

The journal publishes original research and review material. Material previously
published in whole or in part shall not be considered for publication. At the time
of submission, authors must report that the manuscript has not been published
elsewhere. Abstracts or posters displayed at scientific meetings need not be reported.

MANUSCRIPT SUBMISSION PROCEDURES

JCRPE only accepts electronic manuscript submission at the web site www.jcrpe.org
After logging on to the website www.jcrpe.org click ‘Submit an Article’ icon.
All corresponding authors should be provided a password and a username
after providing the information needed. If you already have an account from
a previous submission, enter your username and password to submit a new or
revised manuscript. If you have forgotten your username and/or password, e-mail
the editorial office for assistance. After logging on the article submission system
with your own password and username please read carefully the directions of
the system to provide all needed information. Attach the manuscript, tables and
figures and additional documents.

All Submissions Must Include:

1. A cover letter requesting that the manuscript be evaluated for publication in JCRPE
and any information relevant to your manuscript. Cover letter should contain address,
telephone, fax and e-mail address of the corresponding author.

2. Completed Copyright and Disclosure of Potential Conflicts of Interest Form. The
corresponding author must acquire all of the authors’ completed forms and mail to
info@galenos.com.tr / yayin@galenos.com.tr or submit to the Manuscript Manager.

3. Completed Disclosure of Potential Conflict of Interest Form. The corresponding
author must acquire all of the authors’ completed disclosure forms and fax them to
the editorial office at +90 212 621 99 27.

Authors must complete the online submission forms. If unable to successfully upload
the files please contact the editorial office by e-mail.

MANUSCRIPT PREPARATION

General Format

The Journal requires that all submissions be submitted according to these guidelines:

e Text should be double spaced with 2.5 ¢cm margins on both sides using
12-point type in Times Roman font.

o All tables and figures must be placed after the text and must be labeled.

e Each section (abstract, text, references, tables, figures) should start on a
separate page.

® Manuscripts should be prepared as word document (*.doc) or rich text format

(*.rtf).
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Title Page

The title page should include the following:

o Full title

 Short title of not more than 40 characters for page headings

* Authors’ names, and institutions, and e-mail addresses

¢ Corresponding author’s e-mail and post address, telephone and fax numbers

e At least five and maximum eight keywords. Do not use abbreviations in the
keywords

¢ Word count (excluding abstract, figure legends and references)

¢ Name and address of person to whom reprint requests should be addressed
* Any grants or fellowships supporting the writing of the paper

® The acknowledgements, if there are any

¢ |f the content of the manuscript has been presented before, the time and place of
the presentation

* The ORCID (Open Researcher and Contributor ID) number of the all authors should
be provided while sending the manuscript. A free registration can be done at http://
orcid.org.

Structured Abstracts (According to the The Journal of the American Medical
Association)

Original Articles should be submitted with structured abstracts of no more than 250
words. All information reported in the abstract must appear in the manuscript. The
abstract should not include references. Please use complete sentences for all sections
of the abstract. Structured abstract should include background, objective, methods,
results and conclusion.

What is already known on this topic?

What this study adds?

These two items must be completed before submission. Each item should include at
most 2-3 sentences and at most 50 words focusing on what is known and what this
study adds.

Review papers do not need to include these boxes.

Introduction
The article should begin with a brief introduction stating why the study was
undertaken within the context of previous reports.

Experimental Subjects

All clinical investigations described in submitted manuscripts must have been
conducted in accordance with the guidelines in the Declaration of Helsinki and
has been formally approved by the appropriate institutional review committees.
All manuscripts must indicate that such approval was obtained and that informed
consent was obtained from subjects in all experiments involving humans. The study
populations should be described in detail. Subjects must be identified only by number
or letter, not by initials or names. Photographs of patients’ faces should be included
only if scientifically relevant. Authors must obtain written consent from the patient
for use of such photographs.

Clinical Trials Registration

All clinical trials must be registered in a public trials registry acceptable to the
International Committee of Medical Journals Editors (ICMJE). Authors of randomized
controlled trials must adhere to the CONSORT guidelines, and provide both a
CONSORT checklist (for protocols, see the SPIRIT guidance) and flow diagram. We
require that you choose the MS Word template at www.consort-statement.org for
the flow chart and cite/upload it in the manuscript as a figure. In addition, submitted
manuscripts must include the unique registration number in the Abstract as evidence
of registration.

INSTRUCTIONS TO AUTHORS

You can register for clinical trials by visiting the following link:
https://clinicaltrials.gov/

To register the relevant record in the system and learn more about the protocol to be
followed, please review the link below:
https://classic.clinicaltrials.gov/ct2/manage-recs/how-register

Graphical Abstract

The Journal of Clinical Research in Pediatric Endocrinology aims to enhance the
visibility of authors’ publications and contribute to the scientific community as
much as possible. In this regard, our journal encourages authors to publish graphical
abstracts. The provided example abstract below reflects the standards accepted
by our journal. Therefore, our journal expects authors to adhere to the following
instructions:

1) Unless authors specify otherwise, the vectors used in the example will be used as
the standard. Information to be placed beneath the vectors will be provided by the
authors.

2) The article graphics used in the example will be revised with graphics of the
authors’ preference.

Once these two stages are completed successfully, the prepared graphical abstract
will be integrated into the article. Our journal aims to support authors in this process
and enhance the impact of their scientific work.
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Experimental Animals

A statement confirming that all animal experimentation described in the submitted
manuscript was conducted in accord with accepted standards of humane animal
care, according to the Declaration of Helsinki and Genova Convention, should be
included in the manuscript.

Materials and Methods

These should be described and referenced in sufficient detail for other investigators
to repeat the work. Ethical consent should be included as stated above.

The name of the ethical committee, approval number should be stated. At the same
time, the Ethics Committee Approval Form should be uploaded with the article.

Results

The Results section should briefly present the experimental data in text, tables,
and/or figures. Do not compare your observations with that of others in the results
section.

The raw results of weight, length/height, body mass index, and blood pressure
measurements can not be compared among groups since they normally change
with age and according to gender. Instead, standard deviation scores of those values
should be reported and compared.

Discussion

The Discussion should focus on the interpretation and significance of the findings
with concise objective comments that describe their relation to other work in that
area and contain study limitations.
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Study Limitations
Limitations of the study should be detailed. In addition, an evaluation of the
implications of the obtained findings/results for future research should be outlined.

Conclusion
The conclusion of the study should be highlighted.

Acknowledgments (Not Required for Submission)
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for grant support of the research.

Authorship Contribution
The kind of contribution of each author should be stated.

References

References to the literature should be cited in numerical order (in parentheses) in
the text and listed in the same numerical order at the end of the manuscript on a
separate page or pages. The author is responsible for the accuracy of references.
Number of References: Case Report max 30/ Original Articles max 50

Examples of the reference style are given below. Further examples will be found
in the articles describing the Uniform Requirements for Manuscripts Submitted to
Biomedical Journals (Ann Intern Med.1988; 208:258-265, Br Med J. 1988; 296:401-
405). The titles of journals should be abbreviated according to the style used in the
Index Medicus.

Journal Articles and Abstracts: List all authors. The citation of unpublished
observations, of personal communications is not permitted in the bibliography. The
citation of manuscripts in press (i.e., accepted for publication) is permitted in the
bibliography; the name of the journal in which they appear must be supplied. Citing
an abstract is not recommended.

Books: List all authors or editors.

Sample References
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Tables

Tables must be constructed as simply as possible. Each table must have a concise
heading and should be submitted on a separate page. Tables must not simply
duplicate the text or figures. Number all tables in the order of their citation in the
text. Include a title for each table (a brief phrase, preferably no longer than 10 to
15 words). Include all tables in a single file following the manuscript.

Figures Legends

Figure legends and titles should be submitted on a separate page. Figure legends
and titles should be clear and informative. Tables and figures should work under
“windows”. Number all figures (graphs, charts, photographs, and illustrations)
in the order of their citation in the text. Include a title for each figure (a brief
phrase, preferably no longer than 10 to 15 words).

INSTRUCTIONS TO AUTHORS

Figures & Images

At submission, the following file formats are acceptable: Al, EMF, EPS, JPG, PDF, PPT,
PSD, TIF. Figures may be embedded at the end of the manuscript text file or loaded
as separate files for submission purposes.

All images MUST be at or above intended display size, with the following image
resolutions: Line Art 800 dpi, Combination (Line Art + Halftone) 600 dpi, Halftone
300 dpi. See the Image quality specifications chart for details. Image files also must
be cropped as close to the actual image as possible.

Units of Measure

Results/Tables should be expressed in metric units. If needed please apply this usage
in your manuscript.

If p values are significant in the tables you have prepared, the relevant p values
should be indicated in bold font.

Validation of Data and Statistical Analysis

Assay validation: Bioassay and radioimmunoassay potency estimates should be
accompanied by an appropriate measure of the precision of these estimates. For
bioassays, these usually will be the standard deviation, standard error of the mean,
confidence limits. For both bioassays and radioimmunoassays, it is necessary to
include data relating to within-assay and between-assay variability. If all relevant
comparisons are made within the same assay, the latter may be omitted. Statistical
analysis should be done accurately and with precision. Please consult a statistician if
necessary.

Proofs and Reprints

Proofs and a reprint order are sent to the corresponding author. The author should
designate by footnote on the title page of the manuscript the name and address
of the person to whom reprint requests should be directed. The manuscript when
published will become the property of the journal.

Page and Other Charges

Archiving

The editorial office will retain all manuscripts and related documentation
(correspondence, reviews, etc.) for 12 months following the date of publication or
rejection.

Submission Preparation Checklist

As part of the submission process, authors are required to check off their submission’s

compliance with all of the following items, and submissions may be returned to

authors that do not adhere to these guidelines.

1. The submission has not been previously published, nor is it before another
journal for consideration (or an explanation has been provided in Comments
to the Editor).

2. The submission file is in Microsoft Word, RTF, or WordPerfect document file
format. The text is double-spaced; uses a 12-point font; employs italics,
rather than underlining (except with URL addresses); and all illustrations,
figures, and tables are placed within the text at the appropriate points,
rather than at the end. Please do not send the manuscript in docx.

3. Where available, URLs for the references have been provided.

4. A completed Copyright ve Disclosure of Potential Conflicts of Interest Form must
be uploaded with other files during the submission. The corresponding author
must acquire all of the authors’ completed forms and mail to info@galenos.com.
tr / yayin@galenos.com.tr or submit to the Manuscript Manager.

Ul

. The text adheres to the stylistic and bibliographic requirements outlined in
the Author Guidelines, which is found in About the Journal.

6. Completed Disclosure of Potential Conflict of Interest Form. The corresponding
author must aquire all of the authors” completed disclosure forms and fax
them, together, to the editorial office along with the Author Disclosure
Summary.
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Peer Review Process

1. The manuscript is assigned to an editor, who reviews the manuscript and
makes an initial decision based on manuscript quality and editorial
priorities.

2. For those manuscripts sent for external peer review, the editor assigns
reviewers to the manuscript.

3. The reviewers review the manuscript.

4. The editor makes a final decision based on editorial priorities, manuscript
quality, and reviewer recommendations.

5. The decision letter is sent to the author.
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1. General recommendation about the manuscript

How original is the manuscript?

Is it well presented?

How is the length of the manuscript?

2. Publication timing, quality, and priority
How important is the manuscript in this field?
Does it present original data?

Does it carry priority in publishing?

3. Specific questions regarding the quality of the manuscript
Does the title describe the study accurately?
Is the abstract informative and clear?

Do the authors state the study question in the introduction?
Are the methods clear?

Are ethical guidelines met?

Are statistical analyses appropriate?

Are the results presented clearly?

Does the discussion cover all of the findings?

Are the references appropriate for the manuscript?

4. Remarks to the editor

Accepted in its present form

Accepted after modest revisions

Reconsidered for acceptance after major changes
Rejected

5. Remarks to the author

What would be your recommendations to the author?

Conflict of interest statement for the reviewer (Please state if a conflict of interest
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For further instructions about how to review, see Reviewing Manuscripts for Archives
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GUIDELINES FOR MANUSCRIPT PREPARATION
The authors can also benefit from the following guidelines in the process of
preparing the article:

Clinical Trials

Observational Studies

Systematic Review

Diagnostic and Prognostic Studies
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Dear Editor,

Monocarboxylate  transporter 8 (MCT8) deficiency,
or the Allan-Herndon-Dudley syndrome, is a rare
neurodevelopmental and metabolic disorder caused by
mutationsin the SLC16A2 genelocated on the X-chromosome
(1,2,3). MCT8 is a crucial thyroid hormone transporter
for various tissues, including the brain. Hence, affected
boys present with severe neurodevelopmental delay due
to cerebral hypothyroidism (1,2,4). Early developmental
milestones are often not reached and patients have severe
intellectual and motor disability. The endocrine hallmark of
MCT8 deficiency is increased serum (free) triiodothyronine
(T3) concentrations, with reduced free thyroxine (T4)
concentrations and normal to slightly elevated thyroid-
stimulating hormone concentrations (4). The elevated (f)
T3 concentrations lead to signs of thyrotoxicosis, such as
tachycardia and being underweight (4). The disease has
been associated with significant morbidity and mortality,
with 30 % of patients dying in childhood (4).

No approved therapeutic treatments are currently
available for patients with MCT8 deficiency. T3-analogue
Triac (3,3’,5-tri-iodothyroacetic acid, or tiratricol) is not
dependent on MCT8 for cellular influx and is, therefore,
considered a good candidate for treatment (5,6). The Triac
Trial I and subsequent real-world data showed that Triac
safely normalizes serum T3 concentrations and ameliorates
the symptoms of peripheral thyrotoxicosis in paediatric
and adult male patients (7,8). Currently, the Triac Trial II
(NCT02396459) is being conducted to explore potential
beneficial effects in neurodevelopment in young patients
(<30 months), the results of which are expected in
2024/2025. A small multicenter, double-blind, randomized,

placebo-controlled trial [ReTRIACt trial (NCT05579327)],
aiming to validate the effects of Triac on serum T3
concentrations, is currently recruiting.

In this issue of JCRPE, Unsal and Hayran (9) present a
new case-report of a patient with MCT8 deficiency. Their
patient, diagnosed at the age of 14 months, exhibits typical
characteristics of MCT8 deficiency, with a first presentation at
5 months of age including central hypotonia, developmental
delay and feeding difficulties in combination with borderline
normal thyroid function tests. This clinical presentation is in
line with the median symptom onsetat 4 months and median
diagnostic delay of 14 months (10). This supports the claim
of the authors that MCT8 deficiency is often overlooked and
should be included in the differential diagnosis of young
males with developmental delay and hypotonia. Since
the “central” component of MCT8 deficiency is the most
notable, most patients will be seen primarily by (pediatric)
neurologists. Therefore, it is important to raise awareness of
MCT8 deficiency in this profession. Moreover, there is large
variation in the inclusion of the SLC16A2 gene in multigene
panels across different centers and countries (11), which
implies that MCT8 deficiency is not always diagnosed after
genetic testing. Consequently, SLC16A2 should be included
in all relevant genetic panels. Additionally, it should be
explored whether modification of the newborn screening
would allow for diagnosis of MCT8 deficiency immediately
after birth (12,13).

In the current case-report, the patient was started on
Triac with a maintenance dose of 133 mcg/kg/day (9). To
assess neurodevelopmental outcomes, the Bayley Scales
of Infant Developmental 3 Edition (BSID-IIl) was used
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at baseline and various time points after treatment. No
improvements in composite scores were observed after
12-months of treatment, although some improvements in a
few developmental milestones were seen, such as improved
head control. It is not possible to distinguish whether these
changes would occur as part of the natural history or can
be attributed to Triac treatment (4). Preclinical studies
have indicated the potential of Triac in improving brain
outcomes (5,14). Clinical studies sufficiently powered to
detect clinically relevant neurodevelopmental changes, like
Triac Trial II, might provide clues on potential benefits of
early Triac treatment.

The authors report that after start of treatment with Triac,
the FT3 values were variable and higher than expected
(9), especially since Triac treatment aims to reduce FT3
values. The authors correctly assume that this is likely
explained by cross-reactivity of Triac in the used FT3
immuno-assays. In 2022, Chan et al. (15) showed that all
immuno-based T3 assays show significant interference
with Triac, with assay-specific cross-reactivity profiles.
Therefore, it is important to account for interference when
interpreting FT3 results, both when unexpected high
concentrations are measured as suggested by the authors,
and also when T3 concentrations are measured in Triac
treated patients. The relatively long time to achieve normal
serum T3 values [7 months instead of the earlier reported
4 months by Groeneweg et al. (7)], should therefore also
be cautiously interpreted since this was established by
using only one immuno-based assay without applying any
corrections for cross-reactivity. One way to account for
interference is to employ a correction algorithm utilizing
immuno-assays with different cross-reactivities towards
Triac (7,8). Ultimately, the use of liquid chromatography
mass spectrometry should be encouraged, as this allows
to accurately distinguish Triac from T3 and prevents
misinterpretation of thyroid function tests (15).

Overall, this case-report illustrates multiple challenges in the
clinical management of patients with MCT8 deficiency (9).
Despite the discovery of patients with mutations in MCT8
20 years ago, many unknowns remain, largely caused by
the rarity of this disorder. Hence, like for all rare disorders,
international collaboration to collect data in a uniform way
on disease features and treatment outcomes is critical to
advance diagnosis, management and therapeutic options
for patients with MCT8 deficiency.
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Bone Phenotype is Always Present But Androgen Excess is Less
Frequently Seen in PAPSS2 Deficiency

® Didem Helvacioglu, @ Tiilay Giiran

Marmara University Faculty of Medicine, Department of Pediatric Endocrinology and Diabetes, istanbul, Turkey

Abstract

3’-Phosphoadenosine 5’-phosphosulfate synthase 2 (PAPSS2) deficiency is a rare disorder due to biallelic pathogenic variants in the
PAPSS2 gene. This disorder was first described in 1998 by Ahmad et al. and Faiyaz ul Haque et al. To date, 79 patients with PAPSS2
deficiency have been reported. The main reported features of these patients are related to bone abnormalities and clinical/biochemical
androgen excess. Disproportionate short stature and symptoms associated with spondylar skeletal dysplasia are the most common
clinical features that require clinical attention. Androgen excess has been described much less commonly. This review summarizes the

currently published clinical, molecular, and biochemical features of patients with PAPSS2 deficiency.
Keywords: PAPSS2, androgen excess, sulfation, brachyolmia, SEMD, DHEAS

Introduction

An 11.5-year-old Turkish girl was referred to our clinic
because of short stature and low back pain. She was born at
term with a birth weight of 2950 g [-0.9 standard deviation
score (SDS)] after an uncomplicated pregnancy. Her parents
were third cousins. At presentation her weight and height
were 29.2 kg (-2.01 SDS) and 130.0 cm (-3.03 SDS),
respectively. The ratio of upper-to-lower segment was 0.87
(-2.0 SDS). Systemic examinations were normal, except for
limited dorsal bending. Her breast and pubic hair stages
were Tanner IV. She had no acne or hirsutism. Her bone
age was 12 years. Her predicted adult height was 141 cm,
while the midparental height was 158 cm (-0.8 SDS). Initial
tests for the etiology of her short stature, including routine
biochemistry, full blood count, and thyroid function were all
normal, and the karyotype was 46, XX. Insulin-like growth
factor-1 (IGF-1) and IGF-binding protein-3 concentrations
were normal. Due to her disproportionate short stature,
a skeletal survey was also performed. Radiography of the
lateral spine revealed findings suggestive for brachyolmia,
including mild lumbar scoliosis, flattened vertebrae
(platyspondyly) with rectangular vertebral bodies, irregular

endplates and narrowed intervertebral disc spaces. Tubular
bones were normal. Hormonal investigations using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
demonstrated normal serum 17-hydroxyprogestrone (0.55
ng/mL; N: 0-1 ng/mL), androstenedione (1.07 ng/mL; N:
0.06-1.15 ng/mL), dehydroepiandrosterone (DHEA) (3.34
ng/mL; N: 0-3.4 ng/mL), total testosterone (0.24 ng/mL,;
N <0.25 ng/mL), but low dehydroepiandrosterone sulphate
(DHEAS) (77 ng/mL; N: 440-3320 ng/mL) concentrations.
The plasma DHEAS/DHEA ratio was extremely low (22.6; N:
31-325). Sanger sequencing of the PAPSS2 gene revealed a
homozygous ¢.337dupG (A113Gfs*18) mutation. Menarche
occurred at 12.1 years of age. She did not have clinical or
biochemical evidence of androgen excess during two years
of follow-up.

PAPSS2 Deficiency

Biosynthesis of 3’-phosphoadenosine 5’-phosphosulfate
(PAPS) is essential for wvarious biological processes,
particularly in the regulation of sulfate metabolism and
sulfation reactions in the body. These reactions are important
in the production of substances, such as glycosaminoglycans,
steroids and xenobiotics (1). PAPS is produced from ATP and
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inorganic sulfate by the action of PAPS synthetase (PAPSS).
PAPSS has 2 domains; the ATP-sulfurylase domain catalyzes
the formation of the 5’-adenosine phosphosulfate (APS)
intermediate from ATP and inorganic sulfate. The APS kinase
domain then further phosphorylates APS by an additional
ATP molecule to generate PAPS (Figure 1). This is the rate-
limiting step in PAPS biosynthesis. Two different PAPSS
isoforms have been identified in human tissues, known as
PAPSS1 and PAPSS2 (1). PAPSS1 is the predominant isoform
and is found in various human adult tissues. In contrast,
PAPSS2 exhibits a more restricted expression pattern and
appears to be the major variant in growth plate cartilage
(2). The catalytic efficiency of PAPSS2 is 10 to 15 times as
great as that of PAPSS1 (2). PAPSS1 deficiency has so far
not been shown to be directly linked to the etiology of any
human disease. However, the physical interaction between
the two enzymes has been shown to influence the cellular
localization, and possibly the function, of PAPSS2 (3).

PAPSS2 deficiency was first described by Ahmad et al.
(4) in 1998 in a large consanguineous family. The main
characteristics of the 16 affected family members (11 males
and 5 females) include spondyloepiphyseal metaphyseal
dysplasia (SEMD), severe short stature and early-onset
joint problems. The authors classified this distinctive
autosomal recessive form of SEMD as SEMD Pakistani
type. In the same year, Faiyaz ul Haque et al. (5) showed

ATP+sulfate

ATP PPi
sulfurylase

PAPSS2 APS
(PAPS synthase 2) ATP
.
ADP
PAP PAPS

———
Androgen inactivation

DHEAS

that the molecular defect in this family was a homozygous
c.1439C>A; p.Ser480* mutation in the PAPSS2 gene
(Table 1). Ten years later, the second paper on genetically
proven PAPSS2 deficiency was published by Noordam et
al. (6). They reported a Turkish girl who presented with
premature pubarche (early development of pubic hair),
advanced bone age, and disproportionate short stature
due to skeletal dysplasia affecting the vertebrae with no
epiphyseal or metaphyseal changes. The bone phenotype
of that patient was more compatible with brachyolmia
(“Brachy” in GreekR means “short”, and “olmds” means “spine”;
osteochondrodysplasia  characterized by generalized
platyspondyly without significant long bone abnormalities).
During follow-up, she developed hirsutism, acne and
secondary amenorrhea, meeting the diagnostic criteria
for polycystic ovary syndrome (PCOS). In this patient, LC-
MS/MS detected high concentrations of androstenedione
and testosterone, upper limit of normal DHEA and very
low DHEAS. In terms of steroidogenesis, they showed that
the etiology of clinical and biochemical androgen excess
involved impaired DHEA sulfation, which results in more
DHEA available for 3p-hydroxysteroid dehydrogenase
activity to produce androstenedione, which in turn is
converted to more potent androgens, such as testosterone
and dihydrotestosterone by the action of 178-hydroxysteroid
dehydrogenase and 5o-reductase enzymes, respectively
(Figure 1) (6).

DHEA mmmmmy Androstenedione mmmm Testosterone

Androgen activation

Figure 1. DHEAS production pathway. DHEA is the most abundant weak androgen precursor produced by the adrenal gland. Excess
DHEA is sulfated by the enzyme SULT2AT1, producing an inactive by-product, DHEAS, in the presence of a sulfate donor, PAPS. PAPS
is generated by the PAPSS2 enzyme, which has ATP sulfurylase and APS kinase activities. This safeguarding reaction prevents excess
DHEA from being used as a precursor to synthesize more potent androgens, such as androstenedione and testosterone, in adrenal,

gonads and peripheral tissues

DHEA: dehydroepiandrosterone, DHEAS: dehydroepiandrosterone sulphate, APS: adenosine 5-phosphosulfate, PAPS: 3-phosphoadenosine
5-phosphosulfate, PAP: 3-phosphoadenosine 5-phosphate, PPi: pyrophosphate, PAPSS2: 3-phosphoadenosine 5-phosphosulfate synthase 2,

SULT2A1: DHEA sulfotransferase
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The molecular diagnosis of new patients with PAPSS2
deficiency has increased understanding of both the bone
and steroid hormone characteristics of this disease. In Table
1, molecular and basic clinical features of patients with
genetically confirmed PAPSS2 deficiency are presented
in chronological publication order. To date, 79 (41 males,
38 females) patients with PAPSS2 deficiency have been
reported, of whom 29 (36.7%) were Turkish patients. In
the reported patients, 32 pathogenic PAPSS2 mutations

were identified, 13 (40 %) of which led to frameshift and
5 (15.6%) to the formation of truncated proteins. Although
the functional consequences of PAPSS2 variants were rarely
studied by in vitro assays, more than half of the pathogenic
variants (59.3 %) detected in the PAPSS2 gene cause severe,
complex alterations in the gene and cause disease. The
mutations that diminish the ATP-sulfurylase domain and APS
kinase domain are mainly related to 389-611" and 41-196™
aminoacid residues of PAPSS2, respectively. The mutations

Table 1. Clinical, molecular and biochemical characteristics of previously reported patients with PAPSS2 mutations

PAPSS2 variant (NM_004670.3) Gender BO/SEMD Androgen excess Ref.
phenotype
S480* 11 M, 5 F (Pakistani) + No data on hormones (4)
T48R/R329* F (Turkish) + PP, high androstenedione and testosterone, low DHEAS, (6)
upper normal DHEA
A113Gfs* 18, IVS3 + 2delT, 2 M, 4 F (3 Turkish, 2 + (-) Clinical androgen excess, low DHEAS (14)
V2065fs*9/R437Gfs*19, Japanese and 1 Korean)
K161Rfs*6/1221Sfs*40
R329* 3 M, 2 F (Turkish) + 1 F patient had clinical androgen excess and high (15)
testosterone, all had low DHEAS, but normal DHEA
L76Q, R129Lfs*25,V364Rfs* 18, 5 M, 8 F (12 Turkish, 1 + Evaluated in 6/13 pts. 2 patients had hypertrichosis and (16)
Al113Gfs*18, V540N, Lebanese) acnea, 1 had PP. No hormonal w/o
E183K, Q211Cfs* 11,
C43Y, c.27+3A>C,
F125Sfs*24
W462Cfs*3/G270D 2 M (European?) + (-) Clinical androgen excess, normal androgens, normal (10)
DHEA and testosterone, low DHEAS, p.Trp462Cysfs*
heterozygous mother have clinical androgen excess
H355Ifs*5 M (Kurdish) + (-) Clinical androgen excess, high DHEA, no DHEAS data 9)
R334%* ¢c.639+1G>T 3 M, 4 F (Turkish) + All had low DHEAS, 2 had clinical androgen excess, no 17
DHEA data available
L440Wfs*12 F (Turkish) + (+) Clinical androgen excess (PP), high DHEA, low DHEAS,  (18)
normal testosterone and androstenedione
G270D, R41*, 10 M, 8 F (6 Norwegian, + Evaluated in 10/18 pts. 2 had clinical androgen excess (19)
F283V, G538Afs*4, 5 British, who had G270D mutation, all patients had low DHEAS,
A493V, R334%, 1 Pakistani, No DHEA measured, 3 had high testosterone or
W462Cfs*3, R129P 1 Algerian, androstenedione
1 French,
1 African,
1 Egyptian,
2 Eastern European)
R238* F (Chinese) + ND (20)
H496P I M, 1 F (Jordanian) + No clinical or biochemical androgen excess, high DHEA and  (21)
low DHEAS
R346P 3 M, 3 F (Pakistani) + ND 22)

DHEA: dehydroepiandrosterone, DHEAS: dehydroepiandrosterone sulphate, PP: premature pubarche, ND: not defined, M: male, F: female, BO: brachyolmia, SEMD:

spondyloepimetaphyseal dysplasia
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identified so far appear to be distributed throughout the
gene without hotspot regions. There are some founder
mutations in Turkish patients (A113Gfs*18, R129Lfs*25,
R334*, W462Cfs*3, R238%). High consanguinity and
founder mutations may explain the predominance of
Turkish patients in the published literature.

The next section of this article will focus on the two main
clinical presentations of PAPSS2 deficiency based on
published data from patients: skeletal manifestations and
steroid metabolome alterations.

Skeletal Manifestations of PAPSS2 Deficiency

Skeletal manifestations are present with variable severity
in all patients with PAPSS2 deficiency. The main cause
of cartilage and bone disease in PAPSS2 deficiency is
the impaired biosynthesis and deposition of sulfated
proteoglycans in the cartilage and extracellular bone
matrix (7).

Formerly, PAPSS2-related skeletal dysplasia was associated
with SEMD Pakistani type, which includes the former
“recessive brachyolmia”, as well as the older entities
“Toledo type” and “Hobaek type” brachyolmia. In the 2023
revision of the Nosology of Genetic Skeletal Disorders, it is
now classified as part of the group of sulfation disorders
(NOS 04-0050; OMIM 612847) (8).

The most important clinical feature is disproportionately
short stature with a short spine associated with variable
symptoms, including pain, stiffness and spinal deformity,
such as kyphoscoliosis. Short trunk dwarfism becomes
apparent in childhood, usually after the age of two years (8).
Patients may have a short femur prenatally, but a short spine
phenotype develops later in childhood. Genu varum, genu
valgum, enlargement in the knee and ankle joints, patella
dislocations, limited flexion in the metacarpophalangeal
joints and early-onset osteoarthropathic changes in the
hand and knee have been described. There are four different
bone phenotypes associated with PAPSS2 deficiency:

1. SEMD where both vertebrae and long bones are affected,

2. Symptomatic brachyolmia with dysplastic changes
limited to the spine involving minimal epimetaphyseal
changes visible only on X-ray,

3. Symptomatic brachyolmia with dysplastic changes
limited to the spine,

4. Subclinical brachyolmia with radiologic changes only.

Skeletal surveys may show severe platyspondyly with
elongated vertebral bodies, irregular endplates, narrow
intervertebral disk spaces, overfacing of the pedicles, and

lumbar spinal canal stenosis. Spondylar dysplastic changes
may progress with age. The bone age maybe advanced.
Short femoral neck, bowed tibia, short and broad ilia,
dumbbell deformity of the long and short tubular bones, and
irregularities of epiphyseal ossification have been described.
Metaphyseal longitudinal striations in the proximal femora
are distinctive. Other long bones may show mild epiphyseal
flattening and metaphyseal irregularities (9).

Although spondylar dysplasiaisa “sinequanon” characteristic
of the disease, the severity of skeletal manifestations does not
correlate with the severity of the PAPSS2 mutation detected.
Thus, there is no clear genotype-phenotype relationship in
terms of bone findings. As seen in the patient presented
above, the homozygous frameshift mutation led to a
brachyolmia phenotype without epiphyseal-metaphyseal
changes. PAPSS2 mutations detected in patients with
brachyolmia or SEMD phenotype are shown in Table 2.

Steroid Metabolome Alterations in PAPSS2 Deficiency

Low plasma DHEAS is the most consistent biochemical
feature of patients with PAPSS2 deficiency published to
date. Low DHEAS concentrations are not associated with
the type of the mutation in PAPSS2. The DHEAS/DHEA ratio

Table 2. Skeletal phenotypes in patients with PAPSS2
mutations

PAPSS2 mutations related to
brachyolmia

PAPSS2 mutations related to
SEMD

T48R/R239X (6)
K161Rfs*6/K161Rfs*6 (14)
A113Gfs* 18/A113Gfs* 18 (14)
V206Sfs*9/R437Gfs* 19 (14)
c.381 + 2delT/c.381 + 2delT (14)
V540D/V540D (16)
C43Y/C43Y (16)
V364Rfs*18/V364Rfs*18 (16)
R129Lfs*25/R129Lfs*25 (16)
Q211Cfs*11/Q211Cfs* 11 (16)
c.27+3A>Clc.27+3A>C (16)
F125Sfs*24/F125Sfs*24 (16)
H3551fs*5/H3551fs*5 (9)
G270D/R129P (19)
G270D/G270D (19)
G270D/W462Cfs*3 (19)
R41X/R41X (19)
R334X/R334X (19)
F283V/F283V (19)
L440Wfs*12/L440Wfs*12 (18)
R346P /R346P (22)
H496P/H496P (21)

S480%/S480* (4)
R239X/R239X (15)
G270D/W462fs*3 (10)
G270D/G270D (19)
R239*/R239* (20)
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is significantly lower than in the healthy population, but
this ratio varies depending on the plasma concentration of
DHEA. DHEA can be normal or elevated. In 7 of 17 PAPSS2
deficiency patients with published DHEAS measurement
data, DHEAS concentrations were below the measurable
limit. In the other 10 patients, the median (range) DHEAS
concentration was 10.5 (3.9-48.7) ug/dL. In seven patients
with simultaneous DHEA and DHEAS measurements,
the median DHEAS/DHEA ratio was 10.5 (4.4-50.6).
Concentrations of other adrenal or gonadal androgens,
including androstenedione and testosterone, are also
variable, and this variability is not associated with the type
and location of the PAPSS2 mutation. Elevated testosterone,
androstenedione or DHEA concentrations were reported in
nine patients (11.3%). An important point to note is that
in some reports the androgen profile of patients was not
analyzed in detail (Table 1), but the majority of patients with
hormone profile data had normal androgen values, as seen
in the case reported at the beginning of this review. Oostdijk
et al. (10) reported two brothers with PAPSS2 deficiency
who had normal basal androgen concentrations but had
higher androgen concentrations after DHEA stimulation
testing compared to healthy controls. However, besides
normal basal androgens, these patients also had no clinical
symptoms of androgen excess.

Clinical signs of androgen excess (acnea, hypertrichosis,
premature pubarche, PCOS, and menstrual irregularity)
have been reported in 10 (12.6%) of the 79 patients
reported so far (Table 1). Premature pubarche was described

in three patients (3.7%). As seen in the patient presented
at the beginning of this review, the majority of the patients
with genetically confirmed PAPSS2 deficiency do not show
clinical or biochemical signs of androgen excess.

The prevalence of hirsutism and PCOS in the general
population is approximately 5-25 % and 6-20 % respectively.
Premature pubarche is also not uncommon, with a
prevalence of 4-7%, and has been reported as 4.3%
in Turkey (11,12). Therefore, based on the data of the
currently described patients, it seems difficult to speak of
an increased frequency of androgen excess in patients with
PAPSS2 deficiency compared to the general population.
Nevertheless, given that sulfate conjugation is an important
mechanism that prevents potent androgen synthesis by
inactivating the precursors that can be used in the canonical
or backdoor pathway of androgen synthesis, including
DHEA, pregnenolone, 17-OH-Pregnenolone, androsterone,
and androstenediol, clinical or biochemical androgen excess
findings should be suspected and investigated in patients
with PAPSS2 deficiency (Figure 2) (13). It is not clear why
clinical/biochemical signs of androgen excess are not seen
in all patients with PAPSS2 deficiency, although theoretically
the pool of androgen precursors that are not sulfated and
therefore available for active androgen biosynthesis is
larger. One possibility is that, although the catalytic activity
of PAPSS! is 10-15-fold lower than that of PAPSS2, in the
absence of PAPSS2 activity, the ubiquitously expressed
PAPSS!1 can compensate for the missing enzyme and
supply tissues with sufficient PAPS. However, this rescue

PAPS
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Figure 2. Schematic representation of the implication of steroid sulfatase and steroid sulfotransferase in the regulation of active
hydroxylated steroids. The majority of steroid hormone precursors involved in androgen synthesis via canonical or backdoor

pathways can be modified by sulfate conjugation
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mechanism would also be expected to improve the bone
phenotype and would also rescue DHEAS concentrations.
Another possibility, at least in some cases with PAPSS2
deficiency, is the existence of at least one currently
unknown rescue pathways specific to steroid hormones to
prevent androgen excess. Due to the rarity of the disease,
multicentre studies are needed to clarify the uncertainties
regarding steroid hormone alterations in PAPSS2 deficiency.
The research agenda should include comprehensive and
integrative plasma and/or urine steroid hormone profile
assessment studies, particularly to determine the steroid
hormones that are sulfated comparatively in patients with
and without androgen excess and the extent to which these
steroids are sulfated. Further molecular studies to identify
compensatory sulphate donors or sulphate supply pathways
may be useful. Additionally, in vitro/ex vivo functional studies
of identified PAPSS2 mutations may highlight the impact of
given variant on androgen inactivation pattern.

Conclusion

In conclusion, a broad spectrum of bone phenotypes, ranging
from brachyolmia to SEMD and severe disproportionate
short stature, are the main presenting features of PAPSS2
deficiency. All affected individuals have signs and
symptoms related to skeletal dysplasia. The only consistent
biochemical markers in affected individuals are low DHEAS
and low DHEAS/DHEA ratio. Other adrenal and gonadal
androgen concentrations are variable. Most published cases
do not have clinical/biochemical hyperandrogenism and the
prevalence of the androgen excess phenotype is similar to
the general population. Neither the bone phenotype nor
the steroid hormone profile correlate with the underlying
PAPSS2 mutation, nor do the skeletal and steroid hormone
phenotypes correlate with each other. The reasons for the
variability in steroid hormone profiles and androgen excess
phenotype warrant further investigation.
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What is already known on this topic?

Cardiovascular diseases (CVD) are the most important cause of morbidity and mortality in patients with type 1 diabetes (T1D). Children
with T1D had similar or higher prevalence of being overweight (OW) or obese (Ob) compared to their healthy peers.

What this study adds?
Girls with T1D are more likely to be OW and Ob and to have CVD risk than boys. Interventions to reduce the risk of CVD in adults with
T1D should begin from childhood and be tailored to compensate for gender variations.

Abstract

Objective: Cardiovascular diseases (CVD) are the most important cause of morbidity and mortality in patients with type 1 diabetes
(T1D). Children with T1D have a similar or higher prevalence of being overweight (OW) or obese (Ob) compared to healthy peers. The
aim of this study was to determine the prevalence of CVD risk factors in children and adolescents with T1D and the impact of obesity
and sex differences on these factors.

Methods: Data of patients aged 10-21 years and who had been using intensive insulin therapy with a diagnosis of T1D for at least three
years were evaluated. Patients were divided into normal weight (NW), OW and Ob groups based on body mass index percentiles. Risk
factors for CVD (obesity, dyslipidemia, hypertension) were compared between groups, and impact of gender was also analyzed.
Results: Data of 365 patients (200 girls, 54.8 %), were evaluated. Prevalence of OW/Ob was 25.9 % and was significantly higher in girls
(30.6% vs 20.1%, p<0.001). Rate of hypertension was highest in OW/Ob girls followed by OW/Ob boys, and similar in NW girls and
boys (p=0.003). Mean low density lipoprotein cholesterol (LDL-c) and triglyceride (TG) levels were highest in OW/Ob girls, followed by
OW/Ob boys, NW girls and NW boys, respectively (p <0.001 and p <0.001, respectively). Mean high density lipoprotein-cholesterol
(HDL-c) levels were similar among groups. Rates of high LDL-c and TG were similar between OW/Ob girls and boys and higher than NW
girls, followed by NW boys (p <0.001 and p <0.001, respectively). The rate of low HDL-c was similar in OW/Ob girls and boys, and higher
than NW girls, followed by NW boys (p < 0.001). Overall, girls were 1.9 times more likely than boys to have two or more risk factors for
CVD. Factors associated with risk for CVD in multiple logistic regression analyses were being a girl, followed by higher daily insulin dose,
higher hemoglobin Alc, and longer duration of diabetes (r=0.856; p <0.001).

Conclusion: In spite of the increased prevalence for obesity in both sexes, the trend for CVD risk factors was greater in Ob girls, followed
by Ob boys and NW girls. Girls with T1D are more likely to be OW/Ob and to have CVD risk than boys, highlighting the need for early
intervention and additional studies to elucidate the causes.
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Introduction

Cardiovascular diseases (CVD) are the most important
cause of morbidity and mortality in patients with type 1
diabetes (T1D) (1). CVD is more common, occurs earlier,
and has a higher mortality rate in patients with T1D than
individuals without diabetes (2). It has been reported that
the pathogenesis of CVD accelerates in patients with T1D
and although CVD rarely presents in childhood, subclinical
damage to the cardiovascular system begins in the pediatric
age group (3). Preventing CVD by alleviating cardiovascular
risk factors is an important treatment goal for patients with
T1D.

Obesity in the childhood period is also considered to be
an important risk factor for CVD in adulthood (4). Being
overweight (OW) and having abdominal adiposity have
been associated with atherosclerosis and dyslipidemia (5).
Children with T1D had similar or higher prevalence of being
OW or obese (Ob) compared to their healthy peers, with
rates reaching 25-35% (6-11). The risk of CVD is already
high in T1D, and this risk may be increased with Ob. It is
observed that Ob-related comorbidities increasingly affect
individuals with T1D. Ob individuals with T1D have lower
insulin sensitivity than non-Ob patients with T1D, and it has
been shown recently that CVD risk factors are increased in
children with T1D who are OW or Ob (12). A report of the
Exchange study showed a higher prevalence of hypertension
and dyslipidemia in Ob patients with T1D than in non-Ob
patients (13). A recent study involving children and young
adults with T1D showed a higher rate of metabolic syndrome
(MS) in OW and Ob individuals (14). Unhealthy behavioral
habits contribute to increased cardiovascular risk. Smoking
and a sedentary lifestyle are associated with major CVD
morbidity and mortality in individuals with T1D (15).

In this study we aimed to determine the prevalence of CVD
risk factors in children and adolescents with T1D and the
impact of OW/Ob and sex differences on these factors.

Methods

The data of patients aged 10-21 years and who had been
using intensive insulin therapy (89 % multiple-dose insulin
therapy, 11 % insulin pump) with a diagnosis of T1D for at
least three years were evaluated in this descriptive, cross-
sectional study. The diagnosis of T1D was confirmed by the
presence of anti-GAD, anti-islet, or anti-insulin antibodies.

Body weights were measured in kilograms using a digital
weighing scale (SECA, 769) with a sensitivity of 0.1 kg.
Heights were measured in meters with the patients in
the standing position using a stadiometer (Harpenden,
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Holtain Ltd., Crymych, Dyfed, UK) with a sensitivity of 0.1
cm. All the measurements were made by a nurse trained
in auxology. Body mass index (BMI) was calculated as
weight in kilograms divided by height in meters squared
and converted to BMI percentiles for age and sex using the
Centers for Disease Control and Prevention (CDC) growth
charts from 2000 (CDC: BMI for children and teens, http://
www.cdc.gov/nccdphp/dnpa/bmi/bmi-for-age.htm).  Those
with a BMI < 10 percentile were considered as underweight
(UW), BMI 210 and BMI <85 percentile as normal weight
(NW), BMI =85 and BMI <95 percentile as OW, and BMI
>95 percentile as Ob. There were only two patients who
were UW and we did not include the underweight group
in further analysis in the study, since the number was very
small and as we aimed to compare NW versus OW and Ob
cases. Since the number of patients in the Ob group was
low, when comparing in terms of CVD risk factors regarding
genders, the OW and Ob groups were combined and the
cases were divided into two groups as NW and combined
OW/Ob. At the time of evaluation, the chronological age,
body weight, height, BMI, blood pressure, hemoglobin
Alc (HbATc), lipid profile, and daily insulin dose per body
weight (IU/kg/day) were noted. The age at diagnosis and
duration of diabetes were also recorded. All cases had
HbA1c values checked every three months and the HbAlc
value used in the study was the average of the four HbAlc
values examined in the last year before the evaluation was
taken. Insulin dose was defined as the total daily units of
insulin divided by the body weight in kilograms and total
daily insulin dosage was obtained by randomly selecting
three days from the patient records.

Blood pressure was measured with a standardized
automatic sphygmomanometer in the right arm with an
appropriately sized cuff in the sitting position after 10
minutes of rest, and the average of three measurements
was recorded for analysis. For the definition of high blood
pressure, the definitions determined by the National High
Blood Pressure Education Program study group for children
and adolescents were used (16). A mean systolic or diastolic
blood pressure above the 95™ percentile for age, sex, and
height was considered high.

Lipid profiles including triglyceride (TG), total cholesterol
(TC), high density lipoprotein-cholesterol (HDL-c), and low-
density lipoprotein-cholesterol (LDL-c) were determined in
fasting blood samples. Serum lipid levels were measured
by an autoanalyzer (Roche Diagnostics). Lipid values were
evaluated according to the recommendations of the American
Diabetes Association and the International Diabetes
Federation (17,18). LDL-c 2100 mg/dL, TC =200 mg/dL, and
TG 2150 mg/dL were defined as high. HDL-c <40 mg/dL
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for 10-16 years old and <40 mg/dL for boys > 16 years old
and <50 mg/dL for girls > 16 years old was considered low.
Dyslipidemia was considered to be an elevation of one or
more lipid or lipoprotein levels, or for HDL-c, reduced levels.
The presence of at least two risk factors for CVD, such as the
presence of OW/Ob (BMI 285" percentile), high TG levels, low
HDL-c levels, and hypertension were considered as increased
cardiovascular risk.

The study was approved by the Hacettepe University
Institutional Local Ethics Committee (approval number:
16969557-2202, date: 03.12.2019).

Statistical Analysis

Data analyses were performed using Statistical Package
for the Social Sciences (SPSS) for Windows, version 22.0
(SPSS Inc., Chicago, IL, United States). The normality of the
continuous variables was tested by the Kolmogrov-Smirnow
test. Continuous data are described as mean + standard
deviation (SD) and categorical data were described as the
number of cases (%). Statistical differences between two
independent groups were compared by Student’s t-test.
The differences among more than two independent groups
were analyzed by one-way ANOVA. When the p-value
from one-way ANOVA was statistically significant, post hoc
Bonferroni’s corrections were used with either a p-value of
0.0167 or 0.0125 to know which group differ from others.

Clinical and laboratory parameters associated with having
two or more risk factors for CVD were first evaluated using
univariate analysis. The factors that were significant in the
univariate analysis were then evaluated with multivariate
logistic regression analysis. Independent variables used in
the regression analysis were: gender; age at evaluation,
HbATc level; daily insulin dose; duration of diabetes; and

presence of type 2 diabetes in the family. A p-value of less
than 0.05 was considered statistically significant.

Results

Three hundred and sixty-five patients (200 girls, 54.8%)
who were followed for at least three years with the diagnosis
of TID were included in the study. The mean age of the
patients at the time of evaluation was 16.4+3.7 years,
and ranged from 10 to 21 years. Mean age at diagnosis
was 9.6 + 3.6 years (range 5-17 years), and mean diabetes
duration was 7.0 + 3.1 years (range 3-14 years). Most (89 %)
of the patients were using multiple-dose insulin therapy and
11 % were using insulin pump therapy. Mean HbAlc was
8.8+ 2.6%, and mean total daily insulin dose was 1.0+ 0.3
IU/kg. There was no difference between boys and girls in
terms of age at evaluation, HbA1c level, duration of diabetes
and daily dose of insulin.

The prevalence of OW, and Ob was 19.3%, and 6.6%,
respectively, in the study population (22.6%, and 8% in
girls and 15.2%, and 4.9% in boys). The rate of OW and
Ob was significantly higher in girls than boys (p <0.001).
The three groups (NW, OW and Ob) were at similar ages
and had similar HbA1c levels at the time of the evaluation.
BMI-SD score was positively correlated to the duration of
diabetes (r=0.768, p<0.001). Daily dose of insulin per kg
body weight was the highest in the Ob group, followed by
the OW and NW group (1.7 + 0.3 IU/kg/d, 1.3 + 0.3 IU/kg/d,
and 0.9 + 0.2 1U/kg/d, respectively, p <0.001). The Ob group
had the highest rate of hypertension followed by the OW
and NW groups (p < 0.001). Moreover, the Ob group had the
highest mean LDL-c, TG and TC levels and the lowest HDL-c
levels, followed by the OW and NW groups (p<0.001,
p<0.001, p<0.001 and p <0.001, respectively) (Table 1).

Table 1. Clinical and laboratory characteristics of patients with T1D according to the BMI percentiles

A B C Overall AvsB AvsC BvsC
Normal weight Overweight Obese p p p p
Gender
Girl 138 (38.0%) 45 (12.4%) 16 (4.4%) <0.001 <0.001* <0.001* 0.004*
Boy 131 (36.1%) 25(6.9%) 8(2.2%) <0.001 <0.001* <0.001* 0.006*
Age at evaluation (years) 16.3+3.6 16.7+3.4 16.7+2.9 0.415
HbAlc (%) 88+2.5 87+1.4 85+1.0 0.625
Insulin dose (IU/kg/day) 0.9+0.2 1.3+0.3 1.740.3 <0.001 <0.001* <0.001* <0.001*
Duration of diabetes (years) 6.4+2.8 79+2.5 109+ 1.6 <0.001 0.003* <0.001* <0.001*
Total cholesterol (mg/dL) 168.7+33.4 185.2+29.5 245.6+13.0 <0.001 <0.001* <0.001* <0.001*
HDL-c (mg/dL) 61.7+13.2 56.1 +8.5 47.0+£2.9 <0.001 0.009* <0.001* 0.003*
LDL-c (mg/dL) 99.4+28.4 1245+ 13.0 143.8+8.8 <0.001 <0.001* <0.001* <0.001*
TG (mg/dL) 89.6+46.5 112.3+£30.6 1753 +12.4 <0.001 <0.001* <0.001* <0.001*

*Significant after adjusting for multiple comparisons (Bonferroni’s correction; p value for significance 0.0167).
HbA1c: hemoglobin Alc, HDL-c: high density lipoprotein-cholesterol, LDL-c: low density lipoprotein-cholesterol, TG: triglyceride, BMI: body mass index, T1D: type 1

diabetes
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Overall, hypertension prevalence was 9.4% in the whole
population. The rate of hypertension was highest in OW/
Ob girls, followed by OW/Ob boys, and similar in NW girls
and boys (p=0.003) (Table 2). Mean LDL-c and TG levels
were highest in OW/Ob girls, followed by OW/Ob boys, NW
girls and NW boys, respectively (p<0.001 and p<0.001
respectively) (Figure 1, Panel 2, 3 and Supplementary Table
1). The mean HDL-c levels were similar among groups
(Figure 1, Panel 1 and Supplementary Table 1). Rates of
high LDL-c and TG were similar between OW/Ob girls and
boys and higher than in NW girls, followed by NW boys
(p<0.001 and p<0.001, respectively) (Table 2). The rate of
low HDL-c was similar in OW/Ob girls and boys, and higher
than in NW girls, followed by NW boys (p < 0.001) (Table 2).
The proportion having at least two risk factors for CVD was
highest in the OW/Ob girls, followed by OW/Ob boys, NW
girls, and lowest in NW boys (p <0.001) (Table 2). Overall,
girls were 1.9 times more likely than boys to have two or
more risk factors for CVD (37/199 vs 16/164).

Panel 1 Panel 3
80 3
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260 B3 OW/Ob Girls .‘Tn: =3 OW/Ob Girls
£ =1 NW Boys 3 200 = NW Boys
@ 2
'S 40 =3 OW/Ob Boys 3 =31 OW/Ob Boys
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i ;
I 3]
0 E o
= 1
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Panel 2 Panel 4
200 . = 200 .
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= =)
3 . .
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w >
E 100 =3 OW/Ob Boys 2 400 =3 OW/Ob Boys
2 3
? K]
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Figure 1. Lipid levels of patients with T1D according to gender
and weight status. Panel 1: HDL-c levels: There was no significant
difference among four groups. Panel 2: LDL-c levels: NW Girls vs
OWI/Ob Girls <0.0125, NW Girls vs NW Boys < 0.0125, NW Girls
vs OW/Ob Boys <0.0125, OW/Ob Girls vs NW Boys <0.0125,
OW/Ob Girls vs OW/Ob Boys <0.0125, NW Boys vs OW/Ob
Boys <0.0125. Panel 3: Total cholesterol levels: NW Girls vs OW/
Ob Girls <0.0125, NW Girls vs NW Boys <0.0125, NW Girls
vs OW/Ob Boys <0.0125, OW/Ob Girls vs NW Boys <0.0125,
OW/Ob Girls vs OW/Ob Boys <0.0125, NW Boys vs OW/Ob
Boys <0.0125. Panel 4: TG levels: NW Girls vs OW/Ob Girls
<0.0125, NW Girls vs NW Boys <0.0125, NW Girls vs OW/Ob
Boys <0.0125, OW/Ob Girls vs NW Boys < 0.0125, OW/Ob Girls
vs OW/Ob Boys < 0.0125, NW Boys vs OW/Ob Boys <0.0125

NW: normal weight, OW: overweight, Ob: obese, HDL-c: high density
lipoprotein-cholesterol, LDL-c: low density lipoprotein-cholesterol
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The patients with two or more risk factors for CVD were
older, had higher HbAlc levels, were using a higher dose of
daily insulin per kg of body weight, and had longer duration
of diabetes in comparison to those with a low risk for CVD
which persisted in gender specific analyses (Table 3).

Factors associated with risk for CVD in multiple logistic
regression analyses were being a girl, followed by higher
daily insulin dose, higher HbAlc, and longer diabetes
duration (r=0.856; p <0.001) (Table 4).

Discussion

The prevalence of obesity in children and adolescents with
T1D is increasing, in parallel with the general population
(6,19,20). One in four T1D patients in this study had a
BMI over the 85" percentile, which is a higher prevalence
than that of healthy Turkish children (21,22,23). Although
there are no nationwide statistics on the frequency of Ob in
children and adolescents with T1D, a few regional studies
also found a similar prevalence (24,25). Previous research
from various regions of the world revealed that 25-38.5% of
children with T1D were either OW or Ob (6,8,9). According
to the Diabetes Control and Complications and The
Epidemiology of Diabetes Interventions and Complications
Trials (EDIC), intensive insulin treatment, that is multiple
insulin injections and insulin pumps, may be responsible for
the increased prevalence of Ob in T1D patients compared to
the non-diabetic population (26).

In the present study, girls were 1.5 times more likely to be
OW/Ob than boys (30.6% vs 20.1 %), whereas this is more
common in boys in the non-diabetic pediatric population
(21,27). There are similar studies showing that girls
with T1D are particularly vulnerable to become OW/Ob,
particularly during puberty (11,28). It is not known exactly
why the obesity rate is higher in girls with T1D although
insulin resistance, gender-specific hormonal differences,
changes in body composition and energy metabolism
during puberty in girls and boys may all contribute to the
observed sex-related disparities in prevalence of OW/Ob in
children and adolescents with T1D (14,29).

The most common cause of death in TID is CVD. The
prevalence of CVD-related and all-cause mortality is
ten times higher in people with TID than in the general
population, despite recent advances in glycemic control
and CVD risk management (30). The cumulative incidence
of coronary artery disease by age 55 is as high as 35% in
T1D compared to <10% in the non-diabetic population.
Risk of stroke is four times higher in T1D compared to non-
diabetic population. Similarly, people with T1D have a five-
fold higher risk and incidence of peripheral vascular disease
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Table 2. Clinical and laboratory characteristics of the patients with T1D according to BMI percentiles and gender

A B C D Overall AvsB AvsC AvsD BvsC BvsD CvsD
NW Ow/Ob NW OW/Ob p value p p p p p p
Girls Girls Boys Boys
(n=38) (n=61) (n=131) (n=33)

Age at evaluation 162427 166+38 164+3.7 169+35 0498

(yrs)

HbATc (%) 87+1.6 85+1.0 89+3.1 8.6+1.8  0.649

Hypertension 5.8% 21.3% 6.1% 15.2% 0.003 <0.001* 0.716 <0.001* <0.001* 0.008* <0.001*
(8/138) (13/61) (8/131) (5133)

TG 2150 mg/dL 14.5% 34.4% 6.1% 27.3% <0.001 <0.001* <0.001* <0.001* <0.001* 0.020 <0.001*
(20/138)  (21/61) (8/131) (9133)

HDL-c <40 mg/dL  11.6% 21.3% 6.1% 18.2% <0.001 <0.001* 0.003* 0.005* <0.001* 0.678 <0.001

(girls > 16 years of (16/138) (13/61) (8/131) (6/33)

age <50 mg/dL)

LDL-c 2100 mg/dL  36.2% 62.3% 22.9% 54.6% <0.001 <0.001* 0.006* 0.002* <0.001* 0.392 <0.001*
(50/138)  (38/61) (30/131) (18/33)

Dyslipidemia 36.2% 62.3% 22.9% 54.6% <0.001* 0.006* 0.002* <0.001* 0.392 <0.001*
(50/138)  (38/61) (30/131) (18/33)

At least two 11.6% 34.4% 53% 27.3% <0.001 <0.001* 0.002* <0.001* <0.001* 0.009* <0.001%

criterias positivity ~ (16/138)  (21/61) (71131) (9133)

for MS [obesity
and/or TG 2150
mg/dL and/or HDL
<40 mg/dL (girls
> 16 years of age
<50 mg/dL) and/
or hypertension]

*Significant after adjusting for multiple comparisons (Bonferroni’s correction; p value for significance 0.0125).
yrs: years, HbA1c: hemoglobin Alc, HDL-c: high density lipoprotein-cholesterol, LDL-c: low density lipoprotein-cholesterol, TG: triglyceride, BMI: body mass index, T1D:
type 1 diabetes, MS: metabolic syndrome, NW: normal weight, OW: overweight, Ob: obese

Table 3. Comparison of patients according to the presence of increased cardiovascular risk

All patients p Girls P Boys p
CVD risk (+) CVD risk (-) CVDrisk (+) CVD risk () CVD risk CVD risk (-)
(+)
Age at evaluation (yrs) 18.2+2.5 16.1+2.7 <0.001 18.1+25 1569423 <0.001 18.6+25 163+3.0 <0.001
Gender <0.001
Girls 37 (69.8%) 162 (62.3%)
Boys 16 (39.2%) 148 (47.7%)
HbATc (%) 9.7+1.4 8.6+1.9 <0.001 95+1.0 85+1.2 <0.001 103+1.9 8.7+2.4 <0.001
Insulin dose (IU/kg/ 1.4+£0.3 1.0+£0.3 <0.001 1.5+0.3 1.1£0.2 <0.001 1.3+0.2 09+0.3 <0.001
day)
Diabetes duration 97+1.5 6.6+2.6 <0.001 99+1.9 6.6+2.3 <0.001 9.1+2.38 6.5+2.3 <0.001
(yrs)
yrs: years, CVD: cardiovascular diseases, HbA1c: hemoglobin Alc
Table 4. Factors affecting having two or more risk factors for CVD based on multivariate regression analysis
Variables Standardized beta coefficient Odds ratio 95% CI p
Lowest Highest

Being a girl 5.605 11.483 6.480 18.095 <0.001
Longer diabetes duration 0.832 1.137 1.033 1.573 0.04
Higher HbA1c 0.980 2.633 1.179 12.011 0.03
Higher daily insulin dose 1.036 3.409 1.695 8.714 <0.001

CI: confidence interval, CVD: cardiovascular diseases, HbA1c: hemoglobin Alc
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than people without diabetes. Atherosclerosis begins in
childhood and is more common in children and adolescents
with T1D, as shown in autopsy and epidemiological studies
(31,32). Obesity may have a further impact on the risk
of CVD associated with T1D. The EDIC study reported a
significant increase in lipid levels and blood pressure in
subjects with excessive weight gain while using intensive
insulin therapy, similar to insulin resistance syndromes
(26). The results of the present study showed that CVD risk
factors in OW/Ob diabetic adolescents were more prevalent
than that of normal-weight adolescents with T1D. We also
showed that girls are more likely to have risk factors for CVD
in comparison to boys in a T1D population.

Hypertension is also more common in patients with
T1D than in the general population (33). Risk factors for
hypertension in adolescents with T1D include obesity
and hyperglycemia (34). In the current study the overall
prevalence of hypertension was similar to the figures
reported in previous studies (35). However, we showed
that hypertension was more common in Ob girls with T1D,;
this is in contrast to the prevalence in the Ob non-diabetic
population where hypertension is more common in boys
than in girls (36,37). However, it should be noted that this
difference 21% vs 15%, p=0.008) was less remarkable
than the difference between NW and the Ob diabetic
population (5-6 % vs 15-21 %, p<0.001).

Dyslipidemia is recognized as one of the most important
CVDrisk factor in patients with diabetes (38). Poor metabolic
control causes diabetic dyslipidemia, which is characterized
by increased LDL-c and TG levels and low HDL-c levels
(39,40). The EDIC study showed that elevated LDL-c and
low HDL-c lasting more than 10 years were associated with
a higher CVD risk in the T1D population (41). Diabetes
is a disease that causes accelerated atherosclerosis and
therefore requires regular lipid monitoring and early
intervention (42). Most studies showed that 26-58% of
children with T1D have lipid levels above these defined
values (43,44,45). Adolescent girls with T1D were reported
to have higher mean TG, LDL-c, and Apolipoprotein B levels
than boys, although HbAlc levels were not different from
boys, suggesting that girls with T1D are at risk for CVD
starting from younger ages (45). In the current study, the
mean LDL-c and TG were greater in Ob girls than in Ob
boys, however the prevalence of increased LDL-c and TG as
CVD risk factors was similar in both Ob boys and girls with
T1D and was significantly higher than that of NW girls with
T1D followed by that of NW boys with T1D. In addition,
similar to other studies, there was no difference in HbAlc
values between the four groups. Despite comparable mean
levels across all groups, prevalence of low HDL-c as a risk

16

factor was associated with similar variation in the current
study. These findings suggest that obesity plays a significant
role in inducing dyslipidemia, and that female sex may also
be a secondary risk factor.

A recent study showed that the rate of MS was higher in
OW (8.1%) and Ob (35.3%) cases than NW (4.9%) in a
population of children, adolescents and young adults with
T1D (14). These rates were higher than those in the non-
diabetic population where it is reported to have a median
prevalence of 11.9% (range 2.8-29.3%) and 29.2% (range
10-66%) in OW and Ob children, respectively (46). The
prevalence of MS (0-1 %) is even lower in NW, non-diabetic
children (46). In children and adolescents, a limited number
of studies report a gender predilection for MS, which is
mostly in favor of boys (36). However, this predilection does
not seem to be preserved in patients with T1D (47,48).

The presence of at least two risk factors for CVD, such as
the presence of obesity (BMI =85 percentile), high TG levels,
low HDL-c levels, and hypertension were considered as
increased cardiovascular risk in the current study. In the
current study, a high proportion of OW/Ob adolescents with
T1D also had other CVD risk factors including elevated TGs
(31.9%), elevated blood pressure (19.1 %) and low HDL-c
(20.2%). Similar to our study, different studies have shown
that the risk of hypertension and dyslipidemia increases
with an increase in BMI and the majority of Ob children
with TID had at least two CVD risk factors (13,49). This
is important because the coexistence of multiple CVD risk
factors increases the risk of morbidity and mortality. Having
a higher number of CVD risk factors is associated with more
progressive early atherosclerotic lesions (50,51).

In the current study, approximately 20% of the girls and
10 % of the boys with T1D had at least two CVD risk factors.
Girls were twice as likely to have a CVD risk factor as boys.
In addition to obesity, being female appears to be a risk
factor in terms of CVD. In the regression analysis the most
important factor increasing the CVD risk factor was being
a girl. In Ob girls, the presence of CVD risk factors was
approximately three times more common than in normal-
weight girls and 1.3 times more common than in Ob boys
(34.4% vs 11.6%, and 34.4% vs 27.3%, respectively).
Brown et al. (52) showed that TC, LDL-c, BMI and blood
pressure were higher in adolescent girls than boys, similar
to our findings. The prevalence of co-existence of several
CVD risk factors has been reported to be more common in
girls than in boys (40,53,54,55).

Given the later onset of CVD in women in the general
population, premenopausal women appear to be
protected from CVD compared to men of similar age.
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These differences among genders have been attributed
to biological differences, including sex chromosomes
and hormonal status, as well as to gender differences in
behavioral and sociocultural aspects (56). Considering that
the risk of CVD increases as estrogen levels decrease after
menopause, estrogens appear to be protective against CVD.
By increasing the amount of HDL-c and inhibiting LDL-c
oxidation, estrogen in the blood causes a lipoprotein profile
change, which reduces the accumulation of oxidized LDL-c
in the arterial wall (57). Gender-related protection from CVD
is lost in females with diabetes. Females with T1D have a
roughly 40% greater risk of all-cause death and twice the
risk of fatal and non-fatal vascular events compared to
males with T1D (58). It is not fully explained why the CVD
risk is higher in females with T1D compared to males. The
mechanisms proposed to date argue for gender differences
in both biological and psychosocial factors, as well as in
the management of diabetes and CVD risk factors (35).
Hormonal changes seen in women with T1D may contribute
to a greater atherogenic lipid profile, insulin resistance,
higher inflammation, and loss of vasoprotective effect (59).
This is a mechanism that warrants further investigation. It
was also thought that the higher prevalence of OW/Ob and
CVD risk in adolescent girls with T1D might be related to
the difficulties encountered in the management of T1D in
this population. Sedentary lifestyle and physical inactivity,
which are among the leading modifiable risk factors for
CVD, are more common in girls with TID compared to
boys (59).

There is also substantial evidence that insulin resistance
in TID may diminish the female protection against CVD.
The CACTI study has shown that adults with TID have
increased insulin resistance compared to nondiabetic
controls (60) and, more recently, that this effect of TI1D on
insulin resistance appears to be greater in women (61). The
reasons for greater insulin resistance in women with T1D
compared to women without diabetes are unclear, but it is
thought that differences in estrogen levels may play a role.
It has been also shown that healthy girls are less insulin
sensitive than boys, but compensate for their decreased
sensitivity with increased insulin secretion (62). However,
this compensation does not exist in diabetic children and
adolescents.

It is also not clear when excess CVD risk begins in women
with TID. We have shown that sex differences in the
prevalence of CVD risk factors emerge in the early course of
T1D, beginning with adolescence. In particular, adolescent
girls with T1D have higher CVD risk factors than boys.
Therefore, early diagnosis and gender-specific intervention
in girls and young women with T1D will facilitate earlier

reduction of the risk of CVD with its attendant morbidity
and mortality later in life.

Study Limitations

One of the strengths of this study was the large sample size
of children and adolescents with a long follow-up period
from a single center. Participants in the study were exposed
to comparable management strategies, which is an strength.
However, this study also has some limitations. First, since
data were gathered retrospectively, measurements such
as waist circumference were absent, despite the fact that
it is optimal to evaluate obesity using waist circumference
in children and adolescents. Second, some potential
confounders of obesity and CVD risk, including levels of
physical activity, dietary practice, and socioeconomic status,
were not accounted for. Thirdly, this was not a longitudinal
study, nor was it a population-based study and thus the
prevalence rates are not applicable to the entire population
of children and adolescents with T1D. The last limitation
was that we did not compare our patients to a control group
of non-diabetic children.

Conclusion

This study showed that more than a quarter of children
and adolescents with T1D were OW or Ob. In spite of the
increased prevalence for obesity in both sexes, the trend for
CVD risk factors was increased most in Ob girls, followed by
Ob boys and then girls who were of NW.

Girls with T1D are more likely to be OW and Ob and to
have CVD risk factors than boys, highlighting the need for
early intervention and additional studies to elucidate the
causes. Interventions to reduce the risk of CVD in adults
with T1D should begin from childhood and be tailored to
compensate for gender variations. Individuals with T1D
may experience less CVD morbidity and mortality as a
result of early identification of CVD risk factors and possible
gender-specific treatments, which may ultimately lead to
better long-term outcomes.
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What is already known on this topic?

Type 1 diabetes mellitus (T1D) is an autoimmune disease characterized by the depletion of pancreatic p-cells, hypoglycemia, and
elevated inflammatory cytokines in the case of serum vitamin D deficiency (VDD). Vitamin D receptor (VDR) haplotype polymorphisms
are associated with T1D in several population.

What this study adds?

The genotype frequency of VDR gene polymorphisms FoklI (rs2228570 C/T)-FF is significantly higher in T1D patients than controls and
this relationship is reversed in the FokI-Ff genotype. VDD appears to be contributing risk factor to T1D development in South Indian
children.

Abstract

Objective: Vitamin D is a potent immune modulator and is associated with autoimmune diseases, including type 1 diabetes (T1D).
The vitamin D levels and its receptor gene polymorphisms together in T1D are not yet investigated in the South Indian population. The
present study focused on exploring the significance of vitamin D levels and vitamin D receptor (VDR) gene polymorphisms with the risk
of developing T1D in the South Indian population.

Methods: Patients with T1D and unaffected first-degree relatives (FDRs) were included in this study. Genotyping of VDR polymorphisms
at four different loci (FoklI- F/f, Bsml- B/b, Taql- T/t, and Apal- A/a) was assessed through the amplification refractive mutation system-
polymerase chain reaction method. Serum vitamin D levels were measured in 98 T1D patients and 75 age- and sex-matched siblings.
Results: A total of 120 patients with T1D and 214 FDRs were included. Vitamin D deficiency (VDD) was observed in a higher proportion
of T1D patients than in controls (52% vs. 32%; p <0.03). The frequency of the FokI-FF genotype was significantly higher [odds ratio
(OR)=1.66; p<0.03] in T1D patients conferring a susceptible association with the disease. Nevertheless, the increased frequency
of heterozygous Ff genotype (OR=0.57; p<0.02) among controls may confer a protective association with T1D. Furthermore, the
transmission disequilibrium test revealed over-transmission of Apal-A (T: U= 15/5; p <0.006) and BsmlI-B alleles (T: U=17/5; p<0.01)
and under-transmission of Bsml-b/Apal-a/Tagl-T haplotype (T: U=5.4/14.4; p=0.04) from parents to T1D patients.

Conclusion: The present study concludes that VDD is the major contributing risk factor to T1D development in the South Indian
population. Furthermore, the FokI-FF genotype, BsmlI-B, and Apal-A alleles were positively associated with T1D. In contrast, the FokI-Ff
genotype and Bsml-b/Apal-a/Tagl-T haplotype were negatively associated with T1D.

Keywords: Vitamin D, type 1 diabetes, autoimmunity, polymorphism, vitamin D receptor, B-cells
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Introduction

Type 1 diabetes mellitus (T1D) is characterized by the
destruction of insulin-producing B-cells of pancreatic islets
due to aberrations in both humoral and cell-mediated
immunity (1,2). As a result of this autoimmune process,
the pancreas produces very little or no insulin, which
leads to development of T1D. In 2021 approximately 8.4
million individuals were reported to have T1D worldwide.
Of these ~ 1.5 million were younger than 20 years, 5.4
million were in the age group of 20-59 years, and 1.6
million were aged 60 years or older. Furthermore, there
were 0.5 million new cases diagnosed, and about 35,000
undiagnosed individuals died within 12 months of
symptomatic onset in 2021. One-fifth of individuals with
T1D are living in low-income and lower-middle-income
countries. Alarmingly, this group has predicted an increase
in prevalent cases to 13.5-17.4 million in low-income and
lower-middle-income countries by 2040 (3). The exact
pathophysiology of T1D is still not yet understood but is
associated with a wide range of genetic and environmental
factors, especially viral infection and nutrition, or a
combination of both genetics and environment (4,5,6).
Among the various risk factors, having a family history
of T1D is associated with an increased risk of developing
the disease.

Vitamin D and its receptor are well known to play a
prominent role in T1D development (6). Vitamin D
deficiency (VDD) is a major health issue in various
populations, including India, even with abundant sunshine
(7,8). The rate of T1D incidence is reported to be steadily
increasing and is associated with VDD across global
populations (9,10). The ability of vitamin D to prevent
T1D could be attributed to its immunoregulatory effect.
Indeed, vitamin D plays a dynamic role in the inhibition
of macrophage stimulation, antigen-presenting cell
maturation, and dendritic cell differentiation, affecting
the cytokine paradigm, and reducing the expression of
human leukocyte antigen (HLA) class I molecules and
Fas, thereby leading to reduced pancreatic B-cell damage
(4,11). Although HLA class I and II loci are known to play
a major role in T1D development, non-HLA genes such as
the genes for proinflammatory (tumor necrosis factor-a,
interferon-y, IL-1, and IL-6) and anti-inflammatory
cytokines (IL-10, IL-12, IL-13 and transforming growth
factor-p) and vitamin D associated factors (VDR, CYP2R1,
CYP27B1, CYP24A1, and DBP) have also been reported
as high-risk factors (12,13,14,15).

VDR is a member of the nuclear hormone receptor family
that exhibits a functional effect upon binding to vitamin
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D. Furthermore, the VDR-vitamin D heterodimerizes with
retinoid X receptor. This binds to the vitamin D response
element located in the promoter region of vitamin D
responsive genes leading to the recruitment of co-activators
or co-repressors to regulate the transcription of the genes
(16). The VDR gene is located on chromosome 12qg13.11.
This gene contains nine exons and spans ~ 75 kb of
genomic DNA. Principally, exon 2-9 encode 427 amino
acids containing VDR protein isoforms that consequence
to include the DNA-binding (2-3 exon) and the vitamin
D-binding (5-9 exon) regions (17). More than 8700 VDR
gene polymorphisms have been described in healthy and
various disease conditions among various populations
(https://www.ncbi.nlm.nih.gov/pmc/).  Particularly, VDR
gene single nucleotide polymorphisms (SNPs) at four loci,
namely Fokl- F/f (rs2228570 C/T), Bsml- B/b (rs1544410
T/C), Apal- Ala (rs7975232 T/C) and Tagl- T/t (rs731236 T/Q)
are known to be closely involved in vitamin D metabolism
and vitamin D levels, and may thereby act as risk factors
for developing T1D (18). Previous studies have reported
one or more VDR polymorphisms associated with T1D
(19,20,21,22,23,24,25,26). However, other studies have
failed to lend support to this association (19,27,28,29,30).
Vitamin D status and VDR gene polymorphisms are yet
to be investigated in T1D in various ethnicities, including
South Indians. Hence, the present study set out to
explore the significance of vitamin D levels and VDR gene
polymorphisms and the risk of T1D in the South Indian
population.

Methods

Study Subjects

Participants including patients diagnosed with T1D and
unaffected relatives [comprising parents, first-degree
relatives (FDR), and 36 trios] belonging to 120 families were
recruited from Government Rajaji Hospital, Madurai, Tamil
Nadu, India. The T1D patients were diagnosed and stratified
for inclusion in this study based on the American Diabetes
Association guidelines (31). Approximately 5 mL of venous
blood was obtained from all participating individuals
throughout the year because of the climate in the country.

DNA Extraction and Serum Separation

The serum was separated from ~ 1.5 mL of clotted blood.
In addition, genomic DNA was extracted from ~ 3.5 mL
of ethylenediaminetetraacetic acid blood by the salting-
out method (32). Serum and genomic DNA were stored at
-80 °C and -20 °C, respectively, for further analysis.
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Estimation of Serum 25 (OH)-vitamin D Levels

Serum 25-hydroxyvitamin D, and D, [25 (OH)-D, and
25 (OH)-D,] levels were measured by enzyme-linked
immunosorbent assay according to the manufacturer’s
instructions (DIA source Immunoassays S.A., Belgium). The
serum 25 (OH) vitamin D status was classified as VDD <10
ng/dL, vitamin D insufficiency (VDI) 11-30 ng/dL, vitamin D
sufficiency (VDS) 31-50 ng/dL and vitamin D toxicity (VDT)
> 100 ng/dL, based on the Clinical Practice Guidelines of the
Endocrine Society (33).

VDR Genotyping

The VDR FoKI-F/f (rs2228570 T>C), BsmI-B/b (rs1544410
A>Q), Apal-Ala (rs7975232 C>A), and Taql-T/t (rs731236
T>C) polymorphisms were analyzed using amplification
refractive mutation system-polymerase chain reaction
method, as previously described (34).

This study was approved by the Institutional Ethics
Committees of Madurai Kamaraj University (MKU/IRB/11/11)
and Government Rajaji Hospital (ref no: 23339/E4/3/10,
date: 12.04.2011). The participant’s written informed
consent was obtained along with a detailed questionnaire.

Statistical Analysis

Vitamin D levels were compared between T1D patients
and siblings by Student’s t-test. Prior to the familial
association analysis, genotype data of 36 trio families were
assessed for quality control. Out of 36 families, 33 trios
qualified for further analyses. Single-point and multi-point
association analyses were carried out for the transmission

disequilibrium test (TDT). To obtain empirical p values,
10,000 permutations were run for each analysis, and a p
value of <0.05 was considered statistically significant. TDT
and Linkage disequilibrium (LD) analyses were performed
using Haploview 4.2v (35).

The association of alleles, genotypes, and haplotypes
with T1D was tested through odds ratio (OR) with a 95%
confidence interval. Logistic regression analysis was
conducted to correlate VDR SNPs with serum vitamin D
status. Continuous and categorical variables are presented
as mean + standard deviation and percentage, respectively.
All exploratory data analyses were performed using Epi-info
7v (https:/lwww.cdc.gov/epiinfo/index.html), R programme
(www.R-project.org/), and STATA 14v (College Station,
TX: StataCorp LLC). The level of significance was set at a
p<0.05.

Bioinformatics Analysis

Pathogenicity prediction scores of nonsynonymous (ns) VDR-
Fokl (rs2228570) SNP was performed using SIFT, SIFT4G,
Polyphen2_HDIV, Polyphen2_HVAR, LRT, MutationTaster,
MetaSVM, MetaLR, PrimateAl, DEOGENZ, BayesDel_addAF,
BayesDel_noAF, ClinPred, and LIST-S2 tools, which are
genome-scale based. These query variants can be classified
as likely pathogenic/deleterious or neutral/benign properties
by the above 14 tools through dbNSFP V4.1a on VannoPortal
(36,37). This portal also archives five major classes of
annotations including basic SNP information, evolutionary
annotation, disease association, SNP regulatory potential,
and SNP pathogenicity and variant pathogenicity.

Table 1. Demographical and clinical categorization of T1D patients and their family members in the study

T1D patients and age at onset

First degree relatives

Characteristics All patients <10 yrs
No. of patients 120 34

Age (year)

Mean + SD 24.10+£10.07 16.11 £6.42
Range 4-50 4-32
Gender

Male 70 (57.78%) 20 (58.82%)
Female 51 (42.14%) 14 (41.18%)
Disease duration

<2yrs 4(3.28%) 2 (5.88%)
2-5 yrs 41 (34.43%) 6 (17.65%)
6-10 yrs 37 (30.33) 13 (38.23%)
11-15 yrs 19 (15.57%) 5(14.71%)
> 15 yrs 20 (16.39%) 8 (23.55%)

11-20 yrs >20 yrs Parents Siblings

56 30 120 94

30.31 £ 14.08 30.31 £ 14.21 42.92+9.92 20.55+12.33
13-40 23-50 25-72 1.5-65

32 (56.90%) 17 (56.67 %) 44 (36.67%) 56 (59.57 %)
24 (43.10%) 13 (43.33 %) 76 (63.33%) 38 (40.42%)
10 (17.24%) 2(6.67%) -

17 (32.76%) 7(23.33%)

16 (27.59%) 8 (26.67%)

7 (12.07 %) 7(23.33%)

6 (10.34%) 6 (20.00%)

First-degree relatives are comprised of parents and siblings; continuous variables are expressed as mean + SD; categorical variables are expressed as n (%).

T1D: type 1 diabetes, yrs: years, SD: standard deviation
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Results

A total of 334 participants (120 T1D patients and 214
controls) belonging to 120 families (comprising parents,
FDR, and 36 trios) were recruited. The detailed demographic
and clinical variables of the T1D patients and their FDRs are
presented in Table 1. All 334 individuals were characterized
by VDR genotyping. Furthermore, serum vitamin D levels
were measured in 173 (51.7 %), including 98 (81.7%) T1D
patients and 75 age- and sex-matched siblings.

Vitamin D Status

Serum vitamin D levels and their status distribution in T1D
patients and siblings are presented in Table 2 and Figure
1. Vitamin D [25 (OH)] level was significantly lower in
T1D patients (9.73 +7.82 ng/dL) than in healthy siblings
(16.17 + 11.48 ng/dL). The distribution of vitamin D status
among T1D patients and siblings was: VDD 52% vs 36 %
respectively, VDI 43.9% vs 53.1 %, respectively, and VDS
4.1% vs 13%, respectively. However, no participant was
classified as VDT in the study population.

VDR Polymorphisms in Trios

TDT analysis revealed that VDR-Apal-A (T. U=15/5;
p=0.006) and VDR-BsmlI-B (T: U=17/5; p=0.01) alleles
were significantly over-transmitted from parents to T1D
patients. However, the VDR-FokI-F and VDR-Taql-T alleles did
not show any deviation in allele transmission. Furthermore,
haplotype Bsml-b/Apal-a/Taql-T (baT) was significantly
under-transmitted (T: U=5.4/14.4; p=0.04) from parents
to T1D patients (Table 3).

LD analysis identified a single haplotype block, comprising
VDR Taql-Apal-Bsml (Figure 2). High LD was observed

50
1
.o

40

30
1

10

25 (OH) vitamin D level, ng/dL
20
1

0
1

Controls T1D Patients

Figure 1. Serum 25 (OH) vitamin D levels (ng/dL) in T1D patients
and controls

T1D: type 1 diabetes
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between Taqgl-Apal (D’=1.0; LOD =14.02; r2 =0.45), Taql-
Bsml (D’=0.92; LOD=19.9; r2=0.68) and Bsml-Apal
(D’=1.0; LOD=18.73;r2=0.62).

VDR Polymorphisms in Patients and FDRs

Allele and genotype frequencies of VDR polymorphisms
(Fokl, Bsml, Apal, and Taql) are presented in Table 4. The
genotype frequency of FokI-FF (OR=1.66; p=0.03) was
significantly more common in T1D patients than FDRs,
while the FokI-Ff genotype frequency (OR=0.5; p=0.02)
was significantly lower in T1D patients than FDRs.
However, genotype and allele frequencies of Bsml, Apal,

Table 2. Vitamin D status and its distribution among T1D
patients and siblings

Parameter T1D patients (%) Siblings (%) p
Subjects 98 75
Vitamin D, ng/mL 9.73+7.82 16.17 £11.48 0.00001
Deficiency (%) 51 (52.0) 27 (36.0) 0.03
Insufficiency (%) 43 (43.9) 39 (52.0) 0.29
Sufficiency (%) 4 (4.1) 9 (12.0) 0.05
T1D: type 1 diabetes
11
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Figure 2. LD plots of the VDR gene polymorphism associated
with T1D: The physical position of each SNP is shown above
the plot as a white bar. The black outline denotes the haplotype
block. Color intensity indicates the value of D’ from white
(D’=0)tored (D’'=1)

VDR: vitamin D receptor, LD: Linkage disequilibrium, SNP: single
nucleotide polymorphism



] Clin Res Pediatr Endocrinol

2024;16(1):21-30

Thirunavukkarasu R et al.

Association of Vitamin D Deficiency and VDR Gene Polymorphisms with Type 1 Diabetes Mellitus

Table 3. TDT analysis of VDR alleles and haplotypes

transmission from parents to siblings in trio families

Genotype/haplotype
VDR-Allele

Taql-T

Apal-A

Bsml-B

FokI-F
VDR-Haplotype
Bsml-b/Apal-A/Taql-T
Bsml-b/Apal-a/Taql-T
Bsml-B/Apal-A/Taql-t
Bsml-B/Apal-A/Taql-T
Bsml-b/Apal-A/Taql-t

T:U

18:14
18:05
17:05
12:10

14.9:8.8
5.4:14.4
7.4:8.6
54:1.2
1.1:1.2

MAF %2 value

023 05
047 753
038 6.5
0.41 0.18
0.39 1.6
0.38 4.1
0.11 0.09
0.07 2.64
0.02 091

P

0.48
0.006
0.01
0.67

0.2
0.04
0.76
0.1
0.91

T: U copies of the minor allele transmitted (T) and non-transmitted (U) from
heterozygous parents to affected offspring; MAF minor allele frequencies in type

1 diabetes (T1D) patients.

VDR: vitamin D receptor, TDT: transmission disequilibrium test

and Tagl did not show significant differences between
the study groups. Likewise, there were no significant
differences in the distribution of VDR genotypes and
haplotypes based on the age at onset of the disease (data
not shown). Logistic regression analysis of VDR genotypes
and vitamin D status (VDD, VDI, and VDS) did not show
a significant association with T1D (Supplementary
Table 1).

Discussion

Vitamin D status is reported to be associated with a
predisposition to immunological disorders such as T1D,
rheumatoid arthritis, dermatomyositis, multiple sclerosis,
systemic lupus erythematosus, hepatitis, asthma,
inflammatory bowel disease, and microbial infections
(38). Indeed, Vitamin D exerts immune-modulatory

Table 4. Distribution of genotype and allele frequencies of VDR gene polymorphisms in T1D patients and controls

VDR-SNPs
FokI-genotype
FF

Ff

ff

Allele

F

f
Bsml-genotype
BB

Bb

bb

Allele

B

b
Apal-genotype
AA

Aa

aa

Allele

A

a
Taql-genotype
TT

Tt

tt

Allele

T

t

Patients, n=120 (%)

76 (63.33)
39 (32.5)
5(4.17)

191 (79.58)
49 (20.42)

34 (28.33)
50 (41.67)
36 (30.0)

118 (49.17)
122 (50.83)

20 (16.67)
53 (44.16)
47 (39.17)

93 (38.75)
147 (61.25)

25 (20.83)
54 (45.00)
41 (34.17)

104 (43.33)
136 (56.67)

Controls, n=214 (%) OR 95% CI P
109 (50.94) 1.6639 1.0526-2.6302 0.03
98 (45.79) 0.5699 0.3572-0.9093 0.02
7 (3.27) 1.2857 0.3990-4.1429 0.67
316 (73.83) 1.3816 0.9441-2.0217 0.09
112 (26.17)

76 (35.51) 0.7179 0.4416-1.1669 0.18
81 (37.85) 1.1728 0.7433-1.8506 0.49
57 (26.64) 1.1805 0.7201-1.9351 0.51
233 (54.44) 0.8095 0.5898-1.1110 0.19
195 (45.56)

34 (15.89) 1.0588 0.5788-1.9371 0.85
102 (47.66) 0.8686 0.5543-1.3611 0.53
78 (36.45) 1.1226 0.7085-1.7788 0.62
170 (39.72) 0.9601 0.6945-1.3274 0.8
158 (60.28)

35 (16.36) 1.3459 0.7608-2.3807 0.3
102 (47.66) 0.8984 0.5736-1.4071 0.63
77 (35.98) 0.9234 0.5775-1.4764 0.73
172 (40.19) 1.1382 0.8263-1.5677 0.42
256 (59.81)

OR: odds ratio; 95% CI: 95% confidence interval, T1D: type 1 diabetes, VDR: vitamin D receptor, SNPs: single nucleotide polymorphisms
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effects, such as successive reduction in T-cell infiltration,
decrease in proinflammatory cytokines, and suppression
of the autoimmune process, which could be expected to
delay the development of T1D (38). Moreover, vitamin
D supplementation for women during pregnancy and
infant life has been recognized as a protective factor
against T1D (39,40,41). Similarly, vitamin D treatment
potentially improves glycemic control in T1D children and
adolescents (42). Although the significance of vitamin D
status in T1D patients is widely recognized, the influence
of VDD on T1D incidence remains unclear (43). The
present study findings show that VDD is more common
in diagnozed patients with T1D than in their unaffected
relatives, which is in agreement with the earlier reports
from Swedish, Qatari, North Indian, Iranian, American,
Egyptian, Australian, Italian, Saudi Arabian, and
Bangladesh populations (44,45,46,47,48,49,50,51,52
,563). Further, a meta-analysis study also reported that
VDD was significantly more common in the T1D group
(10). Nevertheless, a lower VDD frequency is reported in
Quatrain and Egyptian populations (24,44).

Vitamin D pathway genes, such as VDR, CYP27AI,
CYP27B1, CYP2R1, CYP24A1, and vitamin D binding protein
(VDBP) not only control vitamin D biosynthesis and its
transport but also influence the cytokine levels in various
autoimmune diseases, including T1D (54,55,56). Vitamin
D plays a major role in the regulation of insulin secretion
from pancreatic B-cells (57,58). VDR polymorphisms in
the 3°UTR region are well known to affect its translation
and mRNA stability. Predominantly, the Bsml, Apal, Taql,
and Fokl SNPs are the most commonly studied VDR gene
polymorphisms in association with non-skeletal outcomes,
including T1D (59). However, limited familial studies are
reporting the transmission of VDR alleles, genotypes,
and haplotypes from parents to TI1D-affected children
(27,30,60,61,62,63,64,65,66).

In the present study, the Bsml-B and Apal-A alleles were
over-transmitted, apparently conferring susceptibility
and Bsml-b/Apal-a/Tagl-T (baT) haplotype was under-
transmitted, suggesting protection to T1D. Further, the
study also revealed a strong LD between Tagl-Apal, Tagl-
Bsml, and Bsml-Apal. This is in accord with previous
reports on VDR Tagl-Apal in German, British and Egyptian
populations (60,61,67). The VDR Fokl polymorphism
affects immune cell behavior and possibly plays a role
in immune-mediated diseases, including T1D (68). In
the present study, FokI-FF and FokI-Ff genotypes were
significantly associated with susceptibility and protection
to T1D, respectively. The T1D susceptibility association
with the FokI-FF genotype has been previously reported in
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various populations (19,20,21,22,23,24,25,26). However,
this is not consistently found. Several studies have shown
a lack of association of the VDR-Folk-FF genotype with
T1D susceptibility (28,68,69,70,71,72,73,74). The alleles
and haplotypes of VDR Fokl, Bsml, Apal, and Taql and
genotypes of Bsml, Apal, and Taql were not associated
with T1D in the current study. Similarly, the Bsml/Apal/
Taql alleles and genotypes have not shown an association
with T1D in several other populations (21,22,75,76,77).
Furthermore, VDR haplotypes did not show an association
with T1D in Spanish, Portuguese, North Indian, and
Turkish populations (22,28,69,71). However, several
studies point out that VDR Bsml/Apal/Tagl polymorphisms
are associated with T1D (21,24,25,29,70,72,75,78). In
addition, meta-analysis studies in Asian populations
revealed an association between VDR-Bsml polymorphism
and T1D (79,80,81).

The VDR-Fokl (rs2228570) SNP leads to alteration in
the amino acid sequence that may further affect protein
function. This T — C substitution changes the first start codon
of ATG by an alternative start site codon of ACG leading to a
different-sized protein, such as short-form (424 aa; C allele
or F allele, methionine at the 4" position) and long-form
(427 aa; T allele or f allele, methionine at 1% position). The
424 aa (mutant) containing VDR is somewhat more active
than the 427 aa (wild type) VDR (82,83). Moreover, this
transition is predicted to enhance VDR protein stability (84).
In this study, VDR-FoKI (rs2228570) was slightly associated
with T1D in terms of higher f — F allele transition in patients
than controls. Although the VDR protein was more stable in
T1D patients, they might be susceptible to disease because
of the low Vitamin D levels in the patients.

Study Limitations

As this study was structured for a family-based approach,
the small sample size is the foremost limitation. A
comprehensive familial study with large sample size, DNA
sequencing, and gene expression evaluations are necessary
to clarify the role of the VDR gene variants on T1D in the
future. Furthermore, factors possibly influencing serum
vitamin D synthesis, such as intake of supplements, obesity,
liver and kidney diseases, and cutaneous factors, were not
investigated.

Conclusion

The present study found that VDD was more common
in patients with T1D than their unaffected relatives in
the South Indian population. Furthermore, the VDR
polymorphisms FokI-FF genotype, Bsml-B, and Apal-A
alleles were positively associated with T1D. However, the
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FokI-Ff genotype and Bsml-b/Apal-a/Taql-T haplotype were
negatively associated with the disease. Although VDR
protein stability is enhanced in subjects harboring the F
allele, and was more common in the patients with T1D,
this suggests some other Vitamin D associated mechanism
or function may be associated with the development of
T1D in this population, rather than the simple presence of
the FokI-Ff genotype, which was also present in more than
50 % of unaffected related controls.
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What is already known on this topic?

The rising trend of childhood obesity worldwide, with its effect on both childhood and adult health, highlights its importance as an
international priority. As a multifactorial health challenge, its prevention and management rely on many factors, including establishing
a healthy food environment with the involvement and engagement of multiple stakeholders.

What this study adds?

Most countries of the respondents have data and programs targeted at tackling childhood obesity. Levels of support from governments,
schools and private organizations as well as awareness regarding World Health Organization and UNICEF guidance vary with progress.
Furthermore, implementation was still hindered in most countries.
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Abstract

Objective: The rising global epidemic of childhood obesity is a major public health challenge. Despite the urgency, there is a lack of data
on the awareness and implementation of preventative measures. The aim of this study was to identify areas for improvement in the
prevention and management of childhood obesity worldwide.

Methods: A cross-sectional electronic survey was distributed to 132 members of national pediatric societies of the International Pediatric
Association.

Results: Twenty-eight (21.2 %) participants, each from a different country across six World Health Organization (WHO) regions
completed the survey. Most participants reported that national prevalence data of childhood obesity is available (78.6%), and the
number increased during the Coronavirus disease-2019 pandemic (60.7 %). In most countries (78.6 %), the amount of sugar and salt
in children’s products is provided but only 42.9% enacted regulations on children-targeted advertising. Childhood obesity prevention
programs from the government (64.3 %) and schools (53.6 %) are available with existing support from private or non-profit organizations
(71.4%). Participants were aware of WHO’s guidance concerning childhood obesity (78.6 %), while fewer were aware of The United
Nations International Children’s Emergency Fund’s (UNICEF) guidance (50 %). Participants reported that WHO/UNICEF guidance acted
as a reference to develop policies, regulations and national programs. However, progress was hindered by poor compliance. Lastly,
participants provided suggestions on tackling obesity, with responses ranging from developing and reinforcing policies, involvement of
schools, and prevention across all life stages.

Conclusion: There are different practices in implementing prevention measures to counter childhood obesity globally, particularly in
statutory regulation on food advertising and national programs. While support and awareness was relatively high, implementation was
hindered. This reflects the need for prompt, country-specific evaluation and interventions.

Keywords: Childhood obesity, obesity, children, awareness, program

Introduction

The rising epidemic of childhood obesity worldwide is a
major public health challenge in the 21 century. Obesity is
both a non-communicable disease (NCD) and a modifiable
risk factor for many other NCDs, such as cardiovascular
diseases, certain types of cancers and type 2 diabetes
(1). With less than a decade to the 2030 Sustainable
Development Goals (SDGs), the success of achieving these
targets is at risk if childhood obesity is not made a global
priority. The World Health Organization (WHO) reports that
the prevalence of childhood obesity has nearly tripled since
1975, with an estimated 39 million children below the age
of 5 years classified as overweight or obese in 2020 and
over 340 million children and adolescents between the ages
of 5-19 years were overweight or obese in 2016 (2).

With a significant shift in global priorities and disruption
to daily routines brought by the Coronavirus disease-2019
(COVID-19) pandemic, studies found that weight gain
amongst children and adolescents was on the rise (3).
Reduced opportunities for physical activity and proper
nutrition due to school closures, increased stress and
disrupted routines promoted unhealthy eating habits. Today,
children’s diets are far from optimal with overconsumption
of sugar, sodium and fat, and an insufficient consumption
of fruit and vegetables (4). Although the success of the
prevention and management of childhood obesity is reliant
on many factors, the role of the food environment, defined
as the physical, socio-cultural, economic, and political
context by which consumers interact with food systems to
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consume foods (5), also play a significant role.

Products aimed at children constitute a great proportion of
the food industry’s market segment. Globally, it is estimated
that the child-oriented food and beverages market will reach
146.7 billion US dollars by 2025, growing at an annual rate
of 5% (6). Food advertising, packaging and regulations
controlling the amount of sugar and salt in food products are
all important factors influencing children’s diets. However,
very little is known about the regulations on advertising,
packaging, and nutritional components of food products
aimed at children globally.

As childhood obesity is a condition of multifactorial origin,
successful preventative and management strategies depend
on collaboration between multiple stakeholders. The WHO has
established several programs, systems, and recommendations
for member states on tackling childhood obesity, promoting
population-wide policies and initiatives and community-based
interventions. With federal and local government jurisdiction
over many components of the food environment, the WHO has
also recommended key policy actions to restrict promotional
marketing, add taxes or levies on sugar-sweetened beverages,
and provide regulations for nutrition labeling. The United
Nations International Children’s Emergency Fund (UNICEF)
has also published a step-by-step framework to guide country-
level interventions on childhood obesity.

To aid in moving towards the goal of identifying areas
for improvement in the prevention and management of
childhood obesity, this study reports the global picture
of childhood obesity with a focus on the awareness and
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implementation of preventative measures for obesity in
children, based on an international cross-sectional survey
conducted by the International Pediatric Association (IPA).

Methods

Study Setting and Design

An electronic survey was emailed to 132 national pediatric
societies across regions under the umbrella of IPA between
the 7" and 23" of January 2022. Google Forms, a web-
based survey software automatically collected and stored
responses in an electronic spreadsheet. Subjects included
in this study were national pediatric societies’ presidents
or other members representing their respective societies.
From each country, only one response was analyzed. To
summarize the demographics of the participants and their
responses, descriptive statistics were used. Responses to
open-ended questions were summarized by approximating
the similarity in semantic content. Ethical clearance was not
required for this study.

The Survey

Two pediatric endocrinologists, the co-chairs of the IPA
Strategic Advisory Group on NCDs, a group of pediatricians
specializing in NCDs from different countries across
regions, developed the survey questions. The questionnaire
was divided into three main sections. The objectives of the
survey were explained in the first section. If participants gave
consent to participate, they proceed to the next section. The
second section included four questions on the demographic
details of participants, such as the name of the country,
region, name of the pediatric society, and the designation
of participants within their respective societies. The third
section included 15 questions on the availability of national
data on obesity in children and food labels mentioning
the amount of sugar and salt, the country’s regulation
on the advertisement of children’s food, programs from
the government and schools to prevent obesity, support
from private and civil society organizations, awareness of
WHO and UNICEF’s guidance on childhood obesity, and
suggestions to overcome obesity in children. There were
multiple-choice and open-ended questions. The survey took
approximately 5-10 minutes to complete.

Statistical Analysis

Data obtained in this study was analyzed using two programes,
Google Sheets and Statistical Package for the Social Sciences
for Windows, version 25.0 (IBM Corp, Armonk, NY’ USA).
Descriptive statistics were used to describe demographic
data and responses to multiple-choice questions. Responses

to open-ended questions were analyzed by approximating
into similar semantic content. Several questions had results
less than the total number of respondents, as they were
follow-up questions for certain responses. The final question
had more responses than the total number of respondents
as respondents were allowed to give multiple answers.

Results

Demographics of Participants

We received 33 responses, with double responses from
different participants, each from four different countries
(United States, Turkey, Mexico, and Jordan). Based on the
data completeness, only one response was included for
these four countries, while the other was excluded. Another
incomplete response was also excluded. A total of 28
responses from 28 countries across all six WHO regions
were included as an illustrative sample to be analyzed.

Participants in this study were predominantly from the
European region (35.7%) and the region of the Americas
(21.4%). The majority of the participants were from
upper-middle-income countries (46.4%) and high-income
countries (35.7%). There was no representative from the
low-income category, and one participant’s country of
origin was not listed on the World Bank Classification.
Participants were presidents of the pediatric societies and
representatives appointed on behalf of the presidents, each
contributed 28.6%. The remainder were pediatricians or
pediatric endocrinologists who were members of advisory
councils in their respective countries (Table 1).

National Program and Regulations Related to Obesity in Children

The national prevalence data about obesity in children was
reported to be available by the majority of participants
(78.6 %). During the COVID-19 pandemic, most participants
(60.7 %) confirmed an increase in the number of children
with obesity, while the rest (39.3%) reported not being
aware of the rise in the number.

Information about the amount of sugar and salt in food
products for children was provided on the nutrition
information label in about four-fifths of participants’
countries. However, there was no information available
on the maximum amount of sugar and salt reported
by most participants (60.7%), as only seven answered
“yes” and the remaining four responded “don’t know”. In
addition, advertising rules for children’s food packaging are
only available in 12 participant countries, while 13 other
participants reported such rules were not available.
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We asked whether there were any prevention programs
or interventions from the government and schools. More
than half of the participants confirmed that programs or
interventions from the government (64.3%) and school
(53.6 %) were available (Table 2).

Non-governmental Programs Related to Obesity in Children

Support from private organizations or non-profit
organizations (civil society organizations) for childhood
obesity prevention programs was reported to be available
by most participants (71.4 %). Most of these programs were
locally and nationally operated (75 %) (Table 3).

About two-thirds of participants were aware of regional
programs established to prevent childhood obesity (57.1 %).
However, more than three-quarters of participants were
aware of WHO’s guidance concerning childhood obesity
(78.6%). For those who answered that they were aware of
this guidance, they reported that the guidance was used
as a reference to develop national policies and regulations
(35 %) and applied through national programs (15 %). Other
responses included emphasizing childhood obesity as a
priority (5%), increasing awareness of it (5%), participating
in the WHO Europe Childhood Obesity Surveillance
Initiative (5%) and developing a center for the prevention

Table 1. Characteristics of respondent

Characteristics Number of responses
(%)

Region (based on WHO regions)

South-East Asia Region 2(7.1)

India, Thailand

Western Pacific Region 4 (14.3)

Australia, China, Malaysia, Singapore

Eastern Mediterranean Region 3(10.7)

Jordan, Pakistan, Palestine

European Region 10 (35.7)

Bosnia and Herzegovina, Croatia, Ireland,

Latvia, Luxembourg, Russian Federation,

Serbia, Spain, Turkey, United Kingdom

African Region 3 (10.7)

Botswana, Senegal, South Africa

Region of the Americas 6 (21.4)

Argentina, Canada, Dominican Republic,
Honduras, Mexico,
United States

Respondent’s Country of Origin, based on Income Level (World Bank
Classification 2023)

Low Income 0 (0)
Lower-Middle Income 4 (14.3)
Upper-Middle Income 13 (46.4)
High Income 10 (35.7)
Not classified/No data 1(3.6)
Designation within the Pediatric Society

President 8 (28.6)
On behalf of the President 8 (28.6)
Others (advisory group member, member) 12 (42.8)

WHO: World Health Organization
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and treatment of obesity in children and adolescents (5%).
However, several participants also reported that programs
and regulations existed but progress was hindered by poor
compliance (15%), while others were unaware of how the
guidance influenced their country’s national programs
(15%).

In contrast, fewer participants were aware of UNICEF’s
guidance concerning childhood obesity, with the results
being split evenly between those aware and those who were
not (50 %). Participants responded that UNICEF’s guidance
had acted as a reference to develop national policies and
regulations (28.6 %) and applied through national programs
(21.4%). Other responses included campaign and advocacy
work (14.3%) and increasing the awareness of childhood
obesity (14.3%). One participant shared that it had

Table 2. National program and regulation related to obesity
in children

Number of
responses (%)

Characteristics (number)

Availability of national prevalence data of obesity in

children (28)

Yes 22 (78.6)
No 5(17.9)
Don’t know 1(3.6)
The number of children with obesity increased during

the COVID-19 pandemic in your country (28)

Yes 17 (60.7)
No 0(0)
Don’t know 11 (39.3)
Availability of label on the amount of sugar and salt in

food products for children in your country (28)

Yes 22 (78.6)
No 5(17.9)
Don’t know 1(3.6)
Availability of a maximum amount of sugar and salt in

food products for children in your country’s regulation

(28)

Yes 7 (25.0)
No 17 (60.7)
Don’t know 4 (14.3)
Availability of any advertising rules for children’s food

packaging in your country (28)

Yes 12 (42.9)
No 13 (46.4)
Don’t know 3 (10.7)
Availability of any programs or interventions from

the government to prevent obesity in children in your

country (28)

Yes 18 (64.3)
No 9 (32.1)
Don’t know 1(3.6)
Availability of any programs or interventions from

schools to prevent obesity in children in your country

(28)

Yes 15 (53.6)
No 10 (35.7)
Don’t know 3 (10.7)

COVID-19: Coronavirus disease-2019
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Table 3. Non-governmental programs related to obesity in children

Characteristics (number) Number of responses (%)

Presence of support of private organizations or non-profit organizations (civil society organizations) for childhood
obesity prevention programs in your country (28)

Yes 20 (71.4)
No 4 (14.3)
Don’t know 4 (14.3)
If yes, are these programs nationally or locally operated? (20)

Nationally operated 2 (10)
Locally operated 3 (15)
Both 15 (75)
Awareness of regional programs established to prevent childhood obesity (28)

Yes 16 (567.1)
No 12 (42.9)
Awareness of WHO’s guidance concerning childhood obesity (28)

Yes 22 (78.6)
No 6 (21.4)
If “Yes”, how has this guidance influenced your country’s national programs? (20)

Emphasizing childhood obesity as a priority 1 (5
Adopting as references to develop national policies and regulations aimed to reduce obesity 7 (35)
Apply practical recommendations to national programs 3 (15)
Increase the awareness of childhood obesity 1 (5)
Participate in the WHO Europe Childhood Obesity Surveillance Initiative 1 (5
Develop a Center for the Prevention and Treatment of Obesity in Children and Adolescents 1 (5)
Programs and regulations exist but hindered by poor compliance 3 (15)
Don’t know 3 (15)
Awareness of UNICEF’s guidance concerning childhood obesity (28)

Yes 14 (50)
No 14 (50)
If “Yes”, how has this influenced your country’s national programs? (14)

Emphasizing childhood obesity as a priority 1(7.1)
Campaign and advocacy work 2 (14.3)
Adopting as references to develop national policies and regulations 4 (28.6)
Cooperation with the Chamber of Commerce and their support for obesity prevention 1(7.1)
Increase the awareness of childhood obesity 2 (14.3)
Apply practical recommendations to national programs 3 (21.4)
Don’t know 1(7.1)

WHO: World Health Organization, UNICEF: The United Nations International Children’s Emergency Fund

Table 4. Suggestions to overcome obesity in children

Characteristics (number) Number of
responses

Prevention is key at all ages 4

Recognize obesity as a disease, which prompts early diagnosis and regular check-ups to be mandatory 3

Holistic and comprehensive approach involving all stakeholders 5

Educate and empower families at the community level 9

Develop, support and reinforce regulations and policies that support a healthy food environment, including regulating 11

processed foods to limit added sugar

Build national programs including providing weight management services 7

Facilitate exercise and promote physical activity across all ages 10

Encourage healthy habits from infancy by promoting breastfeeding 5

Involving schools as a key stakeholder 8

Raise public awareness of obesity by ensuring better access to information 3

Prevention begins with pre-pregnancy and pregnancy women 2

Encourage healthy eating habits 8

Tensions between for-profit and public health agendas must be acknowledged and addressed 1

Limit screen time 1

Encourage sleep at night 1

Support families to reduce divorce 1

35



Pulungan AB et al.
Global Awareness of Childhood Obesity

] Clin Res Pediatr Endocrinol
2024;16(1):31-40

influenced the cooperation with the Chamber of Commerce
and their support for obesity prevention.

Lastly, the questionnaire asked for suggestions from
participants to overcome obesity in children, summarized
in Table 4. Whilst each participant gave several answers,
the suggestions can be summarized as follows. The
majority of responses centered on developing, supporting
and reinforcing regulations and policies that support a
healthy food environment (n= 11), facilitating exercise and
promoting physical activity across all ages (n=10), and
educating and empowering families at the community
level (n=9). Other common answers included encouraging
healthy eating habits (n= 8), the involvement of schools as
crucial stakeholders (n=8) and building national programs
(n=7). Participants also emphasized that prevention
needed to be done at all ages (n=4), beginning in infancy
by promoting breastfeeding (n=5) and in pre-pregnancy
and pregnant women (n=2). Several participants also
highlighted that obesity needed to be properly recognized
as a disease (n=3) and that a holistic and comprehensive
approach must involve all stakeholders (n=5). Other
answers included raising public awareness by improving
access to information (n=3), addressing tensions between
for-profit and public health agendas (n=1), limiting
screen time (n=1), encouraging sleep at night (n=1) and
supporting families to reduce divorce (n=1).

Discussion

This study was conducted to identify the availability of
national programs focusing on the prevention of obesity in
the pediatric population, including regulations on children’s
food environment. Data collected from 28 countries across
global regions, provided preliminary insights into different
practices in implementing prevention measures against
childhood obesity and, more importantly, multinational
suggestions for improvement from pediatric societies’
perspectives.

Given the emergency posed by the implications of the
rising number of children with excessive weight globally,
the aim of “No increase in childhood overweight” was
endorsed by member states of WHO at the 65" World
Health Assembly as one of six Global Nutrition Targets 2025
in the “Comprehensive Implementation Plan for Maternal,
Infant, and Young Child Nutrition” (7). National prevalence
data of obesity in children, one of the key indicators for
monitoring, were reported available by more than three-
quarters of participants from 22 different countries,
although, four participants reported none, and one did not
know. Compared to the latest “UNICEF-WHO-The World

36

Bank: Joint Child Malnutrition Estimates”, only one country
among these five has “no data”, defined as no input data
(e.g., household survey data) for use in the country-level
models (8). This discrepancy might be caused by low
awareness and probably suggests that childhood obesity
might not be highlighted or recognized as a top health issue.

The survey was undertaken when the epidemic of childhood
obesity overlapped with the COVID-19 pandemic. Compared
with the rate before the COVID-19 pandemic, increased
weight gain in children and adolescents was documented
in studies from China, Europe, and the USA (9). Most
participants (60.7 %) also noticed an increasing number
of children with obesity in their countries. School closures,
changes in children’s dietary intake, physical inactivity, and
unhealthy commodity industries’ marketing strategies are
among many consequences of pandemic mitigation policies
causing this trend (10).

Obesity and overweight are complex problems. Given
their multifaceted determinants and health consequences,
multisectoral and comprehensive strategies are required
to effectively and sustainably prevent and manage this
problem. The food environment is one of the key drivers
of the rise in obesity. It features increasing availability,
affordability, and accessibility, including the marketing of
foods high in saturated fats, trans-fats, sugars, and/or salt
and these are usually highly processed (10-12).

Despite no details being provided on which food label
system was implemented due to the use of close-ended
survey questions, our initial finding shows that in most
of the participants’ countries, general information on the
amount of sugar and salt was available in food products
for children. The Chilean system is still considered a gold
standard among multiple food labelling systems available
globally. Octagonal black labels are used in their front-of-
package labelling system for foods high in sugar, sodium, and
saturated fats. Additionally, products with these labels are
also banned from schools. A positive impact on knowledge
and awareness and reductions in the consumption of
unhealthy foods (13) resulting from providing simplified
nutritional information should be considered as a policy to
prevent obesity and encourage children to make healthier
food choices.

Exposure to the child-targeted marketing of unhealthy foods
plays a significant role in the development of childhood
obesity (14,15). A set of recommendations was released by
WHO in 2010, calling for international and national action to
reduce the impact by restricting the marketing of foods and
beverages high in saturated fats, trans-fatty acids, free sugar,
or salt to children (14). Advertising rules for children’s food
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packaging were only reported available by 12 participants
(42.9%) in their countries, while 13 reported none, and
the rest did not know. Recent evidence has indicated that
unhealthy food marketing increased children’s dietary intake
and preference (16) and influenced children’s thoughts and
behavior, particularly enhancing preference for, attitudes
to and consumption of unhealthy marketed foods (15),
further emphasizing the urgent need for food advertising
restriction for foods marketed at children.

A systematic review of 153 randomized controlled trials
in various settings, including schools, has documented
provided evidence that combinations of diet and physical
activity interventions can reduce the risk of obesity in young
children (0 to 5 years), while interventions focusing only on
physical activity will only reduce the risk of obesity in the
age group 6-12 years and 13-18 years with some evidence
that combination of interventions may be effective in these
age groups (17). Our findings suggest that programs or
interventions from the government and schools to prevent
obesity in children are generally available, as reported by
more than half of the participants, although not specified.

It is well established that a multi-sectoral and
multidisciplinary approach is needed to tackle the childhood
obesity epidemic. Current prevention models actively
engage and involve representatives from multiple sectors,
including private organizations, public health agencies
and non-governmental organizations, including WHO and
UNICEE. Most participants (71.4 %) reported the availability
of support from private organizations for childhood obesity
prevention programs. Most of these programs were noted to
be locally and nationally operated (75 %).

WHO has placed substantial focus on preventing and
managing childhood obesity. Beginning in 2012 with the
adoption of the Comprehensive Implementation Plan on
Maternal, Infant and Young Child Nutrition by the World
Health Assembly, WHO continued putting childhood
obesity as a global priority by incorporating the prevalence
of overweight in children under five as one of the indicators
of the SDGs for nutrition (indicator 2.2.2) (7). With the
establishment of the Commission on Ending Childhood
Obesity in 2014, six recommendations were released
by WHO in 2016 (18). These recommendations included
the implementation of programs that promote the intake
of healthy foods, reduce the intake of unhealthy foods,
promote physical activity, reduce sedentary behaviors, and
promote healthy school environments, integrate guidance
for NCD prevention from preconception and antenatal care
and provide family-based, multi-component, lifestyle weight
management services (18). Most participants reported that
they were aware of WHO’s guidance concerning childhood

obesity (78.6%). Participants further elaborated that
guidance published by WHO had influenced their respective
country’s programs, with several participants reporting
that comprehensive national programs based on WHO’s
recommendations have been implemented (15%), while
others reported that the recommendations were used as
a reference in developing national policies and regulations
(35%). Our study found that implementing programs
and regulations in several countries was hindered by
poor compliance, as reported by 15% of our participants.
However, further studies are needed to investigate specific
regulations and programs implemented in each country, as
well as factors affecting the success of such programs.

Similar to the WHO, UNICEF regional and country offices and
headquarters have also begun taking action on preventing
overweight in children and adolescents. Established in
2015, SDG No. 3.4 puts reduction of one third premature
mortality from NCDs as a global priority (19). In 2016, a
global meeting with internal and external stakeholders was
conducted to advise UNICEF on the key focus of UNICEF
programs concerning overweight children and adolescents
(20). The year after, the prevention of overweight children
and adolescents was incorporated into the UNICEF
Strategic Plan 2018-2021 for the first time as part of Goal
Area 1: Every child survives and thrives (21). The UNICEF
Nutrition Strategy Framework 2020-2030 brought about
the vision of “nutrition for every child” (22). With the goal
of protecting and promoting diets, services and practices
that support optimal nutrition, growth and development
of all children, adolescents and women, the Strategy calls
for a systems approach to maternal and child nutrition that
builds on UNICEF’s strengths as a multisectoral agency
with partnerships across the world (22). Compared to our
participants’ awareness of WHO guidance on childhood
obesity, fewer participants were aware of UNICEF’s guidance
concerning childhood obesity (50%). Those who were
aware shared similar responses with the previous question
on WHO'’s guidance regarding how UNICEF’s guidance has
influenced their country’s programs.

The final section of the questionnaire explored suggestions
from participants regarding how to tackle the childhood
obesity epidemic. Each participant provided multiple
suggestions, and thus there were more suggestions than
the number of participants involved in this study. Amongst
the suggestions received, most participants emphasized
the importance of developing, supporting and reinforcing
regulations that build a healthy food environment for
children and families. Existing initiatives in the field of
global health have shown that the success of programs
are highly dependent on the ability to engage stakeholders
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from multiple sectors including public health agencies (23).
As reported in the WHO Global Nutrition Policy Review
2016-2017, only 78% of the 167 countries involved
included nutrition-relevant policies, strategies and plans
in their responses to address overweight children (24). A
smaller percentage of countries had regulations on the
marketing of complementary foods and marketing of food
and non-alcoholic beverages to children, at 16% and 40%
respectively (20).

Regulations and policies that address childhood overweight
and obesity take many forms, ranging from policy
interventions that support the creation of an enabling
environment that promotes physical activity to formation
of a cross-governmental task force that oversaw commercial
investments, school education, nutrition labelling or
taxation of sugary drinks (25). A systematic review found
that for every 10% increase in sugary drinks price with a
tax, sugary drink consumption is estimated to be reduced
by 7% (26). Studies like this provide evidence that the
involvement of public agencies through policies and
regulations implemented on a national level have provided
promising contributions to reducing childhood overweight
and obesity.

Other common suggestions from participants included
facilitating physical activity and encouraging healthy eating
habits across all ages, especially through the involvement
of schools as a key stakeholder. It has been well established
that childhood obesity occurs due to an imbalance between
energy intake and expenditure. Davison and Birch (27)
described an ecological model that suggests that risk
factors for childhood obesity include dietary intake, physical
activity, and sedentary behavior, with environmental factors
such as school policies, demographics and parenting style,
acting as further influences on children’s eating and activity
habits. Studies reported that adolescents associate junk
food with pleasure, independence and convenience, whilst
viewing liking healthy food as “odd” (28). This supports the
need for changing societal perceptions of eating behavior.
In contrast, a high degree of physical exercise is linked to
favorable impacts on bone mineral density, muscular growth,
and metabolic profile (29,30). The WHO recommends that
children should engage in physical activity for a minimum
of 60 minutes per day. Unfortunately, it is estimated that
only 20 % of youth achieve this level of physical activity (31).

As children spend the majority of their time in schools,
institutions of education play an essential role in promoting
healthy eating behaviors as well as increasing physical
activity. It is estimated that children consume a large
proportion (19-50%) of their total daily calories at school
(32). Evidence has also found that a school environment
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that facilitates physical activity is linked with a lower risk
of overweight and obesity. When schools have at least
three physical activity-friendly environmental factors, such
as larger school size, more physical activity programs, and
better physical activity teaching experience, students have a
lower prevalence of obesity than those without (33,34). As
children engage with various individuals throughout their
lives, including healthcare professionals, caregivers and
teachers, there is a need for continued training and education
across sectors to ensure that all stakeholders are conscious of
their interactions with children to minimize bias and stigma
(35). In particular, teachers need to actively ensure that all
children, regardless of their weight, can be included and
are welcomed in all school activities (35). Linking with the
importance of physical activity in school, teachers should
be wary of inadvertently creating stigmatizing situations,
for example by specifically targeting and excluding children
with overweight or obesity from performing drills or tasks,
that might expose them to additional teasing or bullying
from their peers (35). Furthermore, schools should include
specific policies concerning weight-based teasing in their
anti-bullying policies (35).

Childhood and adolescent obesity prevention should
occur at all ages, emphasizing the importance of not only
the first 1000 days of life, but also the first 1000 weeks of
life, beginning as early as in pre-pregnancy and pregnant
women (36). It has been established that interventions in
the pre-conception period help mitigate against the critical,
life-long adverse effects of obesity which commence in
utero with epigenetic effects, gene expression and function
along with metabolic programming relating to appetite and
energy expenditure and ongoing transgenerational effects
(37). Furthermore, evidence has emphasized the protective
action of breastfeeding against obesity compared with
formula feeding, exclusive breastfeeding until 6 months
of age and parental weight control before conception and
during pregnancy (38,39). Recognizing the substantial
influence of parents’ practices and lifestyle on their children,
it is important that parents and families are actively involved
and educated regarding the prevention of childhood obesity.
These are all suggestions that were raised by participants in
the present study.

Our data demonstrated that although the majority of
countries represented by participants involved have data and
programs concerning childhood obesity, as well as existing
support from private organizations, there is still room for
improvement for the awareness and implementation of
programs. The success of programs are still hindered by lack
of compliance and public awareness. In order to ultimately
achieve SDGs targets 2 and 3, united commitment and
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action from all countries to conduct country-specific
evaluation and interventions are needed to tackle childhood
obesity globally.

Study Limitations

The number of participants in the survey disseminated
was lower than initially expected. We hypothesize that this
was as a result of several factors, including a short survey
period and insufficient promotion to member societies
to participate in the survey, as well as the survey being
directed towards presidents of IPA member societies who
might not necessarily have direct access to pediatricians
with expertise in NCDs and obesity. With a lower response
rate, the distribution of participants may be more restricted.
Thus, insights from several regions may not have been
represented in the study. Specifically, insights from low-
middle income countries, where availability and support
may be lower are less represented in this study. Overall,
this highlights the need for future data collection to be more
representative.

Conclusion

Despite the wide availability of national data on obesity
in children and food labels containing information on the
amount of sugar and salt, there are different practices in the
implementation of prevention measures against childhood
obesity globally, particularly in statutory regulation on food
advertising and national programs. Whilst support from
non-profit organizations and awareness regarding WHO
and UNICEF guidance on childhood obesity is relatively
high, its implementation is still hindered by a general lack
of awareness and poor compliance. With the continuing
worsening of the childhood obesity epidemic, it is time
for stricter regulations on proven risk factors of obesity
in children, enforced by country or regional legislation.
Country and region-specific interventions are needed to
ensure better awareness, compliance and hence, progress
towards tackling the childhood obesity epidemic.
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What is already known on this topic?

The worldwide prevalence of SHOX variations in idiopathic short stature (ISS) varies from 2.5% to 15% . SHOX variants are one of the
most common causes of ISS. SHOX deletions are the most common type of variation encountered worldwide.

What this study adds?

This study highlights the role and prevalence of SHOX variations in ISS in a North Indian population. In addition, a meta-analysis is
presented which compiled findings from the last decade and provides an updated insight into the prevalence of SHOX variations in the
whole Asian population, underscoring their potential as therapeutic targets in ISS patients.

Abstract

Objective: Short stature homeobox (SHOX) haploinsufficiency underlies idiopathic short stature (ISS) and Leri-Weill dyschondrosteosis.
The worldwide prevalence of SHOX variations in ISS varies from 2.5% to 15.0%. The aim of this study was to assess the implication of
SHOX variation in ISS in North Indians and compare this with other cases of SHOX variations from Asian population.

Methods: SHOX gene analysis was carried out by multiplex ligation-dependent probe amplification followed by Sanger sequencing in
54 patients with variable phenotypes. Comparison with other reports in a meta-analysis comprising the current study and 11 previous
studies (n=979) was performed.

Results: SHOX analysis resulted in 12.9% positivity (7.4 % deletions and 5.5% duplications). SHOX association was seen significantly
related to gender, with predominance in females (p=0.047). Short arms and forearms were the only significantly associated trait seen
in 51.9% of children. The overall prevalence of SHOX variation was 15.2% in Asians with ISS. No significant difference was found in
geographical region-specific analysis.

Conclusion: This study summarises findings from the last decade and provides an updated picture of the prevalence of SHOX variations
in Asians, emphasizing their potential as therapeutic targets in ISS patients. Further high quality, large investigations including functional
validation is warranted to validate this association.

Keywords: Idiopathic short stature, SHOX, MLPA, Sanger sequencing, meta-analysis, prevalence
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Introduction

Idiopathic short stature (ISS) is defined as height which
is more than two standard deviations (>2 SD) below the
corresponding average height in a given age, sex, and
population without features suggestive of specific causative
disorders (1). ISS affects around 2.0% of children and is
a genetically heterogeneous condition. With the advance
in techniques, a battery of genes is known to be involved
in longitudinal growth in human beings, but despite
this, genetic causes constitute only a small proportion
of cases of short stature (2). One of the genes closely
associated with human short stature is the short-stature
homeobox-containing gene (SHOX), alternatively known as
pseudoautosomal homeobox-containing osteogenic gene
(3). The importance of this gene is highlighted it is one of
the most common genetic causes leading to short stature in
children, with either isolated or familial short stature.

The location of SHOX is characteristic and is responsible
for the variable phenotype. Being located over the tip of
the short arms of both sex chromosomes X and Y inside
the telomeric region of the pseudoautosomal region
1 (PARI1), named due to its presence over both these
chromosomes (4). The location is also pivotal as genes
in this area escape the process of lyonization. SHOX has
been shown to function in a dose-dependent manner,
that is loss-of-function variation which involves only a
part of the gene, thus involving one of the SHOX alleles,
technically known as haploinsufficiency, can lead to a wide
variety of phenotypes and resulting in short stature of
varying degrees (5). Furthermore, SHOX deletions are the
most common type of variations encountered worldwide,
known to account for 80.0% of all variations (6). These
deletions can be of varying sizes and can involve either all
or part of the gene or regions above and below it, which
contain a regulatory enhancer region (7). Other types
of variations reported include nonsense and missense
sequence alterations. Most common variations are seen in
exons 3 and 4, which are known to encode the functional
part of this pivotal homeodomain (7).

In different studies from around the world, estimates of
the presence of SHOX gene variation leading to 1SS range
from 2.5% to 15.0% (8,9,10,11). However, the prevalence
of ISS in India due to SHOX variations is not known. In
the last few decades, many studies have been done on the
association between different gene variations and ISS. The
prevalence of SHOX variation depends on ethnicity and
selection of patients. Some studies from Asian populations
have reported important frequencies in comparison to the
worldwide populations. In the present study, individuals
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with ISS, with height <2 SD of population reference range
height, with no identified cause were included. These
selected individuals had detailed anthropometric evaluation,
dysmorphism evaluation and skeletal survey by radiographs.
Multiplex ligation-dependent probe amplification (MLPA)
and Sanger sequencing of SHOX exons 2-6 were done to
identify deletions and sequence variations, respectively.
In addition, a meta-analysis of other cases from Asia with
SHOX variations was performed to estimate and evaluate
the relationship between SHOX variation and ISS in these
populations.

Methods

Subjects

This was a prospective study conducted in a tertiary hospital
from July 2020 to March 2022, with approval from the
Ethics Committee of the Postgraduate Institute of Medical
Education & Research (PGIMER) (approval no: NK/6656/
MS/315, date: 01.12.2020). A detailed physical examination
of children with ISS was performed to look for dysmorphic
features, such as micrognathia, high-arched palate, short
forearm, cubitus valgus, short hands, characteristic
Madelung deformity, dislocation of ulna at the elbow, short
lower leg, bowing of tibia, genu valgus, short feet, scoliosis,
and/or muscular hypertrophy. Rappold scoring was done for
better delineation of the clinical expression in our cohort
(12). The children included in the study were measured for
the following anthropometric parameters using standardized
techniques and instruments, in the growth laboratory/clinic:
height (cm); weight (kg); sitting height (cm); and arm span
(cm). Body mass index (BMI; kg/m?) and arm span to height
ratio, as well as upper segment to lower segment ratio, was
also calculated. Written informed consent was obtained
from each patient or their parents or legal guardians, in the
case of minors after explaining the purpose and type of all
procedures used.

Molecular Analysis

Genomic DNA was extracted from peripheral blood by
QOlAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany)
for subsequent molecular analysis. SHOX analysis was
performed using MLPA technique using a SALSA P018-G2
kit (MRC-Holland, Netherlands) as per the manufacturer’s
instructions. The entire coding region of the SHOX gene
(exons 2-6) and splice junctions were sequenced by Sanger
sequencing using an automatic sequencer, the ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, California).
Primer sequences are available upon request.
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Meta-analysis

Meta-analysis of prevalence was done using the MedCalc
software, version 20.111 (https://www.medcalc.org/). This
study followed the PRISMA guidelines (13). To identify the
relevant publications concerning SHOX gene variations
in ISS in Asia, the databases PubMed, Scopus and Web
of Science were investigated. The search string was a
combination of the following keywords: “Idiopathic Short
Stature”, “SHOX”, “deletions/duplications/variations”, “copy
number variations”. All the studies published in last 10
years (2012-2022) were selected for this study. The included
studies met the following eligibility criteria: region - Asia;
period - last 10 years; language - English; and peer-reviewed
publication. Included studies were original research articles,
related to SHOX prevalence, variations and/or incidence,
along with the number of individuals included. The authors
independently assessed the risk of bias for the included
studies, using the Newcastle-Ottawa Scale (NOS) tool for
quality assessment (14).

Statistical Analysis

The strength of the association between SHOX variation and
ISS in the Asian population was evaluated by calculating
the odds ratio using the Mantel-Haenszel statistics method.
A fixed/random-effect model was applied, along with
a corresponding 95% confidence interval (CI). Fixed-
effects models were used to assess the pooled prevalence
of genes for results with low heterogeneity (I* <50%).
Otherwise, random-effects models were applied for the
analyses. MedCalc software was used for all data synthesis
and statistical analyses. Chi* and 1* statistics were used

to calculate heterogeneity across individual studies and
subgroups. Population bias was assessed by Funnel-plot
analysis. In addition, subgroup analysis was performed
based on ethnicity or regional variation between subgroups.
All statistical analyses were performed by using IBM
Statistical Package for the Social Sciences (SPSS) Statistics
for Windows, version 22.0 Armonk, NY: IBM Corp.

Results

A total of 54 patients were enrolled. Of these, 5 (9.3%)
were in the age group 1-5 years, 20 (37.0%) were in the
age group 5-10 years, 26 patients (48.0%) were 10-15
years of age and 3 patients (5.5%) were above 15 years
of age. The median (interquartile range) age of children
in this study was llyears (8 years, 13 years). The study
included 26 females (48.1%) and 28 males (51.9%).
Phenotypic characteristics of enrolled patients are given
in Table 1. Short upper limbs (arms and forearms) was the
most consistent feature (28/54, 51.85%) and was more
common than short lower limbs (24/54, 44.4%). Short
upper limbs was a significant finding in the variation
positive subjects (Table 1). Mean, SD and range for the
measured anthropometric parameters among the study
cohort is shown in Supplementary Table 1. Most of the
anthropometric parameters analyzed using SPSS software
represented a moderately skewed distribution (almost
towards normal distribution for practical purposes) with
a skewness index ranging between +1 to -1. Detailed
physical growth and pubertal characteristics of study
subjects who were positive for SHOX variants (n=7, 13%)
are depicted in Table 1. Interestingly, four out of these

Table 1. Association of phenotypic features with SHOX mutation

Phenotypic characters SHOX mutation p

Yes (n=7) No (n=47)

n (%) n (%)
Height (SDS) -3.1+0.7 2.7+1.2 0.316
Weight (SDS) -2.0+0.5 -1.8+1.3 0.669
BMI (SDS) -0.6+0.3 -0.5+1.2 0.826
Male 1(1.9%) 27 (50.0%) 0.047
Female 6 (11.1%) 20 (37.1%)
Micrognathia 2 (50.0%) 2 (50.0%) 0.077
High-arched palate 0(0.0%) 7 (100.0%) 0.576
Short arm and forearm 5(17.6%) 23 (82.1%) 0.024
Cubitus valgus 1 (33.3%) 2 (66.7%) 0.346
Madelung deformity 1 (50.0%) 1 (50.0%) 0.245
Short leg and feet 5(20.8%) 19 (79.2%) 0.250
Genu varum 1(0.0%) 0(0.0%) 0.130
Muscle hypertrophy 0(0.0%) 0(0.0%)

SDS: standard deviation score, BMI: body mass index
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seven cases had initially presented to the endocrinology
OPD of Department of Pediatrics and were advised growth
hormone therapy. However, due to financial constraints or
being lost to follow-up, growth hormone was not initiated
in these children, except for one case (Patient 3) in whom a
marked increase in height gain was evident [from -6.4 SD
score (SDS) at 8 years to -3.3 SDS at 13 years].

Molecular Analysis Results

SHOX del/dup was found in 12.9% patients (7/54) using
MLPA, including heterozygous deletion of exons in 4 (7.4 %),
and duplications in 3 (5.5%). MLPA results of positive
patients are given in Table 2 and Supplementary Figure 1.
In the family of Patient 1, her mother and 17-year-old elder
sister were also short. Mother was 139 cm (-3.73 SD) and
elder sister was 140.5 cm (-3.46 SD) in height; they also had
the same heterozygous SHOX exon 4 deletion. Father (171
cm) was also tested but did not have the deletion. In the
family of Patient 4, in whom a heterozygous SHOX exon 4
deletion was detected, the mother was 128.5 cm (-5.31 SD).
The family however did not consent for further testing in the
mother. There was an apparently healthy younger brother
with no short stature. In the other five families, two families
had no other offspring and the other three families had one
more offspring each with no history of short stature. From
the above, it is apparent that 1 out of 7 (14 %) copy number
variations was familial. Sanger sequencing revealed no
sequence variations in any of the MLPA negative patients. In
two female patients with heterozygous exon 4 deletion on
MLPA, Sanger sequencing revealed no sequence variations,

thus ruling out point mutation at the ligation site as the
cause.

Clinical Characteristics

Clinical parameters of the seven patients with SHOX
variants, their Rappold scores (Supplementary Table 2) and
phenotypic features are given in Table 1.

[ Identification of studies via databases and registers ]

Records identified through
different database search:

Duplicate records removed
(n=852)

(n=692)

[ 1dentification |

l Records excluded because
of incorrect population
and/or intervention
(n=82)

Records screened

(n=160)
!

Reports assessed for
eligibility >
(n=78)

Reports excluded:
Review articles (n=13)
Not genetic detection-

[ based studies (n =30)

Screening

X
Reports included for
qualitative analysis
(n=35)

Reports excluded:
Studies not from Asian
countries

(n=24)

A

Studies included for
quantitative meta-analysis
(n=11)

(tncludea | [

Figure 1. Flow chart for selection of studies (PRISMA 2020)

Table 2. Clinical and molecular features of the children with SHOX deficiency

Age at Height Weight BMI MPH Father’s  Mother’s Bone age MLPA
enrolment height height
and
gender
Patient 1 14 years, 137.1 cm  34.4 kg 18.3 1485cm 171.0cm 139.0 cm Advanced Heterozygous deletion of exon 4
female (-2.7SDS) (-1.6 SDS)  (-0.3 SDS) (mother was of SHOX gene on Xp22
short)
Patient 2 12 years, 119.4cm  25.0 kg 17.6 154.5cm  166.0cm 156.0 cm Normal Heterozygous deletion of exon 5
female (-4.0 SDS) (2.3 SDS)  (-0.2 SDS)
Patient 3 13 years, 1285cm  28.0 kg 17.1 1642cm 163.4cm 152.0cm Delayed Heterozygous deletion of exon
(on GH male (-3.3SDS) (-2.0 SDS) (-0.4 SDS) 5, 6 of SHOX gene on Xp22
therapy)
Patient 4 14 years, 128.0cm  27.0 kg 16.4 138.0cm 160.5cm  128.5cm Normal Heterozygous deletion of exon 4
female (-4.1 SDS) (-2.8 SDS) (-1.0 SDS) (mother was of SHOX gene on Xp22
short)
Patient 5 15 years, 140 cm 35.5 kg 17.8 157.5cm  167.0cm 161.0 cm Delayed Complete duplication of SHOX
female (-2.6 SDS) (-1.7 SDS)  (-0.6 SDS) gene
Patient 6 12 years, 1285cm 259 kg 15.8 150.7cm 162.0cm 152.3 cm Normal Duplication of exons 1, 2, 3
female (-2.9SDS) (-2.2 SDS) (-0.9 SDS) including upstream region
Patient 7 8 years, 110.6 cm  18.9 kg 15.6 152.6cm  164.0cm  154.1 cm Normal Duplication of downstream
female (-2.4 SDS) (-1.4SDS) (0.1 SDS) region of SHOX gene on Xp22

SDS: standard deviation score, GH: growth hormone, BMI: body mass index, MLPA: multiplex ligation-dependent probe amplification, SHOX: Short-stature homeobox-

containing gene
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Among the 54 cases, SHOX gene variation was present
in 3.5% of boys and 23.1% of girls enrolled. This was a
significant relationship between SHOX gene variations and
female sex (p=0.047) (Table 1).

From among all the traits which were noted among
the enrolled patients, short arms and forearms were
significant and related to those with ISS due to SHOX
variations, whereas the other phenotypic characteristics
were not found to be linked with variation. The phenotypic
characters and their respective association are summarized
in Table 1. No significant association was found for height,
mid-parental height, weight, BMI, upper segment to lower
segment ratio, or arm span to linear height ratio (data not
shown). Radiological survey was done using X-ray of wrist,
arms and forearm, legs, thoracolumbar spine and chest
X-ray. However, no significant association was established
between abnormal radiological findings and SHOX gene
variation.

Meta-analysis

A total of 852 studies were retrieved. After the removal of
duplicates (692 studies), 160 studies including the present
study were considered potentially eligible for evaluation,
but 149 did not meet the inclusion criteria, leaving 11
studies for analysis (Figure 1). This meta-analysis comprised
10 previous studies and the present study with a total of
979 participants. Detailed characteristics of the studies
are provided in Table 3 with NOS scoring. Studies were
conducted in six different Asian countries, which were
further subcategorised into South, West and Eastern Asia.
Most of the studies used MLPA as a major method, followed
by Sanger sequencing, chromosomal microarray (CMA) and
fluorescent in situ hybridisation analysis.

Random effects

Study, -

Present Study
SinghHetal
Kumar et al
Baki etal
DeliKetal
Gursoy S. etal
Fukami M etal
ShimaH etal
Aharthi AAet al
Lee JSetal
Tung Y etal

Prev (95% C)

013 ( 005, 023)
016 ( 0.02, 0.36)
007 ( 001, 0.14)
000 ( 0.0, 0.05)
003 ( 0.00, 0.11)
033 ( 020, 047)
002 ( 001, 005)
005 ( 0.03, 0.08)
001 ( 0.00, 004)
100 ( 093, 1.00)
030 ( 0.13, 051)

—
—a—
i
-—
-
-
-

.

?

0 1
Prevalence

Overall
Q=20063, p=0.00, 12=95%

014 ( 005, 027)

(A)

Variations in SHOX were identified in 83 of 979 patients.
Using random effect model, the mean prevalence of SHOX
variationswas 14.4 % (95% CI,1.0-3.0,p <0.001,1?=95.1 %)
(Figure 2A, Table 4). The Funnel-plot was asymmetric,
suggesting the possibility of publication bias Figure 2B.
Further prevalence and association were calculated on the
basis of the different regions of Asia, divided into South
Asia (patients n=134), West Asia (n=226) and East Asia
(n=619). No significant differences were observed in
these rates in the different regions of the Asia. The mean
frequency of SHOX variations in South Asia was 10.4%,
with this rate being higher than the rates in other regions;
East Asia (8.4 %) and West Asia (7.5%) (Figure 3, Table 5).

Discussion

SHOX gene deficiency is one of the single gene disorders of
bone metabolism resulting in highly variable osteodysplasia
and so affecting the overall height of affected children and
adults. However, as understanding of the gene and allelic
alterations in the gene have evolved over time, it is now
known that isolated deficiency of either the SHOX gene or
its modifiers up and down the PAR region are responsible
for a spectrum of disorders, ranging from simple ISS to more
severe disorders, like Leri-Weill dyschondrosteosis (LWD,
MIM 127300) and Langer Mesomelic dysplasia (LMD, MIM
249700)”. In the present study, SHOX variants were found
in 12.9% of patients using MLPA and Sanger sequencing,
further sub-divided into heterozygous deletion of exons
(n=4), and duplications (n =3).

In previous studies conducted earlier the prevalence of
SHOX variations in children with ISS ranges from 2.0-15.0 %
(8,9,10,11). In a study by Hirschfeldova et al. (10), MLPA
analysis detected SHOX gene anomalies in 13.7% (n=7),

Standard Error

I
02 04
Proportion

06 08

Figure 2. (A) The prevalence of SHOX variations is 14% (95% Cl: 5.03-27.0, p<0.01, [’ =95%). (B) Funnel-plot for SHOX variation

studies to analyse risk bias

CI: confidence interval
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including 4 deletions, 1 duplication with an “ambiguous
effect” and 2 SHOX gene point variations. In the same study,
single isolated enhancer duplication was also observed in
the LWD group. In the present study, three duplications
were detected, with no apparent enhancer effect. In the
present study, SHOX gene association was significantly
(p=0.047) related to gender, with predominance in female
patients but there was no significant age correlation. Short
arms and forearms were the only trait seen in 51.9% of
the children and this was significantly (p=0.024) related
to SHOX gene variation, with the remaining phenotypic
traits were not being significantly associated. The seven
children with SHOX variants were investigated for

10.4% 5.76-16.2
8.4% 6.3-10.7
West Asia 7.5% 4.40-11.3

phenotypic-genotypic correlation. Copy number changes
involving the conserved non-coding DNA element (CNE)
both upstream and downstream have been described in
ISS (15). Duplications are very rare. In the present study,
there were three heterozygous duplications, one involving
the whole gene, one the first three exons and upstream and
the third, downstream. All duplications gave rise to ISS.
The transcriptional regulation of SHOX is highly complex.
Genomic studies have identified multiple CNEs downstream
of SHOX with there being a few upstream CNEs. CNEs have
been reported to not always be highly conserved (5).

For better delineation of the clinical expression in our
cohort, Rappold scoring was performed. Interestingly, the

(B) Fixed effects
Sty Prev(@%CI)  %Weght
SouthAsa : 3 010 ( 006, 0.16) 137
Westhsa| ——————Jf}—1 008 (004, 0.11) 231
Easthsa 008 (008 0.11) 632
Overal 009 ( 007, 0.10) 1000

Q=096, p=062, 2=0%

004 005 006 007 008 009 01 01 012 013 014 015 016
Prevalence

Figure 3. Prevalence of SHOX variations in ISS. (A) All studies were grouped according to the geographical origins of the patients.
On the map of the world are shown the frequencies (%) of SHOX variations in South Asia, East Asia, and West Asia. (B) Dotted lines

correspond to the overall prevalence and the 95% CI

ISS: idiopathic short stature, CI: confidence interval, I’: inconsistency index

Table 3. Characteristics of studies included for analysis

Population Country Study Positive cases/total Methodology NOS
cases/%
South Asia India Present study, 2022 7154113 % MLPA and Sanger sequencing 7
Singh et al. (19) 2018 3/19/15.8% CMA 8
Kumar et al. (18) 2020 416116.6 % MLPA and Sanger sequencing 7
West Asia Turkey Delil et al. (20) 2016 1/38/12.6% FISH 7
Bakir et al. (21) 2018 0/3710% FISH and Sanger sequencing 7
Gursoy et al. (23) 2020 15/46/32.6 % MLPA and Sanger sequencing 7
Saudi Arabia Alharthi et al. (22) 2017 1/105/0.95% Sanger sequencing 7
East Asia Japan Fukami et al. (5) 2015 6/245/2.45% MLPA and CMA 7
Shima et al. (26) 2016 16/328/4.9% MLPA and CMA 7
South Korea Lee et al. (24) 2021 23/23/100 % MLPA, CMA and Sanger 7
sequencing
Taiwan Tung et al. (25) 2018 7123130.4 % MLPA and Sanger sequencing 8

FISH: fluorescent in situ hybridisation, NOS: Newcastle-Ottawa Scale, MLPA: multiplex ligation-dependent probe amplification, CMA: chromosomal microarray
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scores were very variable with a median (range) of 3 (0-
10). Short forearm was the most commonly observed
feature (62.5%), while cubitus valgus was observed in two
patients. All reported BMIs were less than 50" percentile.
Unexpectedly, abnormal arm span/height ratio was
uncommon (28.5%), whereas bowing of forearm and tibia
was present in only one patient. Sitting height/height ratio

(>55.5%), dislocation of ulna at the elbow and muscular
hypertrophy were absent in our cohort.

In different studies conducted in different populations,
the prevalence of SHOX variations in ISS children again
varies widely. Stuppia et al. (16) reported around 7.0%
of patients with ISS having SHOX gene deletions, while

Table 4. Prevalence of SHOX mutation in Asian population along with test for heterogeneity and publication bias

Study Prevalence (%) LCI 95% HCI 95% Random effect weight (%)
Present study 12.9 0.1 0.2 9.3
Singh et al. (19) 2018 15.8 0.0 0.4 8.2
Kumar et al. (18) 2020 6.6 0.0 0.1 9.3
Bakir et al. (21) 2018 0.0 0 0.0 8.9
Delil et al. (20) 2016 2.6 0 0.1 8.9
Gursoy et al. (23) 2020 3.3 0.2 0.5 9.1
Fukami et al. (5) 2015 2.4 0.0 0.0 9.8
Shima et al. (26) 2016 4.9 0.0 0.1 9.8
Alharthi et al. (22) 2017 1.0 0.0 0.0 9.6
Lee et al. (24) 2021 100.0 0.9 1.0 8.5
Tung et al. (25) 2018 3.4 0.1 0.5 8.5
Pooled 14.4 0.1 0.3 100.0
Test for heterogeneity

0 204.2

DF 10

Significance level p<0.001

I? (inconsistency) 95.1%

95% ClI for I 92.9 t0 96.6

Publication bias

Egger’s test

Intercept 5.4

95% CI -0.5t0 11.3

Significance level p=0.067

Begg’s test

Kendall’s Tau 0.4

Significance level p=0.059

CI: confidence interval

Table 5. Prevalence of SHOX mutation in South, West and East Asian population

Study Prevalence (%) LCI 95% HCI 95% Fixed effect weight (%)
South Asia 10.4 0.1 0.2 13.7
West Asia 7.5 0.0 0.1 23.1
East Asia 8.4 0.1 0.1 63.2
Pooled 8.5 0.1 0.1 100.0
Statistics

[-squared 0.0 0 78.3

Cochran’s Q 0.9

Chi?, p 0.6
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Musebeck et al. (17) investigated 35 patients with ISS, none
of whom had the SHOX deletions.

This meta-analysis aimed to investigate the association
between the SHOX variation and ISS in Asia. Data on 979
ISS cases was analysed. The overall prevalence of SHOX
variation in Asia was 14.3 % . Subgroup analysis showed the
presence of SHOX variations in 10.4% of the patients with
ISS in South Asia. Among South Asians, Kumar et al. (18)
reported pathogenic heterozygous variants in 4 children
(6.5%) out of 61, exon 5 duplication, splice site variation
€.278-1G > C, one partial deletion and complete deletion of
SHOX. Singh et al. (19) showed SHOX haploinsufficiency in
two patients (10.5%), while one patient (5.2 %) had mosaic
gain in SHOX out of 19 patients.

In a West Asian population, Delil et al. (20) identified one
patient (2.6 %) with SHOX variation. In contrast, Bakir et
al. (21) found no variation in the SHOX gene in 37 patients.
Alharthi et al. (22) found only one variation in exon 4 of
SHOX while rest of patients had polymorphisms in exons 1,
2, 4, and 6. Gursoy et al. (23) found three point variations
and one whole gene deletion in 15 patients from four
different families. The overall prevalence of SHOX variants
in ISS in West Asia was around 7.5%.

In Eastern Asia, Fukami et al. (5), reported six rare CNVs
in PARI in 245 patients. Lee et al. (24), confirmed SHOX
deficiency in 23 patients from 15 unrelated families. In a
study by Tung et al. (25), SHOX intragenic deletions were
found in five patients, one deletion in the regulatory region,
and a missense variation at exon 5. Prevalence of variation
in SHOX gene varied between different geographical
regions of Asia, being highest in South Asia. Shima et
al. (26) reported SHOX abnormalities in 3.8% of 1SS and
50.0% of LWD cases. These results indicate the difference
in the prevalence of the SHOX variations based on selection
criteria, methodology, different sample size, and ethnicity.

Study Limitations

This was a hospital-based study and results should be
interpreted in that context. Our study had a relatively small
sample size, as it was a single centre study, and as it was a
dissertation study, had to be concluded over a limited time
period.

Conclusion

In the cohortof North Indian children with ISS, the prevalence
of SHOX variants was 12.9%. This was consistent with the
subgroup analysis of studies from this region. The meta-
analysis, a compilation of findings from the last decade
across western, southern and eastern Asia, presented an
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updated picture of overall prevalence of SHOX variations
in Asians, underscoring its potential as a main target in
ISS patients. Further investigations of higher quality, large
cohort size with functional validation are warranted to
validate this association.
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What is already known on this topic?

Previous studies have shown hypothalamic-pituitary-gonadal axis activation during early life, also referred to as “minipuberty”. This
period has sex-related differences in levels and duration of both gonadotropins and sex steroid secretion. The role of minipuberty seems
to be significant mainly for development and maturation of reproductive organs, particularly in males.

What this study adds?

This study provides a longitudinal analysis with serial samples and a between-group comparison in term and preterm (PT) infants. Our
results suggest that minipuberty is increased and prolonged in PT boys only when the analysis depends on calendar age, suggesting
an ontogenetic regulation. Full-term small for gestational age infants had the lowest postnatal testosterone levels with higher urinary
gonadotropins levels.

Abstract

Objective: The postnatal activation of the hypothalamic-pituitary-gonadal (HPG) axis is usually known as “minipuberty”. There are still
open questions about its biological function and significance depending on sex, gestational age (GA) and birth weight (BW) with few
available longitudinal data.

Methods: A single-centre, longitudinal study to quantify urinary follicle stimulating hormone (uFSH), luteinizing hormone (uLH) and
testosterone (uTs) in male neonates. Neonates were enrolled and stratified into three subgroups: full-term boys appropriate for GA (FT
AGA); FT boys with BW <3 centile [FT small for gestational age (SGA)]; and preterm (PT) boys <33 weeks of GA. Urinary hormones were
correlated to simultaneous auxological parameters, linear growth and external genitalia at scheduled time-points.

Results: Forty-six boys were recruited, with subgroup sizes FT AGA n=23, FT SGA n=11 and PT n=12. PT boys display a pulsatile
pattern of urinary gonadotropins (uGns) with higher levels of uLH and a gradual increase of uTs. Testicular descent started from 29-32
weeks with the peak of uTs. During the first 12-months post-term age (PTA), FT AGA boys displayed a better linear growth (p <0.05). PT
showed higher uGns levels until 3-months PTA. PT babies had higher uLH levels than FT AGA, with a peak at 7 and 30 days, during the
first 90 days of life (p <0.001) and higher uTs levels. Correlation analysis between penile growth of all neonates and uTs was significant
(p =0.04) but not within subgroups.

Conclusion: This study investigated postnatal HPG axis activation in term and PT infants. Minipuberty may involve an early window of
opportunity to evaluate the functionality of the HPG axis. Further studies with a long-term follow-up are needed with a special focus on
possible consequences of GA and BW.
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Introduction

Puberty is preceded by two periods marked with a
transitional activation of the hypothalamic-pituitary-gonadal
(HPG) axis: the first during foetal life, playing a crucial role
in sex determination, the second during the first postnatal
months, the second period of HPG activation is referred to
as “minipuberty”(1), and its biological significance is still
not completely understood.

Studies with moderate-sized cohorts of neonates have
shown that minipuberty has sex-related differences (2) in
levels and duration of both gonadotropin and sex steroid
secretion. The gonadotropins start rising at around one
week of age, peak (reaching pubertal levels) between one
and three months of life, and decline to prepubertal values
towards the age of six months (3,4,5,6,7). Male neonates
have a luteinizing hormone (LH) peak higher than follicle
stimulating hormone (FSH) levels with a gradual decrease to
prepubertal levels at around 6-9 months (3,6). Testosterone
(T) level starts to increase following the LH rise with a
similar pattern (5,6,8). Both LH and T reach higher levels
in boys than in girls (5,7,8,9,10). In contrast, female infants
have a predominantly FSH level rise that remains elevated
for a longer period, whereas estradiol (E) levels display a
fluctuating pattern, probably reflecting the ovarian follicular
cycle of growth and atrophy (1).

The role of minipuberty seems to be significant mainly
for development and maturation of reproductive organs,
particularly in males (11). In addition, androgens have
also been related to other aspects of infant growth, such
as cutaneous manifestations (12,13), linear growth, bone
mineralization, psychosexual development and behaviour
(14,15,16,17,18,19,20,21,22,23,24,25).

Little is known about the influence of factors such as
birthweight or prematurity on the HPG axis. The HPG axis
activation in babies born small for gestational age (SGA) is
not well defined and its short-term and long-term effects
on growth and development are still controversial. Studies
on SGA females have found higher postnatal FSH levels
compared with neonates born appropriate for gestational
age (AGA). Meanwhile, in male SGA term neonates, HPG
axis activation has been linked to both lower (26) and
higher (27) gonadotropins and androgen (28) levels, with
uncertain effects in adult life (29). In addition the impact
of prematurity has been investigated mainly using cross-
sectional studies based on serum samples (3,4,6) but only
a few studies (1,6,7) have adopted a longitudinal approach.
Based on recent longitudinal studies using urinary
gonadotropins (uGns), preterm (PT) birth does not seem
to influence the onset of postnatal HPG axis activation, as

gonadotropin levels begin to rise with the same timing in
full-term (FT) and PT infants (1). Moreover, minipuberty
in PT babies seems to be stronger and prolonged with
uncertain significance and effects (30,31,32) but data are
still not univocal.

Understanding the physiological trend of hormonal levels
during minipuberty and its differences between term, PT
and SGA boys will therefore be helpful in understanding
possible short-term and long-term effects.

The aims of the present study were to quantify urinary FSH
(UFSH), urinary LH (uLH) and urinary testosterone (uTs)
in male neonates, and to compare changes in timing and
magnitude of uGns (UFSH and uLH) and uTs secretion in
three different groups of neonates: FT boys appropriate
for gestational age (GA) (FT AGA); FT boys small for GA (FT
SGA); and PT boys <33 weeks of GA. Secondary aims were
to make between-group comparisons of external genitalia
clinical examination (penile length, testicular volume and
position) and linear growth, with a focus on catch-up growth
in FT SGA and PT infants.

Methods

Population

This was a single-centre, longitudinal and prospective study
conducted on male neonates.

Neonates enrolled were split into three categories: FT AGA
boys, FT SGA boys and PT boys born before 33 weeks of GA.
Comparisons were made according to calendar age or post-
term age (PTA). Neonates with antenatal genetic diagnosis
or severe metabolic, cardiological, endocrine or sex
development disorders (33) were excluded. Being classified
as AGA or SGA among FT boys was based on birth weight
(BW), as previously described (34). SGA was considered as
a boy with a BW <3 centile whereas all FT AGA boys had a
BW > 10" centile. For PT babies, no classification according
to BW was performed.

Medical data were collected from clinical records. Clinical
assessments for FT neonates were: within the first 72 hours
of life, at 1 week, at 1-3 and 6-12 months of life. For PT
neonates evaluations were: within first 72 hours of life, once
a week since term age, at 1-3 and 6-12 months of PTA. The
number of evaluations depended on GA at birth and the
child’s clinical condition.

At each scheduled time-point, both clinical evaluation and
urinary collection were performed. Clinical evaluation
included auxological parameters [weight, length, head
circumference (HC)] and external genitalia assessment
(penile length, testicular position and volume).
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Weight was measured with a digital baby scale to the nearest
5 g. The recumbent length was measured by a portable,
high quality infantometer (GIMA, Baby Height Measuring
Mat, cod. 27331) to the nearest 0.1 cm. HC was measured
using a measuring tape from the most prominent part of
the forehead around to the widest part of the back of the
head. If the baby’s condition was to poor for measurements
among PT babies in the Neonatal Intensive Care Unit, both
clinical evaluation and urine collection were postponed.

For PT babies, birth weight and the following growth till
term age was monitored using national charts (34). For
term babies, being AGA or SGA was assessed according to
national charts (34). The international longitudinal charts
World Health Organization 2006 (35) were used from 1- to
12-months PTA. National charts at birth and within term
corrected age was preferred due to the single centre nature
of the study. Furthermore, national charts within the first
two years PTA are not available.

Penile length was measured as described by Boas et al. (11)
and reported as a numeric value. The penis was slightly
straightened and the distance between the lower edge of
the pubic bone and the tip of the glans penis (excluding
foreskin) was measured using a caliper.

All measurements were assessed by a trainee in Paediatrics
and repeated twice to reduce errors. Testicular position was
classified according to Boisen et al. (36) as “non-palpable”,
“inguinal” or “descended”. Testicular volume was quantified
using the Prader orchidometer.

Urine Collection and Assays

Urine samples were collected with a plastic bag (GIMA,
cod.28685) made to fit baby’s genital area.

Assays were ideally performed on fresh urine for: uFSH,
uLH, uTs and urinary creatinine (uCr). When the analysis on
fresh urine was not possible, urine samples were stored in
a fridge at 4 °C and sent to the laboratory for the analysis
within the next 24 hours. Each urine sample was analysed
by the department of laboratory medicine and pathological
anatomy of the University Hospital in Modena. uFSH and
uLH were quantified with an electrochemiluminescence
immunoassay “ECLIA” (Cobas E601, Roche Diagnostics,
Rotkreuz, Switzerland). Lower limit of uGns detection
was 0.1 mlU/mL, both for FSH and for LH. Intermediate
precision was <4.5% and <3.7% at concentrations
ranging from 0.65-152 mIU/mL for FSH, and <2.2% and
<1.6% at concentrations ranging from 1.3-123 mlU/mL
for LH. uTs was quantified with the same ECLIA. Lower
and upper limits of uTs detection were 0.025-15 ng/mL,
respectively. Intermediate precision was <14.8% and
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<2.1% at concentrations ranging from 0.063-14 ng/mL.
The conversion factor for uTs is ng/mL x 3.47 = nmol/L. uCr
was quantified using the certified VITROS 5600 Integrated
System (Ortho Clinical Diagnostics). Lower and upper
limits of uCr detection were 1.2-346.5 mg/dL, respectively.
Intermediate precision was <2.3% and <2.1% at
concentrations ranging from 61.7-157.5 mg/dL.

Both uGns and uTs values were also corrected for creatinine
by dividing the uGns or uTs value for the corresponding
creatinine content of each urine sample. However, due
to the significant difference in uCr between term and PT
infants, results have been interpreted only using non-
corrected values.

Statistical Analysis

All data are expressed as median (range) or mean + standard
deviation. Due to missing samples, especially in PT babies,
comparison of continuous variables was carried out using
a mixed model analysis. Time (calendar age or PTA) and
category of neonates were included in the model as fixed
effects. Subject ID and twinness were included as random
effects. Bonferroni adjustment was used for multiple
comparisons. All results of hormone levels below or
above the detection limits were considered as the lowest
or highest values, respectively, to avoid zero or negative
values. The average uTs during the first three months of
age was calculated using the area under the curve with the
trapezoidal rule and divided by the total time. Subsequently,
the average hormone level was correlated with the penile
and linear growth over the same period using Spearman’s
correlation. IBM Statistical Package for the Social Sciences
statistics for Windows, version 26.0 (IBM Inc., Armonk, NY,
USA) and Jamovi software (contact@jamovi.org) version
1.0.7.0 were used for statistical analysis. A p<0.05 was
considered statistically significant.

Statement of Ethics

The research was conducted ethically in accordance with
the World Medical Association Declaration of Helsinki. The
AOU/AUSL Modena Local Ethics Committee approved the
protocol (no: 329/17, date: 29.11.2017). Informed consent
was obtained from all families. Data supporting these
findings are available on request from the corresponding
author only, due to privacy and ethical restrictions.

Results

Subjects

Data from 46 neonates were analyzed including: FT AGA
n=23 (50%); FT SGA n=11 (24%); and PT neonates <33
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two months of life was greatly variable between different
subjects.

Average levels of uFSH and uLH displayed a pulsatile pattern
with higher values of uLH, as expected in male neonates. uTs
was high at birth with a subsequent decrease and a second
rise just after the uLH peak at 3-4 weeks of life. Thereafter
uTs levels remained high and testicular descent of PT babies
was parallel to the uTs surge. Individual and mean values of
urinary hormone levels are shown in Figure 3.

Figure 4 shows that PT babies had a postnatal HPG axis
activation that was prolonged in its duration but also in
its amplitude, in comparison with both groups of term
neonates (AGA and SGA).

¢
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Figure 1. Linear trend of auxological and external genitalia
parameters from birth (corresponding to the presumed term of
GA for PT boys) to 12 months of post-term age. Neonates were
divided into 3 categories: FT AGA (blue), FT SGA (red), PT (green).
Differences statistically significant are indicated with this legend:
*FT AGA=PT, FT AGA=FT SGA, OFT SGA=PT

GA: gestational age, PT: preterm, PTA: post-term age, AGA: appropriate
Jor GA, SGA: small for gestational age. HC: head circumference
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Comparison Between Groups Depending on Calendar Age

External genitalia: Penile length was higher in FT AGA and
FT SGA neonates at birth, at one week and at 30 days of life
(p<0.001) compared to PT boys. Penile length was higher
in SGA neonates at 90 days (p =0.028).

Urinary gonadotropins and urinary testosterone: The
mixed model analysis revealed a very different pattern in
longitudinal assessment of urinary hormone levels between
groups using calendar age during the first three months of
life. At birth, uTs was higher in FT AGA neonates compared
with PT and FT SGA babies (p<0.001 and p=0.001,
respectively). At seven days of life, uLH had a peak at higher
levels in PT boys compared to FT AGA (p <0.001). At 30
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Figure 2. Trend of hormone levels from birth (expected term of
GA for PT boys) until 12 months of PTA. Neonates were divided
into 3 categories: FT AGA (blue), FT SGA (red), PT (green). Urine
samples were assessed for uFSH (A), uLH (B), uTs (C). Differences
statistically significant are indicated with this legend: *FT
AGA=PT, €FT AGA=FT SGA, OFT SGA=PT

uFSH: urinary follicle stimulating hormone, GA: gestational age, PT:
preterm, PTA: post-term age, AGA: appropriate for GA, SGA: small
Jfor gestational age, HC: head circumference, uLH: urinary luteinizing
hormone, uTs: urinary testosterone
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days PT male neonates continue to have higher levels of
uLH, compared to both FT AGA and FT SGA (p <0.001) and
PT babies also had higher uTs levels in comparison with FT
AGA boys (p <0.05).

At 90 days of life PT boys still had higher levels of uTs,
in comparison with both FT AGA and SGA male babies
(p=0.015 and p <0.05, respectively) as shown in Figure 5.

Correlation Analyses

To test the hypothesis that minipuberty correlates with
external genitalia development and linear growth, a
correlation analysis was performed between uTs levels

UFSH (miUimi)

Time (weeks of life)
20

ULH (miUimi)

Bith 1 2 3 4 5 6 7 8
Time (weeks of ife)

uTs (ng/mi)

= uFSH (miU/mi)
~= uLH (miU/mi)
~= uTs (ng/ml)

Mean values

Birth 1 2 3 4 5 6 7

Time (weeks of life)

Figure 3. Trends of hormone levels during first weeks of life
among PT babies. First three graphs show individual pattern of
each premature boy using a different colour for each subject.
The graph at the bottom of this figure shows the mean trend of
urinary hormone levels of all PT boys

uFSH: urinary follicle stimulating hormone, uLH: urinary luteinizing
hormone, uTs: urinary testosterone, PT: preterm

and auxological parameters (recumbent length and penile
length), using the calendar age.

No significant differences were found between uTs and
linear growth within the first three months. However, a
significant correlation was found between uTs and penile
growth (rho=0.412, p=0.04).

Discussion

The development of highly sensitive immunofluorometric
and chemiluminometric assays for measurement of
gonadotropin levels in clinical research studies highlighted
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Figure 4. Effects of preterm birth on levels of uFSH, uLH and
uTs. Trend of preterm male neonates is compared with full-term
neonates until 52 weeks of CGA

uFSH: urinary follicle stimulating hormone, AGA: appropriate for
gestational age, SGA: small for gestational age, uLH: urinary luteinizing
hormone, uTs: urinary testosterone
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a strong correlation between serum and urine samples
(37,38,39). Despite this, there are still no validated reference
values for uGns in children according to sex, age and
pubertal stage that allow their use in routine clinical settings.
However, all studies using urine samples to investigate the
HPG axis agree on their use in clinical research settings
(18,40,41,42).

At birth uGns are low with a subsequent gradual increase
and a peak between one week and three months, with uLH
levels predominant over uFSHs. Our longitudinal study
in male infants allowed the identification of temporal
relationships in hormonal levels and their effects on catch-up
growth and external genitalia development during the first
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Figure 5. Longitudinal assessment of hormone levels from birth
to 3 months of life using calendar age. Neonates were divided
into 3 categories: FT AGA (blue), FT SGA (red), PT (green). Urine
samples were assessed for uUFSH (A), uLH (B), uTs (C). Differences
statistically significant are indicated with this legend: *FT
AGA=PT, #FT AGA=FT SGA, OFT SGA=PT

uFSH: urinary follicle stimulating hormone, uLH: urinary luteinizing
hormone, uTs: urinary testosterone, PT: preterm, AGA: appropriate for
gestational age, SGA: small for gestational age, HC: head circumference,
FT: full-term
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months. Moreover, splitting neonates into three categories
allowed us to better elucidate the influence of birthweight
and prematurity on this post-natal HPG axis activation.

The influence of prematurity on sexual hormone levels has
been investigated by few studies, mainly cross-sectional and
with slightly different findings (30,31,32). Only one study
with a longitudinal design (7) found higher uLH and uT levels
in PT boys, as well as an increase in T levels in all neonates
with a peak at one month and a positive correlation with
penile growth. Even the impact of being SGA on the postnatal
HPG axis activation is still not elucidate (26,27,29,43). Data
are not univocal and the definition itself of a SGA neonate
embraces multiple possible criteria (44,45).

Our results are in line with the longitudinal study by Kuiri-
Hanninen et al (7). PT boys have higher uLH and uTs
levels from one week to three months of life, even if this
difference is not always significant. uLH levels at seven
days and one month were also higher in FT SGA neonates
than in FT AGA boys. uTs levels were higher in PT boys with
a postnatal rise of T at around one month in all neonates.
uFSH has a higher peak at one week in FT SGA neonates
but a subsequent decline towards one month of age. In
contrast, uFSH in PT babies peaked later but lasted longer
with higher levels at three months in comparison with
FT AGA boys. Therefore, PT birth seems to have a great
influence both on magnitude and duration of this postnatal
HPG axis activation.

However, when comparing neonates depending on PTA, it
is interesting to note that differences between FT and PT
boys gradually reduced with still higher uGns in PT at the
expected term of gestation but no differences at 6- and
12-months PTA.

These findings support the suggestion that the postnatal HPG
axis activation is developmentally regulated (1). Postnatal
pituitary activation begins with a similar timing in PT and
FT neonates but persists longer and higher in PT babies.
PT boys thus probably experience a maturation of the
hypothalamic feedback mechanisms as term approaches.

Postnatal HPG axis activation has been suggested to also
play a role in completing the development of external
genitalia (18,40,41). We found a significant correlation
between uTs levels and penile growth. However, even if
PT boys displayed higher levels of uTs, penile growth of PT
boys was not significantly different from FT AGA and FT
SGA male neonates, in contrast with previous studies (7,11).
Penile length of PT boys showed a catch-up growth during
the first months of life leading to no significant differences
at 3-6 months of age. Moreover, T surge and testicular
descent were strongly related in PT infants.
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Coming to the effects of T levels on catch-up growth and in
contrast with previous studies (18), no significant correlation
between uTs and growth velocity was found, but the
recumbent length at 6-months PTA showed no differences
between groups, suggesting a catch-up growth of FT SGA
and PT boys.

The strength of our study is related to the age of our
population. First, we performed a longitudinal analysis
with serial samples and a between-group comparison that
allows a better analysis of the influence of birth weight and
prematurity on the HPG axis. As far as we understand, the
present study is the only one to investigate the HPG axis
in extremely and moderately PT babies. In parallel, we did
not include neonates with a weight between the 4" and 9"
percentile, so as not to overlap with other studies and to
better appreciate the influence of low birth weight on this
axis.

Study Limitations

Some limitations need to be highlighted. First, the
sample size was limited. Recruitment of PT babies can be
challenging because of their clinical conditions and their
lower numbers. Concurrently, the enrolment of healthy
infants in a prospective study until 12-months of age can
be difficult for families’ compliance. We did not perform a
correlation analysis with serum samples, but the use of uGns
in research studies have been largely developed, making us
confident that our results can reflect the pattern of serum
gonadotropins and this design also probably improved family
compliance. However, it is important to underline how the
methodology of this study could have been empowered by
the comparison between uGns and serum gonadotrophins
and salivary T, especially in PT babies due to the immaturity
of the tubular activity.

The need for creatinine correction during the neonatal
period is still controversial, especially in neonates
(37,38,39,40,46,47). Creatinine clearance is low at birth
and the rate is positively correlated with weight, length
and post-conceptional age, but negatively correlated with
GA (48). This information can explain our lower Ucr values
in premature infants and it is probably the reason of the
between-groups significant difference. We can hypothesize
that the use of uGns not-corrected for creatinine excretion
in a comparison between FT and PT neonates was
acceptable but this suggestion needs to be interpreted with
caution. uTs levels were assessed with a chemiluminescent
radioimmunoassay, not with mass spectrometry. This
may be relevant, not only for excluding the influence of
other androgens, but mainly to detect low levels after the
peak of T at 1-3 months. In fact, our results in terms of

PTA revealed low to undetectable uTs levels just after three
months whereas other studies on serum and urine samples
displayed higher levels in male infants until 6-9 months
PTA. However the use of an immunoenzymatic method
for T detection is in line with other studies that used urine
samples (12,18).

Conclusion

Our study provided insight into the postnatal HPG axis
activation in FT AGA and SGA boys, as well as in PT infants.
The results suggest that minipuberty is increased and
prolonged in PT boys in comparison with pairwise FT babies,
only when the analysis depends on calendar age, suggesting
an ontogenetic regulation. The enhanced activation of
the HPG axis translates to a more pronounced androgen
secretion with a faster penile growth in PT neonates during
the first three months.

However, the results in FT SGA infants are difficult to interpret
and need a sample size extension. SGA neonates had the
lowest postnatal T levels even if with higher uGns levels
and a same trend in penile growth, possibly reflecting a
different intrauterine stimulation due to a growth restriction.
However, the lack of a postnatal peak of T translated to a
slower catch-up growth in FT SGA neonates. In conclusion,
minipuberty provides an important window of opportunity
for the evaluation of HPG axis functionality before puberty.
uGns have been demonstrated to be a valid, practical and
non-invasive tool for the purpose; wider acceptance of this
method among infants may be clinically beneficial.

The possible short-term and long-term implications of this
different postnatal activity in SGA or PT neonates need to
be clarified. Further studies with a long-term follow-up are
needed with regards to healthy infants but should also take
account of birthweight and prematurity.
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What is already known on this topic?

Transient hypothyroxinemia of prematurity (THOP) is defined as free thyroxine (fT4) level below the reference values despite normal
thyroid stimulating hormone level in a preterm infant. THOP occurs in 35-50 % of preterm births and preterm births make up 12 % of all
births. The lack of long-term outcome data about infants with THOP presents a challenge for the management of these babies.

What this study adds?

This study provides objective information on neurodevelopmental outcome of the infants with THOP. Levothyroxine replacement was
associated with higher rates of steroid use for bronchopulmonary dysplasia, and anti-vascular epithelial growth factor therapy use for
retinopathy of prematurity without any effect on long-term neurological outcomes in infants with THOP. Depending on the data provided
by this study, clinicians may avoid prophylactic thyroid hormone use in preterm infants with THOP.

Abstract

Objective: The aim of this study was to evaluate neurological development of infants with transient premature hypothyroxinemia
(THOP).

Methods: This prospective study included newborns who were born between 28-36 weeks of gestation (GW) and were admitted to
the neonatal intensive care unit. Newborns exposed to maternal thyroid disease, or with severe intracranial problems, and congenital
anomalies were excluded. Infants with THOP were the study group and those without THOP formed the control group. The study group
was subdivided into those receiving levothyroxine replacement (5 pg/kg/day) and those who were untreated. Neonatal demographics,
and morbidities, including respiratory distress syndrome, bronchopulmonary dysplasia (BPD) and retinopathy of prematurity (ROP)
were evaluated. The Ages and Stages Questionnaire (ASQ) and ASQ:Social-Emotional (ASQ:SE) developmental screening tests were
administered to the entire study population at the corrected age of two years.

Results: Seventy infants were included in this study, 40 of whom had THOP. The mean GW was 34.4 + 3.8 weeks in the study group and
37.2 + 2.3 weeks in controls (p=0.69). Mean overall birth weight was 1640 + 428 g. Levothyroxine replacement was started in 12/40
infants (30 %). The groups were similar in terms of demographic characteristics. Rates of BPD and ROP were higher in the treated group
(p=0.01). ASQ and ASQ:SE results did not differ between groups (p = 0.75), nor did these scores differ between infants with THOP who
did or did not receive levothyroxine (p =0.14).

Conclusion: Although levothyroxine replacement therapy was associated with increased rates of BPD and ROP, this treatment did not
appear to improve long-term neurological outcomes in this small group of infants with THOP. Prospective controlled studies with much
larger sample sizes are needed to clarify the role of levothyroxine replacement in THOP.

Keywords: Ages and Stages Questionnaire, neurodevelopmental outcome, preterm, transient hypothyroxinemia of prematurity

Iz kx[m] Address for Correspondence: Seda Yilmaz Semerci MD, Kanuni Sultan Stleyman Training and Research Conflict of interest: None declared
% Hospital, Clinic of Neonatology, istanbul, Turkey Received: 09.06.2023
i1 Phone: +90 533 718 06 83 E-mail: sedayilmazsemerci@gmail.com ORCID: orcid.org/0000-0002-0411-9610 Accepted: 25.09.2023

@@@@ ©Copyright 2024 by Turkish Society for Pediatric Endocrinology and Diabetes / The Journal of Clinical Research in Pediatric Endocrinology published by Galenos Publishing House.
OMTWN | jcensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 (CC BY-NC-ND) International License.

60


https://orcid.org/0000-0002-4495-5824
https://orcid.org/0000-0002-0411-9610
https://orcid.org/0000-0002-2263-5088
https://orcid.org/0000-0001-5366-647X

] Clin Res Pediatr Endocrinol
2024;16(1):60-68

Aygun E et al.

Ages and Stages Questionnaire Scores of Infants with Transient Hypothyroxinemia of Prematurity

Introduction

Transient hypothyroxinemia of prematurity (THOP) is
defined as having a lower free thyroxine (fT4) level than
age-appropriate reference values, in the context of a
normal thyroid stimulating hormone (TSH) level in preterm
infants (1). At present, the preterm birth rate is 12% and
hypothyroxinemia occurs in 35-50% of all premature
infants (2,3).

Hypothyroxinemia seen in preterm infants is usually
temporary, and in these cases recovery may require 4-8
weeks. Although it is generally thought that this situation
does not affect postnatal development, there are studies
suggesting treatment is beneficial in very low birth
weight (VLBW) premature infants. However, this issue
is still controversial. Several studies examining whether
preterm hypothyroxinemia affects development in infancy-
early childhood have reported inconsistent results (4).
Physiologically lower thyroid hormone levels in preterm
newborns has been explained by thyroxine (T4) conversion
into inadequate triiodothyronine (T3) and premature
cessation of maternal T4 transport, increased thyroid
hormone requirement (thermoregulation and muscle
function), iodine metabolism dysregulation, lack of the
maturity of the hypothalamic-pituitary-thyroid axis, and
inadequate response of the thyroid gland to thyrotropin-
releasing hormone (TRH) or a combination of these (5,6).
In a large-scale study on long-term outcomes, when 398
infants born before the gestational age of 32 weeks and birth
weight < 1500 grams were evaluated at the age of 19 years,
no negative effect of THOP on intelligence quotient or motor
functions was observed (7). In a randomized controlled
study, no positive findings were found in the 36-month
examinations of infants younger than 28 weeks of gestation
who were treated (8). In contrast, another study reported
better language skills, motor and cognitive functions in the
thyroxine-replacement group (9). It should be kept in mind
that thyroxine replacement to correct hypothyroxinemia
may also have side effects in premature infants. Circulatory
dysfunction was reported following thyroxine treatment in
VLBW premature infants (10). Hence the recommendation
about thyroid hormone therapy for premature infants with
THOP is not clarified yet and it is open to discussion (2).
There is no published study in which the neurological
development of infants diagnosed with THOP is compared
with a control group with a similar gestational week and
at the same age. Therefore, the aim of this study was to
evaluate the neurological development of infants with THOP
compared to a matched control group and to investigate the
effects of perinatal and neonatal risk factors on outcomes.

Methods

This prospective study included newborn infants who were
born at 28-36 gestational weeks and were hospitalized in
the neonatal intensive care unit between January 2020
and April 2021. Newborn infants with THOP constituted
the study group while infants with similar demographic
characteristics, but without THOP, formed the control
group. Levothyroxine was started in a sub-group of the
infants with THOP using the random number assignment
method following informed consent being obtained from
the parents. In cases when the parents did not give informed
consent for randomization, the infants were assigned to
the group without replacement, if the parents approved.
Since this simple randomization method was used, group
numbers were not the same. Levothyroxine was started for
the replacement group at a dose of 5 pg/kg/day. Due to the
unavailability of the liquid formulation at the study center,
an oral suspension with a concentration of 25 mcg/mL is
prepared using 100 mcg tablets by the pharmacy. Twenty-
five 100 mcg LT4 tablets were crushed in a mortar to obtain
a fine powder. A small amount of glycerol was added to
the powder and thoroughly mixed to create a uniform
suspension. This mixture was then transferred to a 100 mL
calibrated amber bottle. The mortar was rinsed with 10 mL of
glycerol, which was then poured into the bottle. This process
was repeated until all 40 mL of glycerol was used. Finally,
water was added to bring the total volume up to 100 mL.
This suspension was well-shaken before use and refrigerated
for a week. The necessary dose is adjusted weekly (at the
same day of the week) according to the actual weight of
the newborn. Besides, TFTs were checked weekly until the
normal ranges were observed, then monthly measurements
continued during replacement. Once started, levothyroxine
replacement was planned to continue until two years of age.

Initial thyroid function tests (TFT) were taken on the 10-20™
days of life. In addition to the national screening program
at least two measurements performed at 10™, 17" days and
more if necesseray. TFTs, including free thyroxine (fT4; ng/
dL) and thyroid stimulating hormone (TSH; mlIU/L) were
performed by electrochemiluminescence immunoassay
(ECLIA, Cobas €602, Roche Diagnostics, Basel, Switzerland).

Newborns with maternal thyroid disease, severe intracranial
issues, chromosomal and congenital anomalies, or infants
older than 36 gestational weeks were not included in the
study. Normal ranges of TFTs were evaluated according to
postnatal age and gestational week (2). THOP was defined
as transient low fT4 levels without elevation in TSH levels
(11). A TSH level > 10 mIU/L detected after the first week
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was considered elevated/high; fT4 levels were considered
low if < 1.3 ng/dL in 31-36 gestational week-old infants and
<0.5 ng/dL in 25-30 gestational week-old infants (12). In
addition to THOP, demographic and clinical data including
antenatal steroid therapy, inotropic support and the presence
of respiratory distress syndrome (RDS), retinopathy
of prematurity (ROP), necrotizing enterocolitis (NEC),
intraventricular hemorrhage (IVH), bronchopulmonary
dysplasia (BPD), patent ductus arteriosus (PDA) and
maternal disease characteristics were recorded in all infants.

Validated Turkish versions of the ‘ASQ‘ and ‘ASQ:SE’
developmental screening tests were administered to the
entire study population at the corrected age of two years.

The Use of the ‘Ages And Stages Questionnaire’ (ASQ) and
‘ASQ:Social-Emotional’ (ASQ:SE) Developmental Screening Tests
in the Evaluation of Neurological Development

Neurological development is generally evaluated by
screening tools and expert assessment, which may also
include information from parents (13,14,15).

ASQ and ASQ:SE Inventories

The ‘ASQ’ is a screening tool for assessing the development
of infants and preschoolers in the areas of communication,
fine motor, gross motor, problem-solving and personal-
social development, and ‘ASQ:SE’ is a screening tool for
social-emotional development, based on information given
by parents (16). Kuguker et al. (16) evaluated 608 children
with the Turkish version of ‘ASQ:SE‘ When all months were
analyzed, the sensitivity of ASQ was 83.7%, specificity
was 89.9%, test-retest reliability was 87 %, and inter-rater
reliability was 83.6% .

Ethics

This study was approved by Ordu University Training and
Research Hospital Local Ethics Committee (file number:
2021/249, date: 19.11.2021). Informed consent for
participation was obtained from the parents. This study
is registered in ClinicalTrials.gov with the number of
NCT05901623.

Statistical Analysis

Statistical Package for the Social Sciences (SPSS), version
21.0 (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. Clinical data are presented as means + standard
deviation for parametric tests and categorical data displayed
as mean rank for nonparametric tests. The Kolmogorov-
Smirnov test was used to check the distribution of the
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variables. Comparisons were performed by the use of
the t-test for normally distributed variables, or the Mann-
Whitney U test in the case of non-parametric distribution.
The chi-square test was used for qualitative data analysis.
Statistical significance was accepted in case of a probability
(p) value <0.05. The sample size calculation using a one-
sided McNemar’s test has determined that a total of 42
participants, with at least 21 in each group, is sufficient to
detect a clinically significant difference between the groups,
with 80 % power and a 5% level of significance.

Results

A total of 70 newborn infants were included, of whom 40
had THOP and the remainder were assigned to the control
group. Of the infants with THOP, 55% (n=22) were male.
Sex mix in the control group was 63.3% (n=19) male
and 36.7% (n=11) female. A comparison of demographic
characteristics between the infants with and without THOP
is shown in Table 1. There was no significant difference
between the gestational weeks of the two groups (p=0.69),
nor was there a difference in birth weight (p =0.87) or birth
length. There was a significant difference in delivery mode,
with infants in the THOP group being more likely to have
been delivered by cesarean section (p <0.001). The mean
age at which children in the THOP and control groups were
tested with the ASQ was 14.03+1.67 and 13.73+1.39
months (p=0.43). The corrected age at the time of ASQ
test was 20.7 +7.68 months in infants with THOP and
21.8 +7.95 months in control group (p =0.56).

Neonatal morbidities, including RDS, BPD, IVH, hsPDA,
ROP, sepsis, and duration of mechanical ventilation, steroid
use for BPD or anti-vascular endothelial growth factor (anti-
VEGF) use for ROP did not differ between the THOP and
control groups (Table 2).

The day of first TFT was 14.03 + 1.67 days in infants with
THOP and 13.73 +1.39 days in control group (p=0.43).
The first value for fT4 was significantly lower in infants
with  THOP (5.02 +2.2 ng/dL) than the control group
(14.99 + 1.29 ng/dL), as expected (p <0.001). Furthermore,
the first value of TSH was significantly higher in infants with
THOP (4.85 + 2.2 mIU/L) than the control group (2.34 + 0.66
mlU/L) (p < 0.001). When started, levothyroxine replacement
was continued to two years of age. Only one infant stopped
replacement before the age of two years because of TSH
suppression.

No difference was found in the comparison of the ‘ASQ and
ASQ:SE’ results of the THOP and control groups (Table 3).
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Demographic characteristics were similar between the
infants with THOP who did and did not receive levothyroxine
replacement, except there was a significantly higher rate
of antenatal steroid use in infants receiving levothyroxine
compared to the infants who did not (Table 4). Testing
time for initial fT4 and TSH level, and corrected age at ASQ
evaluation time did not differ between the infants with and
without L-T4 replacement.

There was no difference in rates of RDS, invasive mechanical
ventilator support, hsPDA, IVH, sepsis, and blood
transfusions between the infants with THOP who did or did
not receive levothyroxine replacement (Table 5). However,
the duration of non-invasive mechanical ventilation, and
the rates of BPD, steroid use for BPD, ROP, and anti-VEGF
use for ROP rates were significantly higher in infants with
THOP who received levothyroxine. Furthermore, ‘ASQ’
and ‘ASQ:SE’ results did not differ between those infants

Table 1. Comparison of demographic characteristics between the infants with and without hypothyroxinemia

Hypothyroxinemia (-) (n = 30)

Hypothyroxinemia (+) (n=40) p

Mean + SD/n-% Mean rank Mean + SD/n-% Mean rank

Maternal age 29.4+4.1 28.1+4.2 0.74
Sex Female 11 36.70 % 18 45% 0.63

Male 19 63.30% 22 55%
Delivery mode NSV 2 66.70 % 1 33.30% <0.001

C/IS 28 41.80% 39 58.20%
Birth weight 1394.5+501.6 1359.5 +498.1 0.87
Gestational age 372423 36.6 34.4+3.8 34.7 0.69
APGAR 1% min 36.93 34.42 0.6
APGAR 5" min 35.3 35.65 0.94
Antenatal steroid 6 20.00% 7 17.50% 0.79
SGA 3 10.00 % 5 12.50% 0.94
PPROM 4 13.30% 7 17.50% 0.83
Chorioamnionitis 3 10.00 % 4 10.00% 1
Urinary tract infection 4 13.33% 3 8.00% 0.54
GDM 1 0 N/A
Preeclampsia 3 10.00 % 4 10.00 % 1

Mann-Whitney U test, t-test, chi-square test.

SD: standard deviation, SGA: small for gestational age, PPROM: preterm premature rupture of membranes, N/A: not applicable, C/S: cesarean section, GDM: gestational

diabetes mellitus

Table 2. Comparison of neonatal morbidities between infants with and without hypothyroxinemia

Hypothyroxinemia (-) (n = 30) Hypothyroxinemia (+) (n =40) p

Mean + SD/n-% Mean rank Mean + SD/n-% Mean rank
RDS 24 80% 34 85% 0.89
IMV (hours) 36.7 34.6 0.67
NIMV (hours) 83.30+51.03 36.85 76.3 +38.32 34.49 0.54
hsPDA 5 17% 8 20% 0.77
IVH (> grade 2) 9 30% 15 37.5% 0.8
Sepsis 10 33.3% 12 30 % 0.64
ES tx 18 60 % 25 62.5% 0.51
BPD 4 12% 7 28.00% 0.75
Steroid for BPD 4 12% 7 28 % 0.75
ROP 10 33.30% 12 30 % 0.64
Anti-VEGF for ROP 4 12% 7 28 % 0.75

Mann-Whitney U test, t-test, chi-square test.

RDS: respiratory distress syndrome, SD: standard deviation, IVH: intraventricular hemorrhage, BPD: bronchopulmonary dysplasia, ROP: retinopathy of prematurity
IMV: invasive mechanical ventilation, NIMV: non-invasive mechanical ventilation, hsPDA: hemodynamycally significant patent ductus arteriosus, ES: erytrocyte

suspension, tx: transfusion, VEGF: vascular endothelial growth factor

63



Aygun E et al. ] Clin Res Pediatr Endocrinol
Ages and Stages Questionnaire Scores of Infants with Transient Hypothyroxinemia of Prematurity 2024;16(1):60-68

with THOP who received and did not receive levothyroxine in the infants with THOP in comparision an age-matched
replacement (Table 6). control group.

Risk factors for THOP include infants with low gestational
Discussion weeks, preeclampsia, intrauterine growth restriction,
perinatal asphyxia, NEC, PDA, RDS, IVH, BPD, mechanical
ventilation, and receiving medications such as dopamine
or dexamethasone (17,18,19,20,21). Various studies have

This study illustrated that the replacement of levothyroxine
did not lead to improved long-term neurological outcomes

Table 3. Comparison of ASQ testing results between the infants with and without hypothyroxinemia

Hypothyroxinemia (-) (n = 30) Hypothyroxinemia (+) (n = 40) P
n-% n-%
ASQ score Normal 5 16.70% 6 15% 0.75
Risk 17 56.70 % 22 55%
Follow-up required 8 26.7% 12 30
ASQ emotional Normal 13 43.30% 15 37.50% 0.4
Risk 17 56.70 % 25 62.50%
Communication Normal 16 53.30% 21 52.50% 0.57
Risk 14 46.60% 19 47.50 %
Gross motor Normal 29 96.70 % 38 95% 0.61
Risk 1 3.30% 2 55
Fine motor Normal 5 16.70% 8 20% 0.49
Risk 25 83.30% 32 80 %
Problem-solving Normal 16 53.30% 17 42.50% 0.26
Risk 14 46.60 % 23 57.50%
Personal-social Normal 16 53.30% 18 45% 0.33
Risk 14 46.60 % 22 55%

Chi-square test.
ASQ: Ages and Stages Questionnaire

Table 4. Comparison of characteristics between the infants diagnosed with THOP with and without levothyroxine replacement

No levothyroxine (n =28) Levothyroxine (n=12) P
Mean + SD/n-% Mean rank  Mean + SD/n-% Mean rank
Maternal age 28.07+4.6 28.25+3.4 0.89
Sex Female 15 53.57% 5 41.67% 0.53
Male 13 46.43 % 7 58.33%
Delivery mode NSV 6 21.43% 2 16.67% 0.8
C/S 22 78.57 % 10 83.33%
Birth weight 1393.57 +468.74 1280 +£574.77 0.52
Gestational age 30.18+2.9 29.42+3.99 0.32
APGAR 1 min 20.04 21.58 0.69
APGAR 5" min 20.96 19.42 0.67
Antenatal steroid 2 7.14% 5 41.67% 0.02
SGA 3 10.70% 2 16.70% 0.46
First TET (postnatal day of life) 14.04+1.7 1475+ 1.8 0.09
First value of fT4 (ng/dL) 502+2.2 4.70+1.7 0.66
First value of TSH (mIU/L) 4.74+2.03 5.10+2.63 0.64
Corrected age at ASQ testing (months) 20.36+7.7 21.50+7.88 0.68

Mann-Whitney U test, t-test, chi-square test.
SGA: small for gestational age, THOP: transient hypothyroxinemia of prematurity, ASQ: Ages and Stages Questionnaire, fT4: free thyroxine, TFT: thyroid function test,
TSH: thyroid stimulating hormone, SD: standard deviation
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shown that some medications, as well as non-thyroidal
diseases such as RDS, sepsis, IVH, PDA, and NEC, are
associated with THOP, and the degree of hypothyroxinemia
correlates with the severity of such diseases (22,23,24).
Furthermore, thyroid functions may be repressed due to
commonly used medications including dopamine and
dexamethasone, as well as by the presence of RDS, sepsis,
NEC, PDA, malnutrition, and chorioamnionitis (5,22,25,26).
Serum thyroid hormone levels are partially mediated by
acute inflammatory cytokines in different pathologies such
as RDS, PDA, sepsis, IVH, and NEC (27). In recent years,

studies have shown that the suppression of thyroid functions
decreases along with the decrease in the severity of RDS
due to the improvement of antenatal care, particularly the
rational use of antenatal steroids and the timely surfactant
application (27).

In the present study and in contrast to previous studies,
RDS, PDA, sepsis, need for inotropic medications, IVH, and
blood transfusion were not identified as factors associated
with THOP. The reason for these different results in our
study may be that surfactants and antenatal steroids have
become widespread in recent years, resulting in less need

Table 5. Comparison of neonatal morbidities between the infants with and without levothyroxine replacement

No levothyroxine (n=28) Levothyroxine (n=12) P

Mean + SD/n-% Mean rank Mean + SD/n-% Mean rank
RDS 24 85.70 % 10 83.30% 0.6
IMV (hours) 87.64 + 66.88 19.27 185.5+44.78 23.38 0.06
NIMV (hours) 66.12 +30.01 100.5+45.74 0.03
hsPDA 5 17.86% 3 25.00% 0.39
IVH (> grade 2) 21 75.00 % 9 75.00% 0.51
Sepsis 13 46.43 % 6 50.00 % 0.89
ES tx 16 57.14% 9 75.00% 0.48
BPD 5 17.86% 7 58.33% 0.01
Steroid for BPD 2 7.14% 5 41.67% 0.02
ROP 5 17.86% 7 58.33 % 0.01
Anti-VEGF for ROP 2 7.14% 5 41.67% 0.02

Mann-Whitney U test, t-test, chi-square test.

RDS: respiratory distress syndrome, SD: standard deviation, IVH: intraventricular hemorrhage, BPD: bronchopulmonary dysplasia, ROP: retinopathy of prematurity, IMV:
invasive mechanical ventilation, NIMV: non-invasive mechanical ventilation, hsPDA: hemodynamycally significant patent ductus arteriosus, ES: erytrocyte suspension, tx:

transfusion, VEGF: vascular endothelial growth factor

Table 6. Comparison of ASQ testing results between the infants diagnsed with THOP who did or did not receive levothyroxine

No levothyroxine (n =28) Levothyroxine (n = 12) p
n-% n-%
ASQ score Normal 4 14.30% 2 16.70% 0.14
Risk 13 46.40% 9 75.00%
Follow-up required 11 39.30% 1 8.30%
Emotional Normal 12 43.00% 3 25.00% 0.48
Risk 16 47.00% 9 75.00 %
Communication Normal 16 57.10% 5 41.70% 0.49
Risk 12 42.90% 7 58.30%
Gross motor Normal 27 96.40% 11 91.70% 0.52
Risk 1 3.60% 1 8.30%
Fine motor Normal 6 21.40% 2 16.70% 0.55
Risk 22 78.60 % 10 83.30%
Problem-solving Normal 14 50.00% 3 25.00% 0.18
Risk 14 50.00 % 9 75.00%
Personal-social Normal 15 53.60% 3 25.00% 0.17
Risk 13 46.40% 9 75.00%

Chi-square test.

ASQ: Ages and Stages Questionnaire, THOP: transient hypothyroxinemia of prematurity
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for treatments and their temporary effects, and a decrease
in disease severity in NICU. Tan et al. (28) found no
relationship between PDA, IVH, antenatal steroid use, ROP,
APGAR scores, sepsis, and THOP.

Premature and/or low birth weight infants may exhibit
clinical features attributable to thyroid dysfunction, such
as temperature imbalance, immature lung function, and
inadequate surfactantreserves, as wellasapnea, bradycardia,
severe intestinal motility and slowed feeding, edema,
and tardy growth and development. Several observational
studies have demonstrated an association between low
serum T4 levels and these clinical presentations (14,29).

In a study with preterm infants <1500 g, no significant
differences were found between infants with and without
hypothyroxinemia in terms of neurodevelopmental, visual,
or hearing impairment at five years of age (28). In a double-
blind, randomized, placebo-controlled study in preterm
infants less than 28 GW from the UK, the thyroid hormone-
treated group had significantly higher scores in language
and cognitive domains and better motor skills as assessed
by the Bayley Il Mental and Psychomotor Developmental
Indexes at 42 months (30). Randomized, placebo-controlled
studies revealed complex results with some potential
benefit of levothyroxine therapy in infants <28 weeks, but
potential harm in infants older than 28 weeks (31). TFTs of
premature infants can be affected by medications, free fatty
acids, protein concentration, and use of furosemide and
heparin (32). THOP is an important consideration because
it occurs during a critical period for brain development,
despite having a self-limiting course. Long-term studies
found associations between THOP and mental development
abnormalities in preterm infants, particularly reaching
milestones later, lower scores on coghnitive tests, increased
school failure, and cerebral palsy risk (23,33). Yamamoto et
al. (33) showed that the results of infants with THOP born
under 30 GW to the TRH stimulation test was similar to that
of infants with normal thyroid functions, suggesting that
the hypothalamohypophyseal thyroid axis is functioning
normally in infants with THOP. Depending on these results
L-T4 replacement is thought to be non-essential in THOP.
Furthermore, L-thyroxine replacement to preterm infants
was thought to be safe, as in term infants. However, a case
of circulatory disorder related to levothyroxine replacement
was reported in a VLBW infant from Japan (34,35,36).
Levothyroxine use is reported to increase the relative adrenal
insufficiency of prematurity (37). Adrenal insufficiency is
more evident if infants with panhypopituitarism receive
levothyroxine replacement without glucocorticoids (37).
Thus thyroid hormones enhance cortisol turn-over as well as
the need for glucocorticoids. Also of concern is a probable
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increased risk of NEC due to the L-T4 administration
(38). Besides, theoretical clinical risks may exist, such as
unexplained tachycardia or arrhythmias, tremors, weight
loss or hyperpyrexia, and neurobehavioral abnormalities
due to excess or unnecessary use of thyroid hormone (39).
Thyroid hormones are powerful biological triggers that can
cause unexpected effects when given unnecessarily. Hence,
the existing evidence suggest that L-T4 replacement brings
no clinical benefit but can even harm infants with THOP
(40).

One of the most important advantages of the development
assessment tools the ‘ASQ’ with the ‘ASQ:SE‘, which are
filled directly by the parents, is that they benefit from the
rich experience of the parents about their child and provide
the opportunity to continuously evaluate the development of
the child at certain time intervals. Research results support
that parents can provide accurate information about their
children‘s development regardless of socioeconomic level,
region of residence, or mental health (14).

The high agreement between mothers’ or fathers’
evaluations of their children‘s developmental skills and
expert evaluations and the low cost of evaluation triggered
the development of evaluation tools filled by mothers
or fathers (13). In 2006, the Council of Children with
Disabilities outlined tools that can be safely used as a
general developmental screening test (15).

In the present study, no association was found between the
‘ASQ’ with the ‘ASQ:SE’ subparameters of THOP in the first
two years of life and adverse neurodevelopmental outcomes.
For these studies that revealed associations between thyroid
hormone abnormalities and adverse neurodevelopmental
outcomes in preterm infants, we hypothesized that thyroid
status may only be a confounder, that reflects the severity
of disease or co-morbidities, such as IVH, which were actual
risk factors associated with neurodevelopmental disorder.
The study of Fisher (41) supported this hypothesis by
showing low T4 levels and low T3 levels in preterm infants,
were the result of non-thyroidal diseases and mirrored the
disease severity in those infants. It has been suggested that
decreased thyroid hormone synthesis, protein catabolism,
and oxygen consumption in preterm infants may be a
potentially beneficial adaptive response to the disease state.
Furthermore, studies by Williams et al. (42) and Carrascosa
et al. (43) examining the effect of RDS, IVH, NEC, and
sepsis on thyroid function supported this phenomenon.
Interestingly, the present study found that anti-VEGF use
for ROP, and steroid use for BPD rates were higher in
THOP group that received levothyroxine. Further much
larger studies are required to elucidate the association with
levothyroxine replacement and higher rates of steroid use
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for BPD, and anti-VEGF use for ROP without affecting long-
term neurological outcomes in infants with THOP. However,
this association may be because those infants were ‘sicker’
or had more advanced stage of preterm morbidities than
the others, then it would not be surprising for them to
require further therapy for BPD and/or ROP too. Hence,
these novel results can also be considered supportive
findings. Ultimately, these data suggest that THOP may be
an epiphenomenon of non-thyroidal disease but this does
not appear to lead to long-term adverse outcomes in infants.
Therefore, we believe that better clinical management
of risky conditions in preterm infants may reduce the
prevalence of THOP and the possible negative consequences
that may develop thereafter, rather than routinely treating
THOP with levothyroxine replacement (44).

Study Limitations

Although the statistical analysis indicated that the number of
participants is sufficient to report, it is evident that the strait
number of participants poses a limitation for this study. The
other limitations of our study is that we did not question
parental intelligence, home environment, breastfeeding
or formula feeding, and post-discharge medication use
histories.

Conclusion

This study demonstrated that levothyroxine replacement
did not improve long-term neurological outcomes in
this population of infants with THOP. However, given
the limitations of this study, well-designed, much larger,
prospective, controlled studies are needed to clarify the role
of levothyroxine replacement in THOP.
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What is already known on this topic?

Children born small for gestational age (SGA) are at greater risk for insulin resistance, type 2 diabetes mellitus, and cardiovascular disease
in adulthood.

What this study adds?
Glucagon-like peptide 1 may be involved in the development of abnormal glucose metabolism in prepubertal children born SGA who
experience catch-up growth.

Abstract

Objective: Children born small for gestational age (SGA) are at a greater risk of developing insulin resistance, type 2 diabetes, and
cardiovascular disease in adulthood. Gastrointestinal peptides, some secreted by intestinal L cells, regulate glucose and lipid metabolism
and act on the hypothalamus to regulate energy homeostasis. The aim of this study was to explore whether gastrointestinal peptides are
involved in metabolic disorders in SGA, which remains unclear.

Methods: The secretion of glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) were investigated in prepubertal children born SGA, the
differences between catch-up growth and persistent short stature were compared, and correlation with glucose and lipid metabolism was
analyzed. GLP-1, PYY, insulin-like growth factor 1, glucose, insulin, and lipid concentrations were analyzed in prepubertal children aged
4-10 years, stratified into three groups: short-SGA (SGA-s), catch-up growth SGA, and normal growth appropriate for gestational age (AGA).
Results: Fasting GLP-1 and PYY concentrations were significantly lower in the SGA group than in the AGA group (p < 0.05), and the GLP-1
level in infants born SGA with catch-up growth was lower than that in the SGA-s group (p < 0.05). In the SGA population, GLP-1 showed a
weak negative correlation with catch-up growth (r=-0.326) and positive correlation with fasting insulin (r=0.331).

Conclusion: Lower GLP-1 concentrations may be associated with abnormal glucose metabolism in prepubertal children born SGA with
catch-up growth. This is indirect evidence that impaired intestinal L cell function may be involved in the development of metabolic
complications in SGA children.

Keywords: Small for gestational age, catch-up growth, glucagon-like peptide 1, peptide YY

Introduction mellitus (T2DM), and cardiovascular disease in adulthood
(3). However, the mechanisms underlying the high risk of

Small for gestational age (SGA) is defined as a birth length (BL) metabolic outcomes in SGA remain unclear (4).

and/or birth weight (BW) of at least two standard deviations
(SDs) below the mean for gestational age according to sex-
specific reference values (1). More than 85% of children
born SGA have catch-up growth and rapid weight gain by
two years of age (2). Catch-up growth is associated with
the development of insulin resistance (IR), type 2 diabetes

The human gastrointestinal tract is the first contact for
ingested food and is the largest endocrine organ in the
human body. Gastrointestinal hormones are key regulators of
appetite, energy, and glucose homeostasis (5). Therapeutics
for treating T2DM and obesity, based on gut hormones, act
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by enhancing the function of intestinal L cells, indicating
the importance of L cells in energy homeostasis. Glucagon-
like peptide 1 (GLP-1) and peptide YY (PYY), secreted by
intestinal L cells, can delay gastric emptying, suppress
appetite, and reduce energy intake (6). The therapeutic
combination of GLP-1 and PYY3-36 has demonstrated
synergistic effects on energy intake in humans (7). GLP-
1 can also promote insulin secretion, inhibit glucagon
secretion, enhance pancreatic 3-cell proliferation, and have
cardioprotective and neuroprotective effects (8).

However, few studies (9,10,11) have focused on
gastrointestinal hormone levels in children born SGA. The
data are unclear about whether catch-up growth leads to
inappropriate secretion of gastrointestinal peptides and
whether they are involved in the long-term metabolic
outcomes in children born SGA. Abdominal obesity,
dyslipidemia, hypertension, and IR have been observed in
some children born SGA as early as in the first decade of
life (12).

The aim of this study was to explore whether GLP-1 and
PYY, two important gastrointestinal hormones secreted
by intestinal L cells, are involved in the development of
metabolic complications in children born SGA. As some
studies have reported that PYY and GLP-1 concentrations
decrease after puberty (13), we selected prepubertal children
aged 4-10 years as study participants. Furthermore, adults
born SGA with normal height have lower insulin sensitivity
than short adults born SGA and adults born appropriate
for gestational age (AGA) (14). Therefore, we divided the
children born SGA into the catch-up and persistently short
groups to explore the role of catch-up growth.

Methods

This study was approved by the Ethical Committee of
Shenzhen Children’s Hospital in Shenzhen, China (no:

prepubertal children aged 4-10 years with
short stature in outpatient clinic

|

202110002, date: 10.18.2021) and was conducted according
to the Declaration of Helsinki. Informed consent was
obtained from the parents of the participants.

We recruited children born SGA with short stature who
were outpatients at the Endocrinology Department at
Shenzhen Children’s Hospital. Children with normal height
were recruited from the Child Healthcare Department at
Shenzhen Children’s Hospital (Figure 1). The inclusion
criteria for the study were: 1) children born at term (37-
41 weeks of gestation) and singleton pregnancy; 2) children
aged 4-10 years who were in the prepubertal period (defined
as Tanner stage 1, without premature thelarche, pubarche,
or menarche); and 3) for the SGA group, BW or BL below
-2.0 SD for gestation and sex, according to the Chinese
standard reference (15) and, for the AGA group, BW and
BL between -2.0 SD and +2.0 SD. The exclusion criteria
were: maternal gestational diabetes; alcohol abuse, or drug
addiction. Furthermore, children with Turner syndrome or
Silver-Russell syndrome were excluded.

The SGA group was divided into the short-SGA (SGA-s) group
or the catch-up growth SGA (SGA-cu) group, according to
whether the current height was above -2.0 SD for age, sex,
and population. In all short children born SGA, insulin-like
growth factor-1 (IGF-1) was measured to exclude growth
hormone (GH) deficiency. GH stimulation tests were also
performed; the insulin test with a dose of 0.1 U/kg and the
levodopa test with 10 mg/kg (maximum: 0.5 g) were used.
GH concentration measurements were performed at 0, 30,
60, 90, and 120 min after the test. Children with IGF-1 levels
>-2.0 SD for age and normal peak GH values (=10 ng/mL)
were included in the SGA-s group.

All interviews and physical examinations were performed
by a pediatric endocrine physician. The pubertal stage
evaluation was performed according to the Tanner system
(16), and prepubertal children were defined as children at
Tanner stage 1.

prepubertal children aged 4-10 years with
normal height in child health care department

l l

born small for gestational age

small for gestational age

‘ ‘ appropriate for gestational age

Excluded

or drug addiction

1. matemal gestational diabetes, alcohol abuse,

2. Turner syndrome or Silver-Russell syndrome

‘ SGA-s group (n=26)

SGA-cu group (n=28)

‘ ‘ AGA control group (n=45) |

Figure 1. Research design flow chart

SGA: small for gestational age, SGA-cu: catch-up growth SGA, SGA-s: short-SGA, AGA: appropriate for gestational age
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The following indices were determined by current height
and weight: height SD score (HtSDS), weight SDS (WtSDS),
body mass index (BMI), and BMI SDS for chronological age
and for height age (HA; the age that corresponds to the
child’s height when plotted at the 50" percentile on a growth
curve). BMI SDS for HA was used to evaluate the nutritional
status of the children in each group. The BLSDS and BWSDS
were determined using the BL and BW. All parameters were
calculated based on Chinese population data (15,17). The
parents’ heights were measured, the target height (THt) was
calculated as mid-parental height minus 6.5 cm for girls and
plus 6.5 cm for boys, and the target HtSDS (ThtSDS) was
calculated. HtSDS-ThtSDS represents the difference between
the current height and target height; AHtSDS and AWtSDS
represent the difference between the current height/weight
and BL/weight, respectively.

On the morning of the interview day, fasting serum
samples were obtained to measure IGF-1, fasting blood
glucose (FBG), fasting insulin (FINS), triglyceride (TG),
total cholesterol (TC), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), GLP-1, and PYY. Neither a
dipeptidyl peptidase-4 inhibitor nor aprotinin was added
to the sample. Total serum GLP-1 was measured using a
Millipore ELISA kit (Billerica; MA, USA), and total PYY was
measured using a Raybiotech ELISA Kit (Norcross; GA, USA).
The GLP-1 antibody specifically binds to GLP-1 (7-36 and
9-36) with no significant cross-reactivity with GLP-2, GIP,
glucagon, or oxyntomodulin. The intra- and inter-assay

percent coefficients of variation (%CVs) were <2 % and
< 10%, respectively; the lower detection limit was 1.5 pM.
The PYY antibody binds specifically to PYY (1-36 and 3-36).
The intra- and inter-assay %CVs were <3% and <6%; the
lower detection limit was 1.4 pg/mL. The IGF-1 SDS was
calculated based on reference values (18). According to FBG
and FINS levels, the quantitative insulin sensitivity check

. _ 1
index (QIUCKI = log (FINS)+log (FBG (mmol /L)x18) ) was calculated.

Statistical Analysis

The Shapiro-Wilk test was used to assess variable
distribution. Variables fitting a normal distribution are
described by mean +SD, and variables that did not fit
a normal distribution were described in quartiles. For
normally distributed variables with homogeneous variance,
one-way analysis of variance (ANOVA) was performed, with
the subsequent use of a post-hoc test to assess statistical
differences between the groups. Non-normally distributed
variables were analyzed using the Kruskal-Wallis test, and
differences between the groups were tested using the
Mann-Whitney U test. Correlations were evaluated using the
Spearman rank correlation coefficient. The Spearman rank
correlation coefficient was used to evaluate the correlation
of different variables, including auxological data, glucose,
lipid, and gastrointestinal hormones, in children born SGA.
The HtSDS and THtSDS were compared using paired t-tests
for each group. All statistical analyses were performed
using the Statistical Package for the Social Sciences (SPSS)

Table 1. Clinical patient characteristics by group

Group SGA-s SGA-cu AGA Analysis of variance, p
n (girls/boys) 26 (15/11) 28 (17/11) 45 (13/32) 0.010
CA, years 7.70+2.99 8.05+2.67 6.72+2.06 0.082
GA, weeks 38.73 +1.31 38.92 +1.56 39.11 £ 1.30 0.457
BL, cm 47.63 +2.48° 47.78 +2.43¢ 50.33 + 1.02°¢ <0.001
BLSDS -0.99 £ 1.11° -0.97+1.12¢ 0.33 +0.58¢ <0.001
BW, kg 2.45+0.30° 2.50 £0.29° 3.36+0.37°¢ <0.001
BWSDS -2.03+0.58° 2.17 £1.42¢ 0.22 4+ 0.95¢ <0.001
THtSDS -1.1940.74%0 -0.77 £0.76%¢ -0.21+0.67"¢ 0.001
HtSDS -2.3440.35% -0.88+0.77%¢ -0.16 +0.97°¢ <0.001
HtSDS-THtSDS -1.15+£0.68%° -0.14+0.88* 0.04 +0.90° <0.001
AHtSDS -1.6241.13%° -0.08 +1.33* -0.48+1.01° <0.001
WitSDS -1.73 £0.73*" -0.86 +0.69"¢ 0.02 £0.96* <0.001
AWLSDS 0.30+1.07¢ 1.30 £1.50* -0.20+£1.17¢ <0.001
BMI-SDS for HA 034+ 1.17° -0.34+£0.77¢ 0.24 4+ 0.94°¢ 0.015

*The chi-square test assesses the difference in male and female composition among the three groups. Values in the same row with different superscripts are significantly
different: **p < 0.05. Comparisons between groups are classified as follows: a) SGA-s vs. SGA-cu, b) SGA-s vs. AGA, and ¢) SGA-cu vs. AGA.

SGA: small for gestational age, AGA: appropriate for gestational age, CA: chronological age, GA: gestational age, BL: birth length, BW: birth weight, BLSDS: birth length
standard deviation score, BWSDS: birth weight standard deviation score, THtSDS: target height standard deviation score, HtSDS: height standard deviation score, AHtSDS:
gain in height standard deviation score, AWtSDS: gain in weight standard deviation score, BMI-SDS for HA: body mass index standard deviation score for height age, SGA-
cu: catch-up growth SGA, SGA-s: short-SGA
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software, version 22.0 (SPSS Inc., Chicago, IL, USA).
Statistical significance was assumed when p < 0.05.

Results

The study included 99 prepubertal children aged 4-10
years, divided into the SGA-s (n=26), SGA-cu (n=28), and
AGA (n=45) groups. The characteristics of the groups and
anthropometric parameters of the participants in each
group are presented in Table 1. The BW and BL of children
born SGA, as to be expected, were significantly less than
those of the AGA control group. The THt of the SGA-s group
was significantly less than that of the SGA-cu group. In
the SGA-s group, the HtSDS was significantly less than the
THtSDS (p <0.0001); the HtSDS was similar to the THtSDS
in the SGA-cu (p=0.501) and AGA (p=0.741) groups. The
AHtSDS values of the SGA-cu and AGA groups were similar;
the AW(SDS of the SGA-cu group was significantly greater
than that of the AGA control group. The BMI SDS for HA
in the SGA-s group was similar to that of the SGA-cu group

(p=0.938) and was significantly less than that of the AGA
control group (p=0.015).

FBG levels were greater in the SGA-cu group than in the
SGA-s and AGA control groups (Table 2). Similarly, LDL levels
were greater in the SGA-s group than in the SGA-cu and
AGA control groups. However, GLP-1 concentration in the
SGA-cu group was significantly lower than in the SGA-s and
AGA control groups. SGA individuals, both the catch-up and
short groups, had significantly lower concentrations of PYY
than AGA controls. However, no significant differences were
found between the three groups for FINS, QUICKI, TC, TG,
and HDL levels.

Due to the significant difference in the sex distribution
among the three groups, we compared the concentration
of GLP-1, PYY, and other variables between boys and girls
in the AGA control group. The analysis found no significant
difference between boys and girls in GLP-1 or PYY levels
(Table 3). Concurrent analysis of the correlation between age
and GLP-1 and PYY levels in AGA individuals found r-values

Table 2. Laboratory data of the individual groups

Group Short-s SGA-cu AGA p
FBG, mmol/L 4.41 £0.36" 4.753 £0.59*¢ 4.38 +£0.48° 0.016
FINS, ulU/mL 5.65 (2.9-8.1) 5.50 (3.45-10.18) 4.24 (3.03-7.46) 0.411
QUICKI 0.39+0.05 0.38+£0.04 0.40+0.04 0.314
IGF-1 SDS 0.39+1.15 0.60+1.03 0.99+1.02 0.106
TC, mmol/L 4.27+£0.85 3.79+0.69 4.16+0.64 0.062
TG, mmol/L 0.79+0.28 0.77+£0.30 0.72+0.19 0.537
HDL, mmol/L 1.50+0.30 1.42+0.22 1.63+0.32 0.448
LDL, mmol/L 2.56+0.72% 2.04+£0.58* 2.30+0.59 0.022
GLP-1, pM 15.08 (5.67-20.47)* 5.19 (1.5-10.49)*¢ 20.24 (9.90-28.49)° 0.018
PYY, ng/mL 0.46 (0.27-0.58)° 0.45 (0.22-0.52)° 0.83 (0.59-1.03)"¢ <0.001

Values in the same row with different superscripts are significantly different: **“p < 0.05. Comparisons between groups are classified as follows: a. SGA-s vs. SGA-cu, b.

SGA-s vs. AGA, and c. SGA-cu vs. AGA.
SGA: small for gestational age, AGA: appropriate for gestational age, FBG: fasting blood

GLP-1: glucagon-like, PYY: peptide 1 peptide YY, IGF-1: insulin-like growth factor-1, TG:

lipoprotein, SDS: standard deviation score

glucose, FINS: fasting insulin, QUICKI: quantitative insulin sensitivity check index,
triglyceride, TC: cholesterol, LDL: low-density lipoprotein, HDL: high-density

Table 3. GLP-1 and PYY concentrations by sex in the AGA group

Sex Female (n = 13) Male (n=32) p

CA, years 6.65+2.11 7.16+2.21 0.474
BLSDS 0.23+0.97 0.11+0.58 0.620
BWSDS 0.04 +1.01 0.42 +1.31 0.340
BMI SDS for HA 034+1.15 0.39+0.59 0.841
FBG, mmol/L 4.52+0.38 437+£0.32 0.241
QUICKI 0.39+0.04 0.40+£0.05 0.354
GLP-1, pM 20.09 (12.37-25.78) 20.54 (5.65-30.02) 0.764
PYY, ng/mL 0.76 (0.61-0.99) 0.88 (0.52-1.40) 0.585

AGA: appropriate for gestational age, CA: chronological age, BLSDS: birth length standard deviation score, BWSDS: birth weight standard deviation score; BMI SDS for
HA: body mass index standard deviation score for height age, FBG: fasting blood glucose, QIUCKI: quantitative insulin sensitivity check index, GLP-1: glucagon-like, PYY:

peptide 1 peptide YY
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of-0.221 (p=0.144) and 0.113 (p = 0.530), respectively. The
data are presented in Table 4. In SGA children, fasting GLP-1
levels were negatively correlated with catch-up growth (AHt-
SDS; r=-0.326) and positively correlated with FINS levels
(r=0.331) but no correlations were found in the AGA control
group for the same parameters.

Discussion

Individuals born SGA are at an increased risk of IR and
obesity, which are associated with catch-up growth;
however, the mechanisms are not fully understood. This
study measured GLP-1 and PYY levels in children born SGA
who achieved catch-up growth. Our analysis revealed that
the fasting GLP-1 and PYY levels of the SGA group were
significantly low compared with those of the AGA control
group. The GLP-1 level of children born SGA with catch-up
growth was lower than that of children born SGA without
catch-up growth; the GLP-1 concentration correlated with
the FINS level.

GLP-1 and PYY gastrointestinal peptides secreted by
intestinal L cells can regulate energy metabolism by
delaying gastric emptying, enhancing satiety, and reducing
food intake. GLP-1 can also promote insulin secretion,
enhance glucose sensitivity of islet B cells, and exert
cardioprotective and neuroprotective effects (19). Studies
regarding GLP-1 and PYY concentrations in individuals
born SGA during the prepubertal period after the catch-up
process are scarce. In addition, no studies on PYY secretion
levels in individuals born SGA have been reported. One
study found no significant difference in GLP-1 secretion
levels between adults born SGA and AGA (10). We found
that in children aged 4-8 years, GLP-1 and PYY levels were
lower in the SGA group than in the AGA control group.
Gastrointestinal peptides may represent staged changes

and have different physiological significance during
the full lifecycle of individuals born SGA. For example,
circulating gastrointestinal peptides may be involved in the
hypothalamic setpoints of appetite and energy expenditure
during the neonatal period (9). In diet-induced obese rats,
the GLP-1 analog liraglutide can downregulate the body
weight setpoints by regulating microglial polarization (20).

A bidirectional relationship exists between obesity and
gastrointestinal hormones (21). Patients with obesity and
T2DM have lower PYY levels, and PYY secretion is decreased
before blood glucose levels become abnormal in children
with obesity (22). However, the question of whether GLP-1
levels are higher or lower in patients with obesity and T2DM
patients is inconclusive, possibly due to the cohort design.
In addition, obesity pathology may change according to age
and sex (23). A cross-sectional study of children aged 6-19
years revealed that the fasting GLP-1 level of AGA children
with obesity was greater than that of the healthy control
group, and GLP-1 was positively correlated with the BMI SDS
(24). Our analysis identified that the SGA group had lower
BMI SDS and GLP-1 levels than the AGA group, regardless of
whether the SGA group achieved catch-up growth. Further,
the SGA-cu group had lower GLP-1 levels than the SGA-s
group, possibly indicating that GLP-1 plays different roles in
obesity pathogenesis in the SGA population.

Animal model research on gastrointestinal peptide secretion
in SGA catch-up growth has been rare. Entero-insular axis
disorder has been observed in catch-up fat rats fed a high-
fat diet; they rapidly developed IR, impaired incretin effect,
reduced intestinal L cells, and decreased expression of
proglucagon mRNA (25). In Sprague-Dawley rats fed a diet
high in fat and sucrose, elevated GLP-1 levels may play a
role in normalizing postprandial glycemia and delaying
glucose intolerance by protecting pancreatic f cells from
apoptosis (26). The reduction in intestinal L cells in catch-

Table 4. Spearman correlation analysis of variables in individuals with SGA

AWtSDS BMI SDS for HA  FBG FINS QUICKI TC TG HDL LDL GLP-1  PYY

AHt-SDS 0.353" -0.266 0.280 -0.163 0.129 -0.236 -0.077 -0.134 -0.205 -0.326" -0.186
AWLt-SDS 0.587"" 0.211 0.363" -0.380°  -0.037 0.211 -0.248 -0.034 0.041 0.219
BMI SDS for HA 0.238 0.625"  -0.628"" 0.031 0.290 -0.117 -0.036 0.102 0.234
FBG 0.538" -0.601"" 0.305 0.288 0.098 0.175 0.013 0.010

FINS -0.995"  0.226 0.430""  0.084 0.086 0.331"  -0.043
QUICKI -0.220 -0.422""  -0.078 -0.084 -0.307 0.014
TC 0.477"" 0.288 0.860""  0.301 0.111

TG -0.237 0.358" 0.025  -0.005
HDL 0.004 0.195  -0.173
LDL 0.287  0.083
GLP-1 -0.021

*p<0.05; **p<0.0.

SGA: small for gestational age, FINS: fasting insulin, BMI SDS for HA: body mass index standard deviation score for height age, FBG: fasting blood glucose, QUICKI:
quantitative insulin sensitivity check index, GLP-1: glucagon-like, PYY: peptide 1 peptide YY, AHtSDS: gain in height standard deviation score, AWtSDS: gain in weight
standard deviation score, TG: triglyceride, TC: cholesterol, LDL: low-density lipoprotein, HDL: high-density lipoprotein, SDS: standard deviation score
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up fat rats may indicate inadequate compensatory capacity.
A correlation was identified between GLP-1 and catch-up
growth (AHt-SDS) and FINS in the SGA group, possibly
indicating a decreased incretin effect of GLP-1 in children
born SGA, an important factor in the development of obesity
and T2DM development.

In a lamb model of intrauterine growth restriction, injection
of the GLP-1 analog exedin-4 normalized insulin secretion
patterns (27), proving the positive effect of GLP-1. However,
long-term monitoring and further mechanistic studies in
SGA individuals are required to verify these findings. In
addition, the THt of the SGA group was less than that of
the AGA control group, and the SGA-s group had a lower
THt than the catch-up SGA group, consistent with the height
of individuals with SGA-s being -1 SD less than that of the
AGA control (1). Our study found no significant difference
in IGF-1 level (IGF-1 SDS) among the SGA-cu, SGA-s, and
AGA control groups. This finding contrasts with previous
reports that IGF-1 concentrations were significantly higher
in the normal-height SGA group (28), possibly related to the
greater BMI in the AGA control group.

Study Limitations

A limitation of our study is that we analyzed only GLP-1 and
PYY secretions, and the subsequent physiological effects
are unclear. For example, how the incretin effect of GLP-1
changes in SGA individuals and how these changes affect
long-term metabolic outcomes are unknown. These issues
need to be explored in future studies.

Conclusion

This study tested the levels of two important gastrointestinal
peptides, GLP-1 and PYY, in prepubertal children born SGA,
and found that the concentrations of fasting GLP-1 and PYY
in children born SGA were lower than those of children born
AGA. In addition, GLP-1 levels in the SGA-cu group were
lower than those in the SGA-s group. GLP-1 levels in children
born SGA correlated with catch-up growth and FINS levels.
This suggests that impaired intestinal L cell function may be
involved in the development of metabolic complications in
SGA children.
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What is already known on this topic?

Noonan syndrome (NS) is an inherited multisystem disease, with a reported prevalence of 1/1000-2500. The most common findings in
NS are short stature, distinctive facial features (ptosis, hypertelorism, low-set ears, low hairline), mane neck, chest deformity, bleeding
diathesis, cryptorchidism, learning disability, congenital heart defects and varying levels of intellectual disability. While NS is inherited in
an autosomal dominant manner, it is noteworthy that approximately half of the cases manifest sporadically.

What this study adds?

A previously described variant in PTPN11 was present in nine members of two consanguineous families of the same kindred and was
inherited in a homozygous fashion in two members. To the best of our knowledge, these are the first published homozygous PTPNI11
cases. The patients with homozygous inheritance had lower height standard deviation scores than family members with heterozygous
inheritance.

Abstract

Objective: Noonan syndrome (NS) is characterized by dysmorphic facial features, short stature, congenital heart defects, and varying
levels of developmental delays. It is a genetic, multisystem disorder with autosomal dominant inheritance and is the most common of
the RASopathies. In approximately 50 % of patients, NS is caused by variants in the Protein Tyrosine Phosphatase Non-Receptor Type 11
(PTPN11) gene. The aim of this study was to evaluate two patients with a previously reported PTPN1I homozygous variant for the first
time and seven other kindred members carrying the same heterozygous variant in terms of clinical, biochemical, genetic, and response
to treatment.

Methods: Nine patients diagnosed with NS due to the same variants in the PTPNI! gene were included in the study.

Results: The median (range) age at diagnosis was 11.5 (6.8-13.9) years and the mean follow-up duration was 4.7 (1-7.6) years. In
eight patients (88.9 %), short stature was present. The height standard deviation score of the patients on admission was -3.24 + 1.15.
In six of the patients, growth hormone treatment was initiated. Cardiovascular or bleeding disorders were not detected in any of
the patients. Three (33.3 %) had hearing loss, two (22.2 %) had ocular findings and one (11.1 %) had a horseshoe kidney. The mean
psychomotor development performance score was 84.03 + 17.09 and the verbal score was 82.88 + 9.42. Genetic analysis revealed a
variant in the PTPN11 gene [c.772G > A; (p.Glu258Lys)] that had been previously described and was detected in all patients. Two patients
were homozygous for this variant and short stature was more severe in these two.

Conclusion: A previously described in PTPN11 affected nine members of the same kindred, two with homozygous inheritance and the
remainder being heterozygous. To the best of our knowledge, these are the first homozygous PTPNII case reports published, coming
from two related consanguineous families.

Keywords: PTPN11, Noonan syndrome, short stature

ﬁt-‘m Address for Correspondence: Ruken Yildirrm MD, Diyarbakir Children’s Hospital, Clinic of Pediatric Conflict of interest: None declared
“E;:- ;pdy Endocrinology, Diyarbakir, Turkey Received: 19.06.2023
BRE AT Phone: +90 412 224 57 51 E-mail: rukmay21 @hotmail.com ORCID: orcid.org/0000-0002-9558-3856 Accepted: 13.10.2023

e

it 2,

@@@@ ©Copyright 2024 by Turkish Society for Pediatric Endocrinology and Diabetes / The Journal of Clinical Research in Pediatric Endocrinology published by Galenos Publishing House.
OMTWN | jcensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 (CC BY-NC-ND) International License.

76


https://orcid.org/0000-0002-9558-3856
https://orcid.org/0000-0002-9809-0977
https://orcid.org/0000-0002-1557-6040
https://orcid.org/0000-0001-9770-284X
https://orcid.org/0000-0002-1460-0053
https://orcid.org/0000-0002-1293-8843

] Clin Res Pediatr Endocrinol
2024;16(1):76-83

Yildirim R et al.
Homozygous PTPN11 Cases

Introduction

Noonan syndrome (NS) is an inherited disease that affects
many different systems, and its prevalence has been
reported as 1/1000-2500 (1,2). The most common findings
in NS are short stature, distinctive facial features (ptosis,
hypertelorism, low-set ears, low hairline), mane neck, chest
deformity, bleeding diathesis, cryptorchidism, learning
disability, congenital heart defects, and varying levels of
intellectual disability (2).

Although NS is inherited in an autosomal dominant pattern
in a significant proportion of patients, it occurs sporadically
in approximately half of the patients. NS is caused by
variants in genes that encode proteins in the RAS-Mitogen-
Activated Protein Kinase (RAS-MAPK) pathway. The RAS-
MAPK pathway is vital for many cellular functions such as
proliferation and differentiation (3). Many genes including
PTPN11, SOS1, KRAS, RAF1, NRAS, BRAF, SHOC2, and RIT1
have been identified that may cause NS. The use of next-
generation sequencing (NGS) techniques has improved
the identification of new genes and increased the rate of
reaching a molecular genetic diagnosis in patients (4,5).
The Protein Tyrosine Phosphatase Non-Receptor Type 11
(PTPN11) gene (MIM*176876) is located in the chromosome
12g24.13 region and comprises 16 exons. The first described
phenotype caused by pathogenic/likely pathogenic
alterations in this gene, which has been implicated in the
genetic etiology in 50-60 % of individuals with NS, is called
NS type 1. In individuals with PTPN11 variants, short stature
is observed more often due to resistance to growth hormone
(GH) (6,7). However, the pathophysiology of short stature in
patients with NS is not yet fully understood. Various likely
mechanisms have been postulated. In terms of GH, it has
been suggested that GH deficiency, GH neurosecretory
dysfunction, or mild GH resistance may be present. PTPN11
encodes SHP2, a cytoplasmic protein tyrosine phosphatase
that positively regulates RAS signaling. SHP2 binds to its
phosphotyrosyl-containing signaling partners through the
SH2 domain, which controls its sub-cellular localization and
functional regulation. While alterations in the PTPNII gene
are observed more frequently in patients with pulmonary
stenosis and short stature, they are very rare in patients
with hypertrophic cardiomyopathy (HCM) and/or severe
intellectual disability. It has been shown that the type of
variants are mostly missense and these affect the function
of SHP2 through different mechanisms (8). Children with
NS are prone to juvenile myelomonocytic leukemia (JMML),
and somatic variants in the PTPN11 gene have been detected
in approximately one-third of children with non-syndromic
JMML and in patients with other childhood myeloid and
lymphoid malignancies at varying rates.

Methods

Nine patients who presented to Diyarbakir Children’s
Hospital Pediatric Endocrinology Outpatient Clinic and were
diagnosed with NS due to a variant in the PTPNI1 gene were
included in the study. There was consanguinity between the
parents in all patients. The presenting complaints, age, body
weight (BW), height, BW and height standard deviation scores
(SDS), maternal and paternal height, bone age, and detailed
physical examination findings of the participants included
in the study were recorded. In all patients, ophthalmology
examinations and hearing tests were performed. All patients
underwent echocardiography performed by an experienced
pediatric cardiologist to detect cardiovascular pathologies.
Kent EGY and Porteus Maze tests were used to evaluate
the neurocognitive functions of all patients. Abdominal
ultrasound was requested to detect other accompanying
pathologies. Complete blood count, prothrombin time, and
activated partial thromboplastin time tests were requested
for hematologic disorders that may accompany NS. PTPN11
gene analysis was requested in all patients. In addition,
informed consent was obtained from all patients included
in the study.

Molecular Analysis

After written consent was obtained from the families of the
affected individuals, molecular analyses were planned. To
determine the genetic etiology, molecular analyses were
performed by using a targeted NGS panel (TruSight One
Sequencing Panel by Illumina). Nextera XT DNA Library
Preparation Kit (Illumina Inc., San Diego, CA, USA) was
used according to the manufacturer’s instructions for target
enrichment. Paired-end sequencing was performed on all
samples using the lllumina NextSeq platform (Illumina Inc.,
San Diego, CA, USA). NGS data were analyzed using the
[llumina VariantStudio software and Integrative Genomics
Viewer (IGV) (https://www.igv.org/. The frequency of the
identified variant was investigated in different databases:
NCBI  dbSNP  build141  (http://www.ncbi.nlm.nih.gov/
SNP/), 1000 Genomes Project (http://www.1000genomes.
org/), Exome Aggregation Consortium (ExAC) (http://exac.
broadinstitute.org/), and Genome Aggregation Database
(gnomAD) (http://gnomad.broadinstitute.org/). The impact
of the variant on protein structure was evaluated using
several in silico prediction tools such as SIFT, MutationTaster,
and PolyPhen. American College of Medical Genetics (ACMG)
guidelines were used for the classification of pathogenicity
(9). Segregation analysis was performed using the Sanger
Sequencing method.
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Statistical Analysis

Statistical analysis was performed using Statistical Package
for the Social Sciences, version 21 (IBM Inc., Armonk, NY,
USA). Data of each affected patient are presented in Table
1. Descriptive statistics are given in the Results section.
Non-parametic data as median (interquartile range 25"-75®"
percentile).

Results

A total of nine patients from four consanguineous families
were included in the study. Four of the patients were male
and five were female (Figure 1). There was consanguinity
between the parents in all four families. The median (range)
age at diagnosis was 11.5 (6.8-13.9) years, and the median
follow-up duration was 4.7 (1.0-7.6) years. The most
common clinical finding was short stature, present in eight
of the patients (88.9%). Dysmorphic manifestations of NS,
including broad forehead, ptosis, down-slanting palpebral
fissures, and low-set ears, were present in seven (77.8 %) of
nine patients. Cardiovascular pathologies were not detected
in any of the patients. Three (33.3%) of the patients had
hearing loss, two (22.2 %) had astigmatism and one (11.1 %)
had a horseshoe kidney. One of the four male patients (25 %)
had cryptorchidism. The mean psychomotor development
performance score of the patients was 84.03 +17.09
and the mean verbal score was 82.88 +9.42 (90-110). No
bleeding disorder was detected in any of the patients. The
patients exhibited the stigmata of NS clinically. Variants in
the PTPN11 gene were detected in all patients. Homozygous
variants were detected in two patients (one female and one
male), and heterozygous variants were detected in the other
seven patients.
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Figure 1. Pedigree of the proband (arrow). Genetic analyses
could be performed in the 9 affected children and in the parents
of heterozygous cases
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The first homozygous case (1a) presented with short stature
at the age of 9.4 years. He was born at 39 weeks with a birth
weight of 2000 g. The patient did not have any prenatal
and pre-school complaints but had school failure. At initial
presentation his height was 110 cm (-4.28 SDS) and his
weight was 17 kg (-4.16 SDS). Dysmorphology assessment
identified bilateral proptosis especially prominent in the
right eye, hypertelorism, prominent and wide nasal bridge,
low-hanging columella, high-arched palate, dimple on the
chin, and low-set ears accompanied by bilateral helical
rim deformity. In addition, flaring of the outer one third of
both eyebrows, low posterior hairline and mane neck were
detected. He had no cardiac, hearing and vision problems,
and he had borderline intellectual functioning. He had been
operated on for bilateral cryptorchidism at the age of 1.5
years. GH therapy was initiated for severe short stature and
poor growth rate. The treatment was terminated at the end
of the third year due to a poor response to GH and non-
compliance with the treatment. On follow-up, it was found
that puberty had not yet started in this male patient with
homozygous variant, even though he was 16 years old. We
believe this is the first case of NS with homozygous PTPNI11
variant published.

The second case (IVa) with a homozygous variant also
presented due to short stature, at the age of 12.6 years.
Patient Ia and this patient were cousins and she also similarly
had a history of consanguinity between her parents. She
was born at 38 weeks with a birth weight of 2000 g. She
had poor school performance. At initial presentation her
height was 124 cm (-5.3 SDS) and her weight was 23 kg
(-4.33 SDS). Dysmorphology assessment again identified
prominent and wide nasal bridge, low-hanging columella
and low-set ears, helical rim deformity, hypertelorism,
high-arched palate, low posterior hairline, mane neck, and
chest deformity. Similar to her cousin, she had mild ptosis
in the right eye and a dimple on the chin. She also did not
have cardiac and hearing problems, and she had borderline
intellectual functioning. Eye examination revealed the
presence of astigmatism. Puberty started spontaneously
at the age of 13.8 years. On follow-up, GH therapy was
initiated for severe short stature and poor growth rate at the
age of 13.5 years. The treatment was terminated at the age
of 16.1 years when the patient reached the height of 145
cm (-3.07 SDS) due to non-compliance with the treatment
and epiphyseal closure.

In cases 1a and 4a, molecular analysis revealed homozygous
€.772G> A variants in PTPN11 (NM_001330437.2) (Figure
2). This missense variant resulted in the substitution of
glutamine for lysine at the 258" position of PTPNII mRNA.
The CADD score at this position was 41. This alteration
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Figure 2. Homozygous PTPNII variant [NM_001330437.2;
C.772G> A, (p.Glu258Lys)] in proband and heterozygous carrier
status in parents visualized on IGV

IGV: integrative genomics viewer

was not found in the GnomAD or in public databases.
However, it was submitted to ClinVar as likely pathogenic,
and according to ACMG 2015 guidelines, it was pathogenic.
However, the impact of this amino acid substitution on the
structure and function of the protein was predicted to be
benign, according to the Polyphen2 prediction tool. Both
parents and other affected family members were found to
be heterozygous for the same variant.

Height SDS scores of the two patients with homozygous
variants were found to be lower than the other patients
(Table 1). Puberty started at the age of 13.8 years in the
female patient with a homozygous variant, but did not start
in the male patient, even though he was 16 years old. The
clinical and laboratory data of all patients were summarized
in Table 1.

Discussion

NS is characterized by short stature, hypertelorism,
ptosis, mane neck, low-set ears, high-arched palate, chest
deformities, cryptorchidism, bleeding disorders, learning
disability, and cardiovascular anomalies. Multiple genes are
involved in the etiology of NS. Thus, there are 14 different
types of NS based on the hereditary traits and genes
responsible for the etiology (10). In the present study, nine
patients, all diagnosed with NS due to the [c.772G> A(p.
Glu258Lys)] variant in the PTPNII gene, which has been
described previously, are presented (11). Bowling et al. (11)
reported that a male patient diagnosed with NS carried
variants in LTZR1 (NM_006767.4: ¢.742G > A; p.Gly248Arg)
and PTPNII (NM_002834.5.c.772G>A; p.Glu258Lys)
genes, which were shown to be inherited from his parents.
However, the LTZR1 variant was accepted as a causative
variant for the disease that had been previously reported
as pathogenic. SHP2 is a cytoplasmic protein-tyrosine
phosphatase that is essential for vertebrate development.

Most of the PTPN1I biallelic variants show a lethal effect.
In animal studies, it was shown that SHP2 has an essential
role in early development in the mouse, and homozygous
PTPNI11-/- embryos died pre-implantation (12). We postulate
that the biallelic PTPNI11 variant detected in the two affected
individuals in this study have a lesser effect on the protein
function, as predicted by Polyphen2 (benign protein effect).
These cases are the first published human cases of NS with
homozygous PTPN11 variants. We suggest that it is possible
to encounter homozygous rare variants in families due to
the high rate of consanguineous marriages in Turkey. Of
note, short stature was more severe in the two patients with
homozygous variants.

Proportionate short stature is the most common presenting
complaint in patients with NS (13). Despite normal birth
weight and height, short stature is observed in 50-70% of
patients (7). The median age of onset of puberty in patients
with NS has been reported as 13.4 (10.8-16.4) years in
boys and 13 (10.9-15) years in girls (14). Short stature
was present in eight of the nine patients (88.9%) in this
study, which was slightly higher than the rates reported in
the literature. In previous studies, it has been reported that
among patients with NS, short stature is more common in
children with PTPN11 gene variants (6,7). Thus, the higher
rate of short stature in the present study was possibly due to
all patients harboring variants in the PTPNII gene.

GH treatment in NS is thought to be beneficial because the
dysmorphic findings are similar to those in Turner syndrome.
Therefore, in NS patients with severe short stature, GH has
been administered at the same dose used in the treatment
of Turner syndrome (15,16). In the multicenter study of
MacFarlane et al. (17), recombinant human GH (rhGH)
treatment (0.33 mg/kg/week) was administered to 23 NS
patients with a mean age of 9.3 years. The mean height
SDS of the patients was -2.7 + 0.4 at the start of treatment,
which reached -1.9+0.9 at the end of three years. In the
study of Siklar et al. (18), which was the first multicenter
study on NS reported in Turkey, 124 patients with NS
were evaluated retrospectively and 47 (37.9%) with a
clinical diagnosis (according to the Van Der Burgt Criteria)
or genetic diagnosis received rhGH treatment. While the
height SDS of the patients was -3.62 + 1.14 at the start of
GH treatment, it reached -2.85+ 0.96 after three years of
treatment. In the present study, GH treatment was initiated
at a dose of 0.023 mg/kg/week in six of the nine patients.
In patients who received GH treatment, while the initial mean
height SDS was -3.68 + 1.13, it had improved to -3.28 + 0.94
after one year of treatment. Both the mean height SDS on
admission of all patients and the post-treatment height SDS
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of the patients who received GH treatment in the present
study were consistent with the literature. In contrast to the
literature, the height SDS of the patients with homozygous
variants (Ia: -4.28 and IVa: -5.3 SDS) was much lower than
the other seven patients with heterozygous variants (mean
height SDS: -2.79 + 0.80).

The most common cardiac abnormalities seen in patients
with NS are pulmonary valve stenosis (PVS) and HCM
(19,20). In addition to its association with PVS, PTPN1I
variant was reported to be associated with enlargement of
the aortic annulus and aortic root (21). In the study of Bell et
al. (22), in which 686 pediatric patients diagnosed with PVS
between 2009 and 2019 were evaluated retrospectively, NS
was detected in 9% . In the present study, cardiac pathology
was not detected in any of the patients.

The ophthalmologic findings of NS include a broad
spectrum of mainfestations, such as external ocular
malformations, refractive errors, mobility abnormalities,
and ocular anterior and posterior segment disorders.
One of the main criteria for the diagnosis of NS is facial
dysmorphology with external ocular features, consisting
of hypertelorism, epicanthic folds, ptosis, and/or down-
slanting palpebral fissures (23). Marin et al. (24) showed
that the most common finding (74 %) in patients with
identified PTPNI! variants was down-slanting palpebral
fissures. Refractive errors (astigmatism-myopia-hyperopia)
have also been reported to be common ocular findings
(23). In patients with refractive errors, PTPN1I variant
has usually been detected (10). In the presented kindred,
22.2% had refractive errors and 77.8% had ptosis, which
is consistent with previous studies.

In patients with NS, external ear malformations, conductive
hearing loss and, less frequently, sensorineural hearing
loss may be observed (25). A study by van Trier et al.
(25) evaluated 34 patients with NS and hearing loss. They
found conductive hearing loss caused by otitis media with
effusion that occurred in the past in 20 (58.8%) patients,
sensorineural hearing loss in nine (26.5%), permanent
conductive hearing loss in two (5.9 %), and mixed hearing
loss in two (5.9 %). Conductive hearing loss was present in
three (33.3 %) of our patients.

Musculoskeletal manifestations of NS consist of insufficient
and/or delayed growth causing short stature, and axial skeletal
deformities including spine and rib cage abnormalities such
as kyphosis, scoliosis, vertebral anomalies, and pectus
deformities, together with micrognathia, cubitus valgus,
brachydactyly, syndactyly and osteopenia (26). Chest
deformities were present in two (22.2 %) of our patients.

Neurological, cognitive and behavioral problems of
individuals with NS are highly variable. Patients with
NS usually have normal intelligence, but 10% to 40%
require special education. The 1Q score of the patients
is reported to vary between 70 and 120 (27). Affected
individuals have been shown to have 10 points less 1Q
than unaffected family members or 1 SD below the
general population (28). The heterogeneity observed
in cognitive abilities in RAS-MAPK signaling pathway
syndromes, including NS, may vary depending on the
genes affected and the type of variant. For example,
patients with PTPNI1I and SOSI variants show mild
cognitive delay (27). Speech disorders are more common
compared to the general population. In these patients,
hearing and neurodevelopmental evaluations should
be performed. Similarly, IQ scores of our patients were
between 61-117. While the performance score of patients
with heterozygous variants was 89.6+15.4 and the
verbal score was 86.4 + 7.25, the performance scores of
the two homozygous cases were 61 and 71, respectively,
their verbal scores were calculated as 71 and 70. Studies
have shown that the PTPN11 gene plays a role in brain
development (29). Similarly, in our study, the majority of
our cases had learning disabilities.

Renal abnormalities in NS are usually mild with a reported
frequency of 11 % (30). The prevalence of cryptorchidism
in boys with NS is 60-80% (31). In the present study,
cryptorchidism was present in one (25%) of the four male
patients and horseshoe Kkidney pathology was present
in one of the nine patients (11.1%). Given the reported
frequencies of these two anomalies, all children diagnosed
with NS should be evaluated in terms of cryptorchidism and
renal pathology.

In different studies on the prevalence of bleeding disorders
in NS, the rate has varied from 30-72 % (32). In addition,
the prevalence of hemostatic laboratory derangements has
been reported to vary between 30-74 % (32). The prevalence
of bleeding disorders has been reported to be 14-60% in
patients with PTPN11 variant (31). Despite all patients in the
present study having PTPN11 variants, and contrary to the
literature, no bleeding disorder was found in any of them.
Functional studies could not be performed in the patients.

Study Limitations

The follow-up period was short in patients who were started
on GH treatment. Due to time constraints and limited
resources, functional studies on the effect on the protein
could not be conducted, but we hope to investigate this
issue in future studies.
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Conclusion

NS is a variable syndrome that may affect many systems.
All patients diagnosed with NS should be followed up with a
multidisciplinary approach. In the present study, a variant that
had been described before in the literature was detected in
the PTPN11 gene and, notably, this variant was homozygous
in two patients. To the best of our understanding, these are
the first human homozygous PTPN11 case reports published
and they come from two related, consanguineous families. It
should be kept in mind that in regions where the prevalence
of consanguineous marriages is high, rare variants may
cluster among members of the same family.
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What is already known on this topic?

Ischemia-modified albumin (IMA) levels are positively correlated with reactive oxygen species (ROS). It is known that cortisol leads to
decreased ROS production. The effect of adrenocorticotropic hormone (ACTH) stimulation on IMA levels is not known.

What this study adds?
We found that standard-dose ACTH stimulation rapidly reduces levels of IMA in vivo. It is possible that the relationship between ACTH

and IMA is dose-dependent and ACTH has a direct effect on IMA.

Abstract

Objective: Ischemia-modified albumin (IMA) formation is associated with increased reactive oxygen species (ROS) production, while
increased cortisol leads to decreased ROS levels. We aimed to evaluate the effect of adrenocorticotropic hormone (ACTH) stimulation on
IMA levels and whether the effect was dose-dependent or not.

Methods: A total of 99 subjects with normal ACTH test results were included in the study. Of these, 80 had standard-dose ACTH test while
19 had low-dose ACTH test. Blood samples were collected to determine cortisol and IMA levels; at minutes 0, 30, and 60 following the
standard-dose ACTH test and at minutes 0 and 30 following the low-dose ACTH test.

Results: IMA levels decreased significantly within 30 minutes and the decrease continued up to the sixtieth minute (p =0.002) after
standard-dose ACTH stimulation. After ACTH stimulation, a weak negative correlation was found between peak cortisol and IMA levels
at the thirtieth minute (r=0.233, p=0.02). There was no significant difference in IMA levels after low-dose ACTH stimulation, despite
an increase in cortisol (p=0.161).

Conclusion: IMA levels decreased rapidly after standard-dose ACTH stimulation, while a decrease in IMA levels was not observed after
low-dose ACTH stimulation. The lack of decrease in IMA levels after low-dose ACTH stimulation suggests a possible dose-dependent
relationship between ACTH and IMA. The moderate increase in cortisol with no reduction in IMA levels after low-dose ACTH stimulation
and the weak correlation between peak cortisol and 30-minute IMA levels after standard-dose ACTH stimulation suggest that ACTH may
have a direct effect on IMA.
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Introduction

Albumin is synthesized in the liver and contains three
homologous domains, each consisting of two subdomains
(1,2). Albumin contains Sudlow sites 1 and 2, which play an
important role in the transport of hydrophobic molecules,
heme binding sites, small ligand binding sites, seven fatty
acid binding sites, and four metal binding sites, including
the sites A and B, N-terminal site (NTS) and Cys34 (2,3,4).
Metal binding sites have different affinity for each metal.
NTS has the highest affinity for copper, nickel, and cobalt
(3). The NTS of albumin is very susceptible to biochemical
alteration and degradation.

Reactive oxygen species (ROS) play a role in regulating
signaling pathways but must be kept in limited amounts
in the body because ROS cause oxidative damage to DNA,
RNA, proteins, and lipids (5). Oxidative stress occurs
when ROS production exceeds the capacity of antioxidant
mechanisms to neutralize ROS (5). Dipeptide cleavage
occurs in the NTS of albumin due to increased ROS during
oxidative stress (6). The truncated NTS cannot bind metal
ions (7). This variant of albumin is called ischemia-modified
albumin (IMA). IMA production increases during oxidative
stress due to excessive ROS formation (6). Moreover,
excessive ROS production has also been shown to play
a role in the etiology of various inflammatory diseases
through the induction of inflammation (8,9). Therefore,
IMA is considered a parameter for the assessmentof both
oxidative stress and inflammation.

Cortisol exerts anti-inflammatory effects through genomic
and non-genomic pathways, resulting in decreased
cytokine and ROS production (10). Adrenocorticotropic
hormone (ACTH) has an anti-inflammatory effect through
a glucocorticoid-dependent pathway by stimulating
endogenous cortisol release. However, the anti-inflammatory
effects of ACTH were preserved in adrenalectomized rats
(11). ACTH also has a glucocorticoid-independent anti-
inflammatory effect by activating melanocortin receptors
expressed on immune cells (11). While IMA production
increases with excessive ROS formation, ACTH and cortisol
cause ROS production to decrease (6,10,11). However, the
effect of in vivo administration of ACTH, which stimulates
endogenous cortisol release, on IMA levels is unknown.
The aim of this study was to determine whether ACTH
stimulation has an impact on IMA levels and, if so, whether
the effect is dependent on the dosage.

Methods

Between February 2021 and February 2022, children who
would undergo standard-dose ACTH testing with suspicion

of congenital adrenal hyperplasia and children who would
undergo low-dose ACTH testing with suspicion of central
adrenal insufficiency at a single center were included in
the study. Subjects with acute or chronic diseases, active
infections, obesity, or drug use were excluded. All participants
and/or parents were informed orally and in writing and
consented to participate. The study is in accordance with
the World Medical Association Declaration of Helsinki and
was approved by the University of Health Sciences Turkey,
Dr. Sami Ulus Pediatric Health and Disease and Obstetrics
and Gynecology Training and Research Hospital Local Ethics
Committee (project no: E-21/01-76, date: 21.01.2021).

All subjects were outpatients during the ACTH test. Physical
exam and pubertal staging were conducted. For the standard-
dose ACTH test, children under two years of age were given
125 mcg of intravenous tetracosactide, while those over
two years of age were given 250 mcg. Blood samples were
collected during the standard-dose ACTH test at 0, 30, and
60 minutes to measure cortisol and IMA levels, between
08:00 and 09:00 in the morning. Subjects with abnormal
standard-dose ACTH stimulation test results were excluded
from the study, and 80 subjects who underwent standard
dose ACTH tests were included in the study. In the low-dose
ACTH test, all subjects were given 1 mcg of tetracosactide.
During the low-dose ACTH test, blood samples were taken at
0 and 30 minutes to assess cortisol and IMA levels. Subjects
with low-dose ACTH stimulation test results compatible
with adrenal insufficiency were excluded from the study.
Nineteen subjects who underwent low-dose ACTH tests and
had normal results were included in the study. In total, 99
healthy subjects participated in the study.

Chemiluminescent immunoassay was used to analyze
serum cortisol concentrations (Siemens Advia XPT).
ACTH was analyzed by chemiluminescent immunoassay
method (Siemens Immulite 2000 XPi). Blood samples were
centrifuged at 3500 rpm for 5 minutes and stored at -80
°C until the IMA test was performed. The albumin cobalt
binding test was used to analyze serum IMA concentrations
(12). The test procedure is as follows: 50 pL of 0.1 % cobalt
(Il) chloride (CoClZ, 6H,0) (Sigma-Aldrich Chemie GmbH,
Riedstrasse 2, Steinheim, Germany) was added to 200 pL
of subject serum. After mixing, followed by 10 minutes of
incubation to allow for albumin cobalt binding, 50 pL 1.5
mg/mL dithiothreitol was added, mixed and incubated for
2 minutes at body temperature. Then 1.0 mL of a 0.9%
sodium chloride solution was added in order to reduce the
binding capacity. The blank was prepared with distilled
water without dithiothreitol. The absorbance of the samples
was measured at 470 nm with a spectrophotometer (12)
and given as absorbance units.
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Statistical Analysis

All statistical analyses were performed using the Statistical
Package for Social Sciences software, version 17 (IBM Inc.,
Chicago, IL, USA). Non-parametric tests were used after the
normal distribution conformity test. Qualitative data were
expressed as numbers/percentage and quantitative data
as median (range). The Mann-Whitney U test was used to
compare the two groups. To determine the relationship
between two continuous variables, the Spearman’s
correlation coefficient was used to. A statistically significant
p value was considered as < 0.05.

Results

The basal ACTH, cortisol, and IMA levels of subjects are
given in Table 1. There was no correlation between IMA
levels and age of subjects (p > 0.05). Basal IMA levels of boys
and girls did not differ (p > 0.05). More than half (50.5%) of
the subjects were pubertal, and the basal and 30™-minute
IMA values of the pubertal subjects did not differ from
those of the prepubertal subjects (p=0.656 and p=0.768,
respectively). There was no correlation found between
body mass index (BMI) standard deviation score (SDS) and
basal IMA, as well as BMI SDS and 30-minute IMA levels
(r=-0.049, p=0.632 and r=-0.129, p=0.204 respectively).
There was no correlation between basal ACTH and IMA as
well as basal cortisol and IMA levels (p > 0.05).

The results of standard-dose ACTH stimulation: The
median age of 80 subjects who underwent standard-dose
ACTH test was 5.5 (0.66-17) years. The stimulated cortisol
and IMA levels of subjects are given in Table 1. IMA levels
decreased significantly within 30 minutes and the decrease
continued to 60 minutes after standard-dose ACTH
stimulation (p=0.002) (Figure 1). IMA levels at 30 and
60 minutes were similar (p=0.773). There was a positive
correlation between basal and 30 as well as basal and
60-minute IMA levels (r=0.675, p=0.0001 and r=0.676,
p=0.0001 respectively) (Figure 2). There was a weak
negative correlation between peak cortisol and IMA levels
30 minutes after ACTH stimulation (r=0.233, p=0.02)

(Figure 3). Basal and stimulated IMA levels did not differ
according to gender (p > 0.05).

Low-dose ACTH stimulation: Nineteen subjects with a
median age of 9.2 (0.1-17.8) years underwent low-dose
ACTH test. The stimulated cortisol and IMA levels of subjects
are given in Table 1. No significant difference was observed
in IMA levels after low-dose ACTH stimulation (p=0.161)
(Figure 4). There was no correlation between peak cortisol
and IMA levels at the thirtieth minute (r=0.103, p=0.667)
(Figure 5). Basal and stimulated IMA levels were not different
according to gender (p > 0.05).

Comparison of low-dose and standard-dose ACTH
stimulation: Basal ACTH and IMA levels were similar in
the two groups (p=0.353 and p=0.147, respectively)
(Table 1). Although there was a difference between basal
cortisol levels, there was no correlation between basal
cortisol and basal IMA levels between the two groups (r=-
0.102, p=0.315). In subjects given standard-dose ACTH
stimulation, basal and peak cortisol levels were higher and
IMA levels at the thirtieth minute were significantly lower
(p=0.003, p=0.00001, and p = 0.002 respectively) (Table 1).

1,45
p: 0.002
" 1 \ [ \
L 0002 p:0.773
1,30 S——
1,257
1,204
1,154
1,104 ——
1,05
1,00
IMA O’ IMA 30’ IMA 60’
med (min-max) med (min-max) med (min-max)
1.22 ABSU (0.36-1.34) 1.20 ABSU (0.4-1.30) 1.20 ABSU (0.19-1.33)

Figure 1. IMA levels after standard-dose ACTH stimulation

IMA: ischemia-modified albumin, ACTH: adrenocorticotropic hormone,
Min-max: minimum-maximum, ABSU: absorbance units

Table 1. Comparison of low-dose and standard-dose ACTH stimulation responses

Low-dose ACTH test Standard-dose ACTH test P
Med Min Max Med Min Max
Basal ACTH pg/mL (pmol/L) 18.4 (4.1) 8.7 (1.9) 43.7 (9.6) 17.7 (3.9) 5(1.1) 68 (15) 0.353
Basal cortisol mcg/dL (nmol/L) 5.3 (146.3) 1.9 (52.4) 16.8 (463.7) 12 (331.2) 4.1 (113.2) 35.3 (974.3) 0.003
Peak cortisol mcg/dL (nmol/L) 22.5 (621) 18.1 (499.6) 27.7 (750.7) 31.8 (877.7) 19.2 (529.9) 41.9 (1156.4) 0.0001
IMA 0’ minute (ABSU) 1.25 0.94 1.29 1.22 0.36 1.34 0.147
IMA 30’ minute (ABSU) 1.25 0.96 1.44 1.20 0.40 1.30 0.002

ACTH: adrenocorticotropic hormone, IMA: ischemia-modified albumin, Min: minimum, Max: maximum, ABSU: absorbance units
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Figure 2. The correlation of basal to 30 and basal to 60 minutes IMA levels after standard-dose ACTH stimulation

IMA: ischemia-modified albumin, ACTH. adrenocorticotropic hormone

R? Linear = 0,049
45,01

Peak cortisol

1501 P: 0.02

IMA 30

Figure 3. The correlation of peak cortisol and IMA levels at 30
minutes after standard-dose ACTH stimulation

IMA: ischemia-modified albumin, ACTH: adrenocorticotropic hormone
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Figure 4. IMA levels after low-dose ACTH stimulation

IMA: ischemia-modified albumin, ACTH: adrenocorticotropic hormone,
Min-max: minimum-maximum, ABSU: absorbance units
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Figure 5. The correlation of peak cortisol and IMA levels at 30
minutes after low-dose ACTH stimulation

IMA: ischemia-modified albumin, ACTH: adrenocorticotropic hormone

Discussion

To the best of our knowledge, this is the first study to evaluate
the effect of ACTH stimulation on IMA levels. It is known
that increased ROS production during oxidative stress leads
to protein oxidation and the production of inflammatory
signals, contributing to the development of several chronic
diseases (8,9,13,14,15). It has also been shown that IMA
formation is associated with increased ROS production
and inflammation in oxidative stress and IMA levels rise
6-10 minutes after oxidative stress (6,16,17). However, the
alteration of albumin to IMA is reversible, and IMA rapidly
returns to its basal level after ischemia (18). In the present
study, it was observed that standard dose ACTH stimulation
reduced IMA levels in vivo at 30 minutes after stimulation.
This effect of ACTH on IMA may occur through stimulation
of cortisol secretion by ACTH. It has been reported that
cortisol strengthens antioxidant defenses by increasing the
reduced form of glutathione, thus limiting the production
of pro-oxidants such as ROS (19,20). Since cortisol reduces

87



Muratoglu Sahin N et al.

Effect of Adrenocorticotropic Hormone Stimulation on Ischemia-modified Albumin

] Clin Res Pediatr Endocrinol
2024;16(1):84-90

ROS levels, it is expected to reduce IMA formation. Most
glucocorticoid effects are due to the transcriptional
effects of the glucocorticoid receptor, which represses the
transcription of pro-inflammatory cytokine and chemokine
genes (21). However, these mechanisms might not be
involved in the more rapid anti-inflammatory effects of
glucocorticoids. Studies have shown that glucocorticoids
have rapid, non-genomic effects on ROS formation via the
generation of intracellular second messengers and signal
transduction cascades (22,23,24). In the present study,
the rapid decrease in IMA levels after standard-dose ACTH
stimulation suggests that cortisol exerts its effect on IMA by
a non-genomic pathway. After administering standard-dose
ACTH stimulation, we observed a statistically significant
but relatively small difference in IMA levels. As it is widely
known, high levels of IMA are found in various diseases that
are associated with ischemia and oxidative stress. In such
cases, ACTH stimulation may lead to a significant decrease
in IMA levels. However, it is important to note that our study
population comprised healthy individuals. Therefore, the
alteration in IMA levels that we observed was relatively low.

IMA levels were also evaluated during a low-dose ACTH test
to observe the effect of the ACTH stimulation dose.The lack
of a decrease in IMA levels after low-dose ACTH stimulation
suggests that a possible dose-dependent relationship
between ACTH and IMA. However, the presence of only
19 subjects in the low-dose ACTH test group may have
prevented a statistically significant result.

It is known that ACTH is more effective than corticosteroids
in treating some inflammatory diseases. Getting et al. (25)
demonstrated that local ACTH injection has remarkable
anti-inflammatory effects. The same group demonstrated
that the anti-inflammatory effects of ACTH were preserved
in adrenalectomized rats (25). They also demonstrated
that the 4-10" amino acid-containing parts of ACTH cannot
stimulate cortisol secretion but can inhibit macrophage
activation and neutrophil accumulation in inflammatory
exudates (26). In summary, while it is known that ACTH has
anti-inflammatory effects other than stimulating cortisol
secretion, there is no information that ACTH directly affects
ROS and IMA levels. In our study, although standard-dose
ACTH stimulation provided a remarkable increase in cortisol
and decrease in IMA, there was a weak negative correlation
between peak cortisol and IMA levels 30 minutes after ACTH
stimulation. There was no significant difference in IMA
levels after low-dose ACTH stimulation, despite providing
a moderate increase in cortisol. These results indicate that
high doses of ACTH may have a direct effect on ROS and
IMA levels.

88

In the present study, in which the effect of ACTH stimulation
on IMA levels was evaluated, although the basal IMA and
basal ACTH values of the two groups were not different, there
was a significant age difference between the two groups.
However, we found no correlation between IMA levels and
the age of subjects. Moreover, there is no evidence in the
literature that suggests IMA changes with age. Since the
basal IMA and ACTH level of the two groups is not different
we think that age will not be expected to have an effect on
the IMA level after ACTH stimulation.

It has been found in some studies that the IMA/albumin
ratio should be evaluated alongside IMA levels. A recent
review explains that the total plasma albumin concentration
should be taken into account, especially in individuals with
hypo- or hyperalbuminemia, to avoid misinterpretation
of IMA values (27). This is particularly important when
examining the level of IMA in other biological fluids such as
urine or saliva (27). The study evaluated IMA levels in the
blood of healthy participants. It is important to note that
since the participants were healthy, it is unlikely that their
blood albumin levels would be abnormal.

Study Limitations

The main limitation of our study was the lack of post-
stimulation ACTH level measurements. According to the
protocol used in our clinic, the amount of standard dose
ACTH test tetracosactide is determined according to age,
125 mcg was given to subjects under 2 years of age, and
250 mcg was given to subjects over the age of 2. In contrast,
in the low-dose ACTH test, 1 mcg tetracosactide was given to
all subjects. Due to the situation, the dosage of ACTH given to
the subjects varied based on micrograms per kilogram. It is
possible that after administering standard and low doses of
ACTH stimulation, the level of ACTH in the blood may have
varied among the subjects, which could have influenced our
results. However, the lack of correlation between baseline
ACTH and IMA suggests that possible individual differences
in blood ACTH levels may have a limited effect on the results.
The second limitation of our study was that there were only
19 subjects in the low-dose ACTH test group, which may not
be sufficient to obtain a statistically significant result.

Conclusion

The effect of ACTH stimulation on IMA was evaluated forthe
first timein this study. It was found that standard-dose ACTH
stimulation reduced levels of IMA at 30 and 60 minutes after
ACTH stimulation in vivo, while a decrease is not observed
after low-dose ACTH stimulation. The lack of decrease in
IMA levels after low-dose ACTH stimulation suggests a
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possible dose-dependent relationship between ACTH and
IMA. The moderate increase in cortisol with no reduction
in IMA levels after low-dose ACTH stimulation and the weak
correlation between peak cortisol and thirtieth minute IMA
levels after standard-dose ACTH stimulation suggest that
ACTH may have some direct effects on IMA levels other
than stimulating cortisol secretion. Clarifying functional
mechanisms will help understand the pathogenesis of
diseases and develop treatments.
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A Novel KISS1R Loss-of-function Variant in a Chinese Child with
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What is already known on this topic?

Congenital hypogonadotropic hypogonadism (CHH) is a rare genetic disorder, resulting from impaired production, secretion, or action
of gonadotropin-releasing hormone (GnRH). Mutations of the KISSIR (GPR54) gene can result in CHH. Minipuberty is a critical period for
genital development due to the activation of the GnRH axis in the initial postnatal months.

What this study adds?

A novel compound heterozygous mutation of KISSIR causing CHH in a Chinese boy was reported. The report adds to the spectrum of
mutations in the KISSIR gene seen in children with CHH. Evaluation of minipuberty in male newborns and infants who present with
micropenis, with or without undescended testes, can help in the early diagnosis and possible early treatment of nCHH.

Abstract

Congenital hypogonadotropic hypogonadism (CHH) is a rare genetic disorder, resulting from impaired production, secretion, or action
of gonadotropin-releasing hormone (GnRH). Variants of the KISSIR gene can result in CHH. Herein we describe a Chinese boy with
CHH, caused by a novel, compound heterozygous variant in KISSIR. A male infant presented to the pediatric urological surgeon at three
months of age for micropenis. Laboratory investigations done at this time revealed low levels of serum gonadotropins and testosterone,
suggesting a lack of minipuberty. Topical application of dihydrotestosterone gel was recommended, but the parents refused treatment.
The child was brought to our hospital at 3.3 years of age for the same complaint. A diagnosis of CHH was considered, and next
generation sequencing revealed a compound heterozygous variant including a novel c.182C > A (p.S61%) and a ¢.418C>T (p.R140C) in
KISS1R. We describe a novel compound heterozygous variant in the KISSIR in a boy with CHH, born to non-consanguineous Chinese
parents. This report adds to the spectrum of variants in KISSIR seen in children with CHH.

Keywords: Hypogonadotropic hypogonadism, KISSIR, minipuberty

callosum, unilateral or bilateral renal agenesis, cleft lip or
palate, alteration of digital bones, and daltonism (1). CHH
can be broadly divided into two categories; cases resulting

Introduction

Congenital hypogonadotropic  hypogonadism  (CHH)

is a rare genetic disorder caused by a defect in the
production, secretion, or action of gonadotropin-releasing
hormone (GnRH), which regulates the reproductive axis.
CHH may present with reproductive symptoms, such as
cryptorchidism, micropenis, absent or incomplete puberty,
infertility, amenorrhea, and a lack of breast development,
and with non-reproductive features, such as bimanual
synkinesis, abnormal eye movements, agenesis of the corpus

from the abnormal embryonic migration of GhRH neurons
from the olfactory placode to the forebrain and associated
with anosmia/hyposmia [Kallmann syndrome (KS)], and
cases characterized by pure neuro-endocrine impairment of
GnRH secretion or action, namely normosmic CHH (nCHH).
The incidence of CHH is uncertain. KS has an incidence of
1:125,000 in females and 1:30,000 in males, as reported in
a recent epidemiological study (2).
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CHH is seldom diagnosed during childhood, a physiologically
hypogonadal period. However, minipuberty is a window for
early diagnosis of CHH. Minipuberty is a critical period for
genital development due to the activation of the GnRH axis
in the initial postnatal months. In boys, there is a rise in the
serum testosterone (T) and gonadotropin levels, which peak
at three months of age and almost approach adult male
levels. This is followed by a decline to low prepubertal levels
by about six months. Due to impaired activation of the
GnRH axis in minipuberty, low serum T and gonadotropin
levels can be observed in infants affected by CHH (3).

Variants of KISSIR are found in approximately 5% of patients
with nCHH (4). More than 30 different KISSIR variants
have been reported to date (5). With the widespread use
of genetic testing, genetic causes of CHH are increasingly
being identified (1). We present a boy with nCHH born to
non-consanguineous, Chinese parents, where a compound
heterozygous variant was identified on genetic testing.
This included a novel c.182C>A (p.S61*) variant, which
was predicted to be pathogenic and the variant ¢.418C>T
(p.R140C), a variant of uncertain significance (VUS) in
KISSIR.

Case Report

The proband, born to non-consanguineous Chinese parents,
was noticed to have a small penis since birth. A pediatric
urologist was consulted for the same complaint when the
infant was three months old. Investigations showed low
levels of serum T and gonadotropins-follicle stimulating
hormone (FSH) and luteinizing hormone (LH) (T <0.03 ng/
mL, FSH < 1.1 mIU/mL, and LH <0.11 U/L). The karyotype
was 46, XY. An absence of minipuberty was diagnosed
and dihydrotestosterone topical gel was recommended
for treatment of micropenis. However, the parents refused
treatment at this time.

At 3.3 years of age, the boy was referred to our hospital
for investigation of micropenis. There was no family history
of any reproductive problems or non-reproductive features
associated with CHH. The child could perceive smell. On
physical examination, he had a micropenis with stretched
length of 1.5 cm (<-4 standard deviation) (6). Neither
hypospadias nor cryptorchidism was present. The right
testicular volume was 1 mL and the left 0.5 mL. There

were no dysmorphic features on general examination and
neurological examination was normal.

Investigations showed a basal serum T level of <0.07 ng/
mL, LH <0.1 IU/L and FSH 1.9 IU/L. The GnRH stimulation
test showed a peak LH of 3.9 IU/L at 30 mins and an FSH
peak of 26.7 IU/L at 60 mins (Table 1). The results of the
3-day human chorionic gonadotropin (hCG) stimulation test
are also shown in Table 1. Serum T increased by 5-10 times
on stimulation, which is considered a good response. Serum
thyroid stimulating hormone (TSH), free thyroxine (FT4),
prolactin, adrenocorticotropic hormone (ACTH), morning
cortisol, and insulin-like growth factor-1 (IGF-1) levels were
all within the normal range.

An ultrasound scan of the scrotum revealed a right testis
of 12 x 6 x 8 mm and a left testes of 11 x 5 x 10 mm.
Bone age was 2.2 years (10"-25™ percentile) assessed by the
Tanner-Whitehouse 2 (TW2) method. Magnetic resonance
imaging (MRI) of the brain detected multiple abnormal
signals, presenting with slightly longer signals on T1 and
T2 weighted images, and slightly higher signal on the flair
sequence, in the centrum semiovale and lateral ventricles.
The upper edge of the pituitary was sunken. The olfactory
bulb and olfactory tract were normal.

Whole sequencing and Sanger sequencing
revealed a compound heterozygous variant in KISSIR.
Variant ¢.182C>A (p.S61*) was inherited from the
mother while ¢.418C>T (p.R140C) was inherited from
the father (Figure 1). After annotation via InterVar and
classification according to the American College of Medical
Genetics and Genomics (ACMG) guidelines, the c.182C>A
(NM_032551.5) was classified as pathogenic with evidence
levels PVS1 + PM2 + PP3, while ¢.418C > T was classified as
VUS with evidence levels PM1 + PM2 + PP3.

exome

A final diagnosis of nCHH was made and treatment with hCG
was recommended to induce penile growth. However, the
parents again refused treatment. At 4.6 years of age, the boy
was again referred to our hospital for the same complaint.
At this visit, the parents opted to use dihydrotestosterone
topical gel to treat micropenis rather than hCG or
intramuscular T. The child started local application of 2.5%
dihydrotestosterone topical gel (0.2-0.3 mg/kg/day) and is
due for follow-up after three months.

Table 1. GnRH test and hCG stimulation test

0 min 30 min 60 min 90 min 120 min Pre-hCG Day 3 post-hCG
LH (IU/L) <0.1 3.9 3.5 2.5 1.9 Testosterone (ng/mL) <0.07 2.19
FSH (IU/L) 2.0 21.7 26.7 25.1 23.6 Dihydrotestosterone (pg/mL) <50 69.61

GnRH: gonadotropin-releasing hormone, LH: luteinizing hormone, FSH: follicle-stimulating hormone, hCG: human chorionic gonadotropin
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R140C/WT S61*/WT

I 1

~
R140C/S61*

Figure 1. Circles represent females and squares males. Half-
shaded symbols indicate unaffected heterozygous and solid
symbols affected subjects. The proband, subject 11I-1 (arrow), was
compound heterozygous for the KISSIR variants R140C/S61*.
The unaffected father (I-1) was heterozygous for the R140C
variant and the unaffected mother (I-2) was heterozygous for
the S61* variant

Discussion

Interaction of the KISSIR protein and its natural ligand
Kisspeptin-1 playsacritical role in initiation and development
of puberty. Loss-of-function variants of KISSIR responsible
for nCHH in humans were first reported in 2003 (7). Most
of the previous cases of nCHH associated with KISSIR were
homozygous variants described in adults and teenagers
born of consanguineous parents (5).

In this case report, we describe a prepubertal boy with
micropenis, a lack of minipuberty and delayed bone age,
suggestive of CHH. CHH remains a diagnosis of exclusion
(8) and so malnutrition, any chronic disease, or excessive
exercise, the functional causes were exluded. Structural
causes, such as tumors, apoplexy, surgery, or infiltrative
diseases were also ruled out by brain MRI. Combined
pituitary hormone deficiency was also excluded by normal
levels of TSH, FT4, prolactin, ACTH, morning cortisol and
IGF-1. So the diagnosis of CHH was considered. Whole
exome sequencing revealed a compound heterozygous
variant in the KISSIR, including a novel ¢.182C > A (p.S61*%)
(pathogenic) variant and a c.418C>T (p.R140C) (VUS)
variant. Loss-of-function variants of KISSIR are responsible
for nCHH in humans. The boy could perceive smell. The
MRI also showed normal olfactory bulb and olfactory tract,
presumably since KISSIR is involved in GnRH neuron
activation and not migration. When clinical data and genetic
results were considered together, these variants are most
likely to explain the nCHH found in the proband.

The proband was the only child of his parents. He presented
with  micropenis. Patients with Kkisspeptin receptor
insufficiency may manifest with either complete or partial

gonadotropic deficiency. Micropenis in these patients is due
to fetal T deficiency resulting from absence of testicular
stimulation by gonadotropins during the second and third
trimesters of pregnancy (9). Hormonal evaluation revealed
low gonadotropins and T concentrations at three months
of age, supporting a diagnosis of a lack of minipuberty.
Minipuberty is the transient, sex-specific activation of
the hypothalamic-pituitary-gonadal axis during the first
six months of life in boys (10). A lack of minipuberty in
infancy provides a valuable opportunity for the diagnosis of
CHH, since childhood is generally a period of physiological
hypogonadism (8).

A compound heterozygous variant was found in KISSIR
in the presented case. The first variant was a nonsense
variant, which cause an early termination for translation
and was classified as pathogenic according to the ACMG
guideline. The second variant was a missense variant,
its frequency was extremely low in gnomAD database
(0.000006571 for whole database and 0.0001924 for East
Asian subgroup of gnomAD database), and relative higher
(0.1445%) in the South Asia subgroup of the GenomAsia
database (1 allele count in a total of 692). The frequency
difference between GenomAsia and gnomAD maybe due
to the total cohort number: gnomAD (n=5198) compared
to GenomAsia (n=692). Other evaluation results included:
in cohort > 1000 a pathogenic variant was detected at the
trans position in autosomal recessive disease; multiple
protein prediction software predicted that the variation was
deleterious; and genotype was correlated with phenotype
so the variant was classified as VUS.

However, no functional studies were performed to
demonstrate the pathogenicity of these variants. Our
patient will need long-term follow-up to observe the efficacy
of dihydrotestosterone topical gel. Multiple abnormal
signals in the centrum semiovale and lateral ventricles, and
a sunken upper edge of the pituitary were observed in MRI
of the brain, which are not explained at present.

Conclusion

In conclusion, we report a novel compound heterozygous
variant of KISSIR causing nCHH in a Chinese boy. Evaluation
of minipuberty in male newborns and infants who present
with micropenis, with or without undescended testes, can
help in the early diagnosis and possible early treatment of
nCHH. Genetic testing is also recommended to assist the
diagnosis of CHH and to provide genetic counseling to the
family. Our case adds to the increasing evidence concerning
the spectrum of CHH caused by variants in KISSIR.
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What is already known on this topic?

Isolated aldosterone synthase deficiency is a rare autosomal recessive disorder caused by pathogenic variants in CYPI11B2, resulting
in impaired aldosterone synthesis. To date, over forty different pathogenic CYP11B2 variants have been reported, most of which are
missense and nonsense variants that greatly compromise enzymatic activity.

What this study adds?

We report a novel variably pathogenic homozygous variant in the CYPIIB2 gene Chr8:NM_000498.3:c.400G>A p.(Gly134Arg).
Interestingly, this homozygous variant led to different clinical phenotypes in two affected relatives. Our study shows that clinicians and
geneticists should be alert to the potential pitfalls of CYP11B2 sequencing due to its homology to CYP11B]1.

Abstract

Isolated aldosterone synthase deficiency is a rare autosomal recessive disorder caused by pathogenic variants in CYP11B2, resulting in
impaired aldosterone synthesis. We report on a neonate with isolated aldosterone synthase deficiency caused by a novel homozygous
CYP11B2 variant Chr8:NM_000498.3:¢c.400G > A p.(Gly134Arg). The patient presented shortly after birth with severe signs of aldosterone
deficiency. Interestingly, segregation analysis revealed that the patient’s asymptomatic father was also homozygous for the CYP11B2
variant. Biochemical evaluation of the father indicated subclinical enzyme impairment, characterized by elevated aldosterone precursors.
Apparently, this homozygous variant led to different clinical phenotypes in two affected relatives. In this manuscript we elaborate on
the biochemical and genetic work-up performed and describe potential pitfalls in CYP11B2 sequencing due to its homology to CYPI1BI.
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Introduction

Isolated aldosterone synthase deficiency is a rare autosomal
recessive disorder caused by pathogenic variants in
CYP11B2 causing impaired aldosterone synthesis. The
resulting hyperreninemic hypoaldosteronism leads to
a potentially fatal condition, characterized by failure to
thrive, dehydration, hyponatremia, hyperkalemia and mild
metabolic acidosis (1,2).

We report on a neonate with isolated aldosterone synthase
deficiency caused by a novel homozygous CYP11B2 variant.
The proband presented shortly after birth with severe signs
of aldosterone deficiency. Segregation analysis revealed
that the proband’s father harbored the same homozygous
CYP11B2 variant. Although the proband’s father appeared
asymptomatic, biochemical evaluation showed low
aldosterone levels with increased mineralocorticoid
precursors suggesting subclinical enzyme impairment.
This case complements other reports describing the lack
of a clear genotype-phenotype correlation in CYPIIB2
mutations.

Furthermore, this report addresses the encountered pitfalls
of CYP11B2 variant analysis due to its extensive homology
with CYP11B1, which may delay the genetic diagnosis.

Subjects

A family of Pakistani origin was studied. They were unrelated
to previously reported families with pathogenic variants in
CYP11B2. Written informed consent was obtained from all
participants or their legal guardians. All procedures were
performed in accordance with the Declaration of Helsinki.

Biochemical Analysis

Steroid hormones were measured in serum using isotope
dilution liquid chromatography coupled to tandem mass
spectrometry (ID-LC-MS/MS). The steroid profile consisted
of cortisol, 17-OH-progesterone (17-OHP), 11-deoxycortisol
(Compound S), l1l-deoxycorticosterone (11-DOC) and
corticosterone (3). Limit of quantitation (LOQ) for these
steroids were 1 nmol/L for cortisol and 17-OHP), 0.4 nmol/L
for Compound S, 0.1 nmol/L for 11-DOC and 0.5 nmol/L for
corticosterone.

Aldosterone was measured in serum using ID-LC-MS/
MS (4). The LOQ was 0.03 nmol/L. Plasma renin activity
(PRA) was determined in EDTA plasma by measuring the
production of angiotensin 1 from angiotensinogen over
time using an in-house radio-immunoassay (5). The LOQ
was 1 pg angiotensin 1/L/h. Further biochemical analyses
of sodium, potassium, chloride, glucose and creatinine were
measured on the ISE and C502 module of the Cobas 8000
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(Roche). Blood gas parameters pH, pCO,, bicarbonate and
base excess were determined in capillary samples using a
RapidPoint 500e (Siemens).

Genetic Analysis

Genomic DNA was extracted from EDTA blood of the patient,
his sibling and their parents by standard methods. The
coding region and exon-intron boundaries of the CYP11B2
gene (GenBank: NM_000498.9) were amplified from
genomic DNA. Sanger sequencing was performed using
the BigDye Terminator Sequencing Kit (Thermo Scientific,
Thermo Fisher Scientific, Waltham, USA) and ABI 3730 XL
(Applied Biosystems, Thermo Fisher Scientific, Waltham,
USA). Coding sequences and flanking intron sequences
were analysed with SequencePilot (SeqgPatient, JSI Medical
Systems GmbH, Ettenheim, Germany). PCR and sequencing
primers are available on request.

In silico Analysis

A number of pathogenicity prediction methods were used
for in silico analysis of variant pathogenicity, including Align
GVGD (6), CADD (7), PolyPhen-2 HumVar (8), SIFT (9) and
MutationTaster (10). The DUET and DynaMut servers were
used to evaluate protein stability upon mutation (11,12).
The effects of residue substitution on CYP1IB2 structures,
interatomic interactions and vibrational entropy energy
were inspected in PyMOL using crystal structure model
4dvq of CYP11B2 in complex with deoxycorticosterone (13).

Case Report

The proband was the second child of consanguineous,
healthy parents of Pakistani origin. He was born at term
after an uncomplicated pregnancy and was large for
gestational age (LGA) with a birth weight of 3880 grams (91
percentile). There were no congenital anomalies. Because of
LGA, glucose levels were measured, revealing hypoglycemia
in the first hours after birth, which was treated with
intravenous glucose. After two days, he was discharged from
hospital on a normal newborn feeding formula, without any
medication or supplements.

At the age of three weeks, the proband was seen at our
outpatient clinic and was subsequently readmitted because
of persistent vomiting and failure to thrive. At that time his
weight was more than ten percent below birth weight (3415
grams). Physical examination revealed dehydration without
apparent signs of infection.

Laboratory evaluation (Table 1A) showed hyponatremia,
hyperkalemia and metabolic acidosis. Initially, primary
adrenal insufficiency was suspected and after performing
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Table 1. Laboratory results of the index patient (A) at
presentation (age three weeks) and of the patient’s
asymptomatic father (B)

A. Results of the index patient

Measurement Reference interval®

Sodium 124 133-142 mmol/L

Potassium 7.6 4.0-6.0 mmol/L

Chloride 89 98-113 mmol/L

pH (capillary) 7.3 7.32-7.43

pCO, 5.6 3.5-5.5 kPa

Bicarbonate 20.1 23-29 mmol/L

Base excess -6.1 -2-10 mmol/L

Glucose 4.4 2.8-4.5 mmol/L

Creatinine 42 35-80 pmol/L

Aldosterone 0.04** <0.54 nmol/L

Plasma renin activity 66 < 7.5 pg angiotensin
1/L/h

Cortisol 186 250-650 nmol/L

B. Results of the patient’s father

Measurement Reference interval
Sodium 140 —~135-145 mmol/L
Potassium 4.2 3.5-4.5 mmol/L
Aldosterone <0.03%** <0.54 nmol/L
Plasma renin activity 6.1 < 7.5 pg angiotensin
1/L/U
Cortisol 284 250-650 nmol/L
17-OH progesterone 1.3 < 7.6 nmol/L
11-deoxycortisol 1.4 <3.2 nmol/L
11-deoxycorticosterone 3.8 <0.82 nmol/L
Corticosterone 27.7 1.8-56 nmol/L

*All reference intervals are age-specific reference intervals, except for
aldosterone and plasma renin activity for which adult reference ranges are
depicted. **Aldosterone LOQ: 0.03. ***The aldosterone concentration was
below LOQ.

LOQ: limit of quantitation

a cosyntropin stimulation test, the patient was started
on hydrocortisone 50 mg/m?/day in four daily doses and
intravenous isotonic (0.9%) saline. Basal cortisol and
aldosterone levels were low-normal and very low (just
above LOQ), respectively. PRA was increased and renal

abnormalities were excluded by a renal ultrasound. The
cosyntropin stimulation test (36 microgram/kg bodyweight)
showed an appropriate rise of post-stimulation cortisol
levels, ruling out glucocorticoid deficiency (Table 2). 17-
OHP and 11-deoxycortisol levels were slightly increased
at baseline, but only a marginal rise was seen following
cosyntropin stimulation (Table 2). After ruling out
glucocorticoid  deficiency, isolated mineralocorticoid
deficiency was suspected. Hydrocortisone was stopped after
two days and treatment with fludrocortisone 62.5 pg twice
daily was started. Precursors of the aldosterone synthesis
pathway were measured in pre-treatment samples. Clearly
elevated levels of 11-DOC and corticosterone (Table 2) were
found, confirming the biochemical diagnosis of aldosterone
synthase deficiency.

After initiating therapy, rapid clinical and biochemical
recovery was noted. Intravenous saline treatment was
changed to an oral hypertonic saline solution at the age of
five weeks. Because of persistent subnormal sodium levels,
the fludrocortisone dose was increased to 100 pg twice daily.
With this treatment regimen, the patient was growing and
developing well with normal sodium, potassium and PRA. At
the age of one year, the patient was challenged by reducing
the fludrocortisone dose to 62.5 pg twice daily. This resulted
in recurrence of salt-loss necessitating reinstitution of the
original fludrocortisone dose, confirming the persistence of
clinically relevant hypoaldosteronism.

A heterozygous variant of unknown significance was
detected in exon 3 of the CYPI1B2 gene after sequencing
the coding region and the splice sites (NM_000498.3):
Chr8:NM_000498.3:¢.400G > A p.(Gly134Arg). As
heterozygous variants are usually asymptomatic/subclinical,
the heterozygous variant seemed an insufficient explanation
for the observed phenotype of our patient.

To find an alternative explanation for the observed
phenotype and because of the parental consanguinity,
our first step was to search for interesting regions of
homozygosity (ROHs). We performed genome wide array

Table 2. Results of a cosyntropin stimulation test in a three-week-old boy suspected of glucocorticoid and/or mineralocorticoid

deficiency
Measurement T =0 (unstimulated) T =30 min T =60 min Reference interval
(unstimulated)
Cortisol 602 761 873 250-650 nmol/L
17-OH progesterone 56 9.7 1.3 <3.2 nmol/L
11-deoxycortisol (Compound S) 10.9 122 13.8 < 3.2 nmol/L
11-deoxycorticosterone (11-DOC) 10.2 14.1 17.4 <0.82 nmol/L
Corticosterone 353 547 639 1.8-56 nmol/L

All steroids were measured with LC-MS/MS. Reference intervals are intervals for the unstimulated state in adults, except for 17-OHP (age adjusted).

17-OHP: 17-OH progesterone
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analysis using the CytoScan XON array platforms (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) on DNA from
the index patient following the manufacturer’s instructions.
We did not identify a copy number loss or gain, but
detected multiple, relatively large ROHs in the exome data
(196 Mb of the autosomal genome (~6.5%), which is in
agreement with the indicated parental consanguinity. The
CYP11B2 gene lies within a ROH of about 7 Mb. Due to the
discrepancy between the results, another set of primers for
exon 3 of the CYPIIB2 gene was designed, which led to
the discovery that the ¢.400G > A variant was in fact present
in a homozygous state. This is consistent with the genetic
diagnosis of isolated aldosterone synthase deficiency due to
a homozygous missense variant in CYPI11B2 (c.400G> A).
The initially used primers had also recognized and amplified
the highly homologous region of the CYB11BI gene, leading
to false heterozygous detection of the variant.

The detected variant has not been reported in the literature
before and is present in a very low allele frequency
(0.0012 %) in the genome Aggregation Database (gnomAD,
v.2.1.1)  (http://gnomad.broadinstitute.org).  Segregation
analysis was performed in the asymptomatic parents and
sibling. The proband’s clinically unaffected mother and
sister appeared to be heterozygous carriers of the novel
CYB11B2 variant but the patient’s father harbored the
variant in a homozygous state. This was an unexpected
finding, as the father appeared clinically asymptomatic
whilst on a regular Western diet, and had not experienced

P19099 C11B2_ HUMAN
MUTANT HUMAN

P15538 C11B1_HUMAN
P15539 C11B2 MOUSE
P30099 C11B2 RAT
QO0P493 QOP493 DANRE
WOFJN1 WOFJN1 PIG
F1PNC7_F1PNC7_ CANLF

* * - kk

CRMILEPWVAYRQHRGHKCGVFLLNGPEWRFNRLRLNPDVLS
CRMILEPWVAYRQHRGHKCGVFLLNRPEWRFNRLRLNPDVLS
HRMSLEPWVAYRQHRGHKCGVFLLNGPEWRFNRLRLNPEVLS
RRMHLEPWVAHRELRGLRRGVFLLNGPEWRLNRLRLNRNVLS
RRMHLEPWVAHRELRGLRRGVFLLNGAEWRFNRLKLNPNVLS
RRMTLQPWATHRETRRHSKGVFLKNGTEWRADRLLLNREVMV
QRMFLEPWLAYRQLRGHKCGVFLLNGPTWRLDRLQLNPGVLS

WRPPLDPWLAYRQHRGHKCGVFLLNGPEWRLNRLKLNPDVLS
ke K

any symptoms during infancy or childhood. This result also
argued against the pathogenicity of the detected CYP11B2
variant, and for that reason an endocrine work-up of the
father was performed. On physical examination, the father
had normal height and his vital signs were unremarkable.
Biochemical evaluation showed normal electrolytes and
PRA, but low aldosterone and clearly increased 11-DOC (an
aldosterone precursor) concentrations (Table 1B), suggesting
a mild (subclinical) aldosterone synthase deficiency.

To investigate the variant’s pathogenicity, in silico analyses
were performed. Gly at position 134 is highly conserved
across species (Figure 1) and appears to be an exposed
residue in the Cytochrome P450 domain of CYP1IB2. The
variantis predicted to be deleterious by several pathogenicity
prediction methods (Table 3). Results of protein structural
analysis indicate that the surface of the mutated CYP11B2 is
changed (Figure 2). These changes may negatively influence
protein-substrate dynamics. Protein stability analysis
suggests decreased protein stability, which may lead to a
misfolded protein (Table 3), perturbing substrate access to
the active site or substrate binding and could also lead to
increased degradation. These findings suggest that Gly at
position 134 is a functional residue.

Discussion

Aldosterone is the principal mineralocorticoid in humans.
Its main actions are to regulate intravascular volume

150
150
150
150
160
160
150
150

*hkkk Kk *k o kk k¥ * .

Figure 1. Sequence alignment. The Gly at position 134 of the CYP11B2 gene is highly conserved across species suggesting structural

and/or functional importance

Table 3. Pathogenicity score of the p.(Gly134Arg) variant in several pathogenicity prediction programs

Prediction method Score

Align GVGD

CADD

MutationTaster
PolyPhen-2 (HumVar)

1 (disease causing)

C65 (very likely to interfere with function)

24.3 (top 1 % deleterious variants)

1.000 (probably damaging)

SIFT 0 (deleterious)
DUET AAG: -1.26 kcal/mol (destabilizing)
DynaMut AAG: -0.59 kcal/mol (destabilizing)
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Figure 2. In silico protein modelling of CYP11B2 p.(Gly134Arg)

Crystal structure model 4DVQ of human aldosterone synthase (CYPI1B2) in complex with deoxycorticosterone (13) was used to
study interatomic interactions upon mutation, employing PyMOL. Positively charged amino acids are blue, negatively charged
amino acids are red. p.(Gly134Arg) substitution (panels A and B, the affected amino acid is given in green) did not result in steric
clashes or changes to hydrogen bridges (yellow dashed lines). However, dihedral angles of p.(Gly134Arg) are considerably different
to wild-type; the arginine sidechain (black circle, panel D) is pointed outwards, so that the otherwise smooth patch of protein surface
has a positively charged appendicle (panels C and D). This may influence protein-substrate dynamics, since it is in close proximity

to a putative steroid product egress route (13)

and electrolyte balance. Aldosterone is synthesized
from cholesterol in the zona glomerulosa of the adrenal
cortex. Aldosterone synthase is a mitochondrial
cytochrome P450 enzyme, encoded by the CYPI1B2
gene located on chromosome 8g24.3 and containing
nine exons (14). This enzyme is involved in the last
three steps of the aldosterone biosynthesis pathway
facilitating the 11-hydroxylation of deoxycorticosterone
to corticosterone, the subsequent 18-hydroxylation
to hydroxycorticosterone, and finally 18-oxidation
to aldosterone (15). 18-hydroxycorticosterone can
be measured to distinguish between 18-hydroxylase
deficiency (type 1) and 18-oxidase deficiency (type 2).
We chose not to measure 18-hydroxycorticosterone as
this distinction would not have clinical implications.

Aldosterone synthase deficiency biochemically leads
to hyperreninemic hypoaldosteronism, characterized
by hyponatremia, hyperkalemia, metabolic acidosis,

increased renin and low or low-normal aldosterone levels.
As demonstrated in the present case, increased levels of
mineralocorticoid precursors before the enzymatic block
may be found. Clinically, the disease manifests in the
neonatal period or early infancy with vomiting, dehydration,
and failure to thrive (16,17,18). These symptoms are
nonspecific and can easily be mistaken for more common
conditions.

To date, more than forty different pathogenic variants in
the CYPI1B2 gene causing isolated aldosterone synthase

deficiency have been reported, most of which are missense
and nonsense variants that greatly compromise enzymatic
activity (17,18). In a recent study, the missense variant
€.554C>T p.(Thr185lle) was found, either in a homozygous
or compound heterozygous state, in the vast majority of
the studied patients (17). To the best of our knowledge, the
missense variant ¢.400G > A p.(Gly134Arg) detected in the
proband and his family members has not been described
before.

Based on the location of the variant, in close proximity to
two earlier described pathogenic variants (17), the known
deleterious effect of the variant in the highly homologous
CYPI1BI gene (19), the low frequency in the gnomAD
database, the results of prediction programs, the results
of protein modeling and the appropriate clinical and
biochemical findings in the proband, strongly suggest this
variant to be pathogenic, in our opinion.

The proband’s father with the same homozygous CYP11B2
variant appeared asymptomatic, but biochemical analysis
revealed low aldosterone levels and an elevated 11-DOC
concentration, suggesting impaired enzyme activity.
Apparently, this variant is not fully penetrant. Reduced
penetrance has previously been reported in members
of an extended Palestinian family, harboring a different
variant in CYBI1B2 [c.1354G > T; p.(G452W)] (20). In this
family, two clinically unaffected mothers were found to be
homozygous for the same variant as their affected offspring.
Why the severity of enzyme impairment can differ
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between people with the same genotype is unclear.
Faingelernt et al. (20) speculated that undetermined genetic
or epigenetic factors, for example affecting sensitivity to
mineralocorticoid action or impairing 11B-hydroxysteroid
dehydrogenase type 2 activity, could play a role.

Lastly, we would like to alert clinicians to the pitfalls
we encountered trying to obtain a genetic diagnosis.
The two 11B-hydroxylase iso-enzymes, 11B-hydroxylase
enzyme (P450c11B) and aldosterone synthase enzyme
(P450c11AS), are encoded by the 93 %-identical CYP11B1
and CYPI1IB2 genes, respectively (21). Both genes
are located in band g24.3 of chromosome 8 and are
approximately 40 kb apart. Their sequence homology
complicates genetic analysis as illustrated by the presented
case and highlights the importance of using 100 % specific
primers for each gene.

There have been several reports of patients with
hyperreninemic hypoaldosteronism in whom a genetic
diagnosis could not be made (21,22). The present case
raises the question whether similar false negative results,
caused by the close homology between the two CYPI11B
genes, could have played a role in the inability to obtain a
genetic diagnosis in these patients.

Conclusion

Herein, we report the case of a neonate with hyperreninemic
hypoaldosteronism due to isolated aldosterone synthase
deficiency, caused by a novel, homozygous CYP1I1B2
variant. The patient’s father was homozygous for the same
variant and appeared asymptomatic. However, biochemical
evaluation revealed suboptimal aldosterone synthase
function, suggesting a phenotypical spectrum based on
enzymatic residual activity that can vary within a family.
The explanation for this observed lack of a clear genotype-
phenotype correlation remains elusive. This case shows
that establishing a genetic diagnosis of isolated aldosterone
synthase deficiency may be complicated by the homology
between CYP11B2 and CYP11B1.
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What is already known on this topic?

Wolfram syndrome (WS) is typically associated with childhood-onset insulin dependent diabetes mellitus (DM) as a first manifestation
and progressive optic atrophy. Recently, the WFST variants have been reported to be a major cause of autoantibody-negative type 1 DM
(type 1B DM; TIBDM), but there are no clinical screening methods for WS without symptoms other than those of DM. Therefore, patients
with WS remains misdiagnosed as T1BDM.

What this study adds?

We report a case of WS diagnosed by ophthalmologic screening before the appearance of visual impairment. The male patient developed
T1BDM at the age of 3 years. At the age of 6 years, his endogenous insulin secretion was impaired but was still preserved. Fundus
examinaton at that time revealed optic nerve head pallor, and WFSI gene analysis confirmed the diagnosis of WS. We propose that
patients with TIBDM who have preserved endogenous insulin secretion may be eligible for ophthalmologic screening to detect WS, even
if they are younger than suggested for current ophthalmologic screening for detection of diabetic retinopathy.

Abstract

Wolfram syndrome (WS) is a monogenic diabetes caused by variants of the WFSI gene. It is characterized by diabetes mellitus (DM)
and optic atrophy. Individuals with WS initially present with autoantibody-negative type 1 DM (type 1B DM; T1BDM). The diagnosis is
often delayed or misdiagnosed, even after visual impairment becomes apparent. We report a case of WS diagnosed by ophthalmologic
screening before the appearance of visual impairment. A 7-year-old male patient developed T1BDM at the age of 3 years. At 6 years of
age, his endogenous insulin secretion decreased but was not completely absent, and glycemic control was good with insulin treatment.
Fundus examination at that time revealed optic nerve head pallor, and WFES! gene analysis confirmed a compound heterozygous variant
(c.2483delinsGGA/c.1247T > A). Ophthalmological screening can help in early diagnosis of WS in TIBDM, especially when endogenous
insulin secretion is preserved, which would facilitate effective treatment.
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Introduction

Wolfram syndrome (WS) is a rare, autosomal recessive
genetic, disorder characterized by juvenile-onset diabetes
mellitus (DM), optic atrophy (OA), diabetes insipidus (DI),
deafness, and neurological complications. Typically, in most
cases of WS, OA is detected by subjective symptoms, such
as decreased vision, and is diagnosed later in the course of
the disease (1). Recently, variants in the WS gene, WFSI,
have been reported to be a major cause of autoantibody-
negative type 1 DM (type 1B DM; TIBDM) (2,3). However,
it is difficult to clinically diagnose WS unless the patient
presents with symptoms other than those of diabetes. Here,
we report a case of WS in which the diagnosis was made by
ophthalmologic screening and subsequent genetic analysis,
before the patient presented with obvious vision loss.

Case Report

The patient was a 7-year-old Japanese boy. He was the third
child of healthy, non-consanguineous Japanese parents.
His sister, brother, and parents had no signs or symptoms
of diabetes or visual impairment. At the age of 3 years,
he was diagnosed with DM following presentation with
symptoms of polyuria and polydipsia. His laboratory test
results at the time of diagnosis were: blood glucose level,
682 mg/dL; hemoglobin Alc (HbAlc) level, 12.2%; serum
fasting C-peptide level, 0.30 ng/mL; serum immunoreactive
insulin concentration, 0.8 pU/mL. Notably; all four anti-
autoantibodies directed against pancreatic islets, including
anti-glutamic acid decarboxylase (GAD) antibody, anti-
insulin  antibody, anti-insulinoma-associated protein-2
(IA-2) antibody and anti-zinc transporter 8 antibody, were
negative. These findings led to the diagnosis of T1BDM, for
which he was treated with subcutaneous insulin injection
therapy. Insulin therapy twice daily was initiated, and at 5
years, his insulin therapy was transitioned to basal-bolus
therapy.

At the age of 6 years, the patient was referred to Asahikawa
Medical University Hospital for initiation of insulin-pump
therapy. On a total daily dose of insulin of 0.46 units/kg/day,
his HbA1c level was 6.9% and his serum fasting C-peptide
level was 0.24 ng/mL, indicating that endogenous insulin
secretion was impaired but still preserved. The islet-specific
autoantibodies, anti-GAD antibody, anti-insulin antibody,
and anti-IA-2 antibody were all rechecked and all remained
negative.

Thus, ophthalmologic screening was performed to determine
the cause of his TIBDM. His uncorrected visual acuity was
0.15 in the right eye and 0.2 in the left eye. Ophthalmoscopy

revealed OA in both eyes, manifesting as optic disc pallor
(Figure 1). Critical flicker frequency, which can detect optic
nerve disease (normal, >35 Hz; abnormal, <25 Hz), was
abnormal in both eyes; 23.1 Hz in the right eye and 20.8
Hz in the left eye. Magnetic resonance imaging revealed no
obvious optic nerve atrophy. No abnormalities were detected
on screening for other complications associated with WS,
including hearing loss, urinary tract malformations, DI, and
psychiatric symptoms.

Mutation Analysis for WFS1, INS, KCNJ11 and ABCC8

Based on the above clinical findings, WS was suspected
and WFS1 gene analysis was performed. In addition, the
INS, KCNJ11, and ABCC8 genes were also investigated to
exclude early onset monogenic diabetes (4). Blood samples
were collected from the patient and his mother, from
which genomic DNA was obtained. His father refused to
undergo genetic analysis. This study was approved by the
Asahikawa Medical University Research Ethics Committee,
and informed consent was obtained from the parents.
Direct sequencing was undertaken to analyze all exon and
exon-intron boundary regions of the WFSI, INS, KCNJ11,
and ABCC8 genes. No variants were identified in the INS,
KCNJ11, and ABCCS8 genes. We identified two heterozygous
variants in exon 8 of the WFSI gene. The first variant was
NM_006005.3: ¢.2483delinsGGA, resulting in a frameshift
and premature stop codon (p.11le828Arg fs*35) (Figure 2A).
This variant has been reported to cause WS in Japanese
patients (5). The second variant was NM_006005.3:
c.1247T > A (p.lle416Asn) (Figure 2B). The allele frequency
of this variant is 6.98 x 10® in gnomAD and 7.96 x 10* in
TOPmed, a comprehensive Japanese genetic variation
database. In silico analysis predicted that this variant was
probably damaging (Polyphen-2) or deleterious (PROVEAN).
These two variants were confirmed to be in different alleles
using the TA cloning method and showed compound
heterozygous variants. Based on the American College of
Medical Genetics and Genomic standards and guidelines, the

Figure 1. Fundus images of the right (A) and the left (B) eye,
revealing optic disc pallor
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Figure 2. Sequence of the patient’s WFSI gene. A) Forward
sequences of position from 1243 to 1251. T to A single nucleotide
change at position 1247 for heterozygosity. B) Forward sequences
of position from 2478 to 2490. Single deletion of T and insertion
of GGA at position 2483 for heterozygosity

B)

€.2483delinsGGA and c.1247T > A variants were classified
as pathogenic and likely pathogenic, respectively. Analysis
of the mother, for these WFS1 variants, showed that she had
only the c.2483delinsGGA variant.

Discussion

Herein, we report a case of WS diagnosed with TIBDM at
the age of 3 years. The patient was suspected of having WS
based on optic nerve head pallor during ophthalmologic
screening at the age of 6 years and this was subsequently
confirmed by WFS1 gene analysis.

WS usually presents with DM at a median age of 6 to 8 years,
and subsequently manifests with OA at a median age of 11
to 15 years (1,5). In a previous report from Japan, 80% of
cases (32 out of 40) followed the typical course (5). Therefore,
WS usually remains misdiagnosed as autoantibody-negative
DM for a long time (6). These authors, Zmyslowska et al.
(6) reported that, although OA was identified based on
progressive vision loss over an average period of 4 years
after the diagnosis of DM, it took an additional average of 7
years for the patients to be diagnosed with WS. In addition

104

to DM and OA, patients with WS may manifest with a
variety of symptoms, such as hearing loss, urinary tract
malformations, DI, and psychiatric symptoms (1). Therefore,
early diagnosis is important for early management of these
complications. Recently, off-label use of a GLP-1 receptor
analog for WS showed promising results in preventing
disease progression; patients receiving this treatment
showed no deterioration of insulin secretion and no
significant changes in ophthalmological, neuroradiological,
and neurophysiological parameters during follow-up (7).
Thus, early detection of WS in patients with DM is important,
considering the availability of this promising therapy.

Recently, a comprehensive genetic analysis of TIBDM
suggested that WFSI may be the major causative gene
in TIBDM (2,3). There are no reports of whether patients
with WFS1 variants, detected by comprehensive genetic
analysis, showed OA or other complications, except for one
who had DM alone (2,3). Therefore, the presented patient
may be one of the few cases in which early ophthalmologic
screening was indicative of WS, which was confirmed by
gene analysis of WFSI, before the appearance of visual
symptoms, instead of a comprehensive genetic analysis.

The ISPAD Clinical Practice Consensus Guidelines
recommend that ophthalmologic screening for pediatric
T1DM should begin at puberty when there is a possibility
of developing diabetic retinopathy (8). In these guidelines,
as the purpose of ophthalmologic screening is to detect the
early stage of diabetic retinopathy, there is no mention of
screening for OA associated with WS. In the present patient,
the optic nerve head pallor enabled the diagnosis of WS.
This abnormality can be detected on fundus examination.
As a fundus examination is a minimally invasive test,
ophthalmologic screening for younger patients with TIBDM
may be useful for early diagnosis of WS. As in the present
case, we propose that patients with TIBDM who have
preserved endogenous insulin secretion may be eligible for
ophthalmologic screening to investigate for WS. In patients
with WS, the decline in endogenous insulin secretion is
gradual and often maintained for a long time after diagnosis
(9), whereas insulin secretion is usually depleted within
a few years in patients with TIDM, especially in early
childhood-onset cases (10).

Conclusion

Ophthalmologic screening can help in the early diagnosis
of WS in patients with TIBDM and can facilitate effective
treatment. The usefulness of this strategy for diagnosing WS
should be validated in the future.
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What is already known on this topic?

Insulinoma, especially malignant insulinoma, is a very rare, pancreatic neuroendocrine tumor in children. Insulinoma may be a part of
multiple endocrine neoplasia type 1 but is very rare in von Hippel-Lindau syndrome, neurofibromatosis type 1, or tuberous sclerosis.
Surgical resection remains the treatment of choice whenever possible. Diazoxide or somatostatin analogs (SSAs) can be used, either as
an initial pre-surgical treatment or to achieve biochemical control in patients with unresectable tumors.

What this study adds?

Long-term survival and even remission may be achieved in malignant insulinoma metastatic to the liver in young patients if treated
appropriately in experienced centers. It may require repeated surgical procedures, close monitoring and modification of anti-rejection
therapies together with continued treatment with SSAs.

Abstract

Insulinoma is one of the pancreatic neuroendocrine tumors (PanNET) and is exceptionally rare in children. The tumor leads to severe
hypoglycemia caused by excessive insulin release. We report a pediatric patient with malignant insulinoma who underwent liver
transplantation (LT) due to liver metastases of the insulinoma. A 13-year-old girl presented with symptoms of hypoglycemia due to
hyperinsulinism. On computed tomography (CT), a polycystic lesion in the head of the pancreas and enlarged lymph nodes were
revealed. A modified Whipple’s operation was performed, and histological examination confirmed PanNET. CT also showed an enlarged
liver with numerous metastases. Allogeneic LT was carried out successfully. Positron emission tomography-CT using °*Ga-DOTA-labeled
somatostatin analogs (SSAs) at the age of 22 years confirmed complete metabolic remission. The patient currently remains under
immunosuppressive and anti-proliferative treatment. Multiple surgical interventions, LT combined with SSAs, and immunosuppressive
medication proved effective in this case of metastatic malignant insulinoma.

Keywords: Hypoglycemia, insulinoma, liver transplantation, children

Introduction symptoms, one of its main characteristics is the Whipple’s

. i . i . triad, which consists of fasting hypoglycemia (<50 mg/
Insulinoma is an isolated, usually benign, pancreatic

neuroendocrine tumor (PanNET) with an extremely low
prevalence (annual incidence of 4 in every 1 million persons).  Of these symptoms after food intake. This condition may
Although this pancreatic islet mass may exhibit a range of be associated with multiple endocrine neoplasia type 1

dL), symptoms of hypoglycaemia, and the disappearance
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(MEN-1) and, very rarely, with von Hippel-Lindau syndrome,
neurofibromatosis type 1, or tuberous sclerosis.

Once the tumor is found through the diagnostic process,
the leading medical procedure to be applied is surgical
removal, which is used in over 90% of all recorded cases
(1). However, it should be noted that the conventional
examination can result in misdiagnosis, and the islet mass
may not be detected at all. Abdominal ultrasound, computed
tomography (CT) or magnetic resonance imaging (MRI) can
not localize these frequently small tumors. If these imaging
techniques do not visualize the lesion other methods include
positron emission tomography (PET)/CT or PET/MRI (2).

Case Report

A 13-year old girl with no prior unusual medical history was
admitted to the District Hospital with weakness, paleness,
profuse sweating, balance impairment, and hypoglycaemia
(35-43 mg/dL). Loss of consciousness and seizures were
not observed. An intravenous glucose infusion was applied.
Abdominal MRI revealed a polycystic heterogeneous mass
with visible cystic areas just below the lobus caudatus of
the liver and in the immediate vicinity of the pancreatic
uncinate process.

The patient was transferred to the endocrinology
department where no abnormalities were detected on
initial examination. However, hypoglycaemia (27 mg/dL)
was identified, without urinary acetone and with a correct
hyperglycaemic response after the glucagon test with the
marked level of insulin and C-peptide during hypoglycemia
of 90.9 plU/mL and 3.86 ng/mL, respectively (Table 1). The
results indicated endogenous hyperinsulinism.

Subsequently, an intravenous infusion of 10% glucose and
oral diazoxide (daily dose 5 mg/kg, divided into three equal
doses every 8 hours) was administered. Due to side effects,
including weight gain, recurrent headaches, and hirsutism,
diazoxide treatment was stopped. Considering the possibility
of MEN-1, prolactin, insulin-like growth factor-1, calcium,
and parathyroid hormone were measured, and these results
were within normal ranges. Furthermore, the genetic
test for MEN-1 syndrome did not support the diagnosis.
PET/CT showed only one mass with high metabolism of
fluorine-18-L-3,4-dihydroxyphenylalanine ("®F-DOPA) in the
head of the pancreas (Figure 1.1D), whereas the CT scan
revealed a polycystic lesion in the head of the pancreas and
metastases to the liver and lymph nodes (Figure 1.1A). The
patient underwent a modified Whipple’s operation based
on the clinical picture and test results. Histopathological
examination of the sample material collected during
the procedure showed PanNET G2 with Ki-67 labeling

index 16% (Figure 1.4A) and mitotic count 10 mitoses/
mm? (Figure 1.3C), and with metastases to the liver and
three peripancreatic lymph nodes. Immunohistochemical
examination revealed the expression of cytokeratin (Figure
1.5A), chromogranin (Figure 1.5B), and synaptophysin in
neoplastic cells. In addition, the tumor cells were positive
for somatostatin (Figure 1.5C) and focally for insulin (Figure
1.5D).

Post-operational  hypoglycemia  occurred and  was
successfully treated with somatostatin analogs (SSAs) (30
mg of octreotide LAR, intramuscular injection every four
weeks). Two months after the operation, a CT of the body
was performed. It showed an enlarged liver with numerous
metastases (Figure 1.1B, 1C). PET/CT using 68-gallium
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(*®Ga-DOTA)-labeled SSAs imaging revealed nine focal points
of pathological intensification of the isotopic marker in both
liver lobes. As a result, allogeneic liver transplantation (LT)
was carried out, and sirolimus was given. PanNET G2 was
then identified on histopathological examination of the
liver and metastatic lymph nodes. Thirteen months after
the graft, immunosuppressive treatment was modified to
tacrolimus due to cytomegalovirus infection. Four years
after diagnosis, “®Ga-DOTA PET/CT revealed two metastatic
foci (Figure 1.2A-2D).

Table 1. Blood samples results at first presentation

Parameters Serum level Reference range

Blood glucose (mg/dL) 27 70-99

Insulin (uIU/mL) 90.9 4-16

C-peptide (ng/mL) 3.86 0.5-2.0

B-hydroxybutyrate (mg/ 0.43 0.21-2.81

dL)

Lactates (mmol/L) 2.34 0.5-1.6

Glucagon test-blood 0’-35 An increase in glucose

glucose (mg/dL) 5°-40 of >25 mg/dL suggests an
15%-61 insulin-mediated etiology
30’-100

Morning cortisol (ug/dL) 33.74 5-20

Prolactin (ng/mL) 23.10 5.18-26.53

IGF-1 (ng/mL) 384.0 183-850

Calcitonin (ng/L) <0.9 0.5-7.8

Calcium (mmol/L) 2.41 2.10-2.55

Phosphorus (mmol/L) 1.22 0.95-1.75

PTH (pg/mL) 82.0 16-87

aFP (IU/mL) 2.61 <5

B-HCG (mIU/mL) <0.03 <0.1

CgA (UM 9 2-18

NSE (pg/L) 13.7 <183

IGF-1: insulin like growth factor-1, PTH: parathyroid hormone, aFP: a-fetoprotein,
B-HCG: p-human chorionic gonadotropin, CgA: chromogranin A, NSE: neuron-
specific enolase
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Figure 1. 1A-D: Imaging tests (CT, PET/CT) before (1A, 1D) and 2 months after (1B, 1C) excision of pancreatic neuroendocrine
tumor. 1A: CT-a polycyclic lesion 27x36x43 mm in the head of the pancreas, widening of the pancreatic duct and enlarged lymph
nodes in the hilum area of the liver (up to 14 mm) (red arrow). 1B-C: CT-metastases to the liver of the diameter reaching 2.5 cm
and numerous lymph nodes (red arrow) in the area of adipose tissue of mesenterium. 1D: PET/CT-the intensified uptake focus of
'8F-DOPA in the head of the pancreas. 2A-D: ®*Ga-DOTA PET/CT-two foci of increased somatostatin analogue uptake identified after
4 years from diagnosis. 2A-B: ®®Ga-DOTA PET/CT-from the left side of the superior mesenteric artery (red arrow). 2C, 2D: **Ga-DOTA
PET/CT-between aorta and inferior vena cava on the level of L2 (red arrow). 3,4A-C: Hematoxylin and eosin staining of tumor
cells of pancreatic material collected during the first surgical procedure. 3A. The border region between tumor and pancreas. 3B:
Trabecular architecture. 3C: Mitotic activity of neoplastic cells (10 mitoses/2 mm?). 4A: Ki67 labeling index of neoplastic cells (16 %).
4B: The regional lymph node with metastases. 4C: The liver with steatosis and the presence of metastases. 5A-D: Immunochemical
examination of tumor cells of pancreatic material collected during the first surgical procedure. 5A: Tumor cells stained positive for
cytokeratin. 5B: Tumor cells stained positive for chromogranin. 5C: Tumor cells stained positive for somatostatin. 5D: Tumor cells
stained positive for insulin

PET/CT: positron emission tomography/computed tomography
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The patient had a laparotomy to remove these metastases,
including the the paraaortic lymph node bundle and the
small lymph node between the left adrenal gland, renal
artery, and aorta. Histopathological examination confirmed
metastatic foci of neuroendocrine tumor in the paraaortic
lymph nodes (NET G2).

The result of ®®Ga-DOTA-labeled SSAs PET/CT is currently,
at the age of 22 years, negative for active neoplastic
disease with an increased expression level of somatostatin
receptors, which indicates complete metabolic remission
is maintained. At present, after three operations, the
patient has been in remission for over six years, taking
immunosuppressive medication (mycophenolate mofetil)
due to liver transplant and anti-proliferative treatment (SSA
and rapamycin).

Written informed consent was obtained from the patient.

Discussion

Insulinoma is an uncommon neuroendocrine tumor of the
pancreas, characterized by autonomous insulin secretion by
islet beta cells regardless of glycaemic status. At diagnosis,
the median age is 47 years (2) but it may occur in any age
group. Insulinomas are usually solitary, sporadic benign
tumors, and less than 10% are malignant (3,4). Moreover,
about 10% of insulinomas are associated with MEN-1 (2).

The most characteristic finding is fasting hypoglycemia,
often after exercise or prolonged fasting. Sympathoadrenal
activation symptoms may be evident, including palpitations,
tremors, and sweating. Severe hypoglycemia can cause
neuroglycopenic symptoms, such as blurry vision, cognitive
impairment, or seizures.

The suspicion of insulinoma is based on Whipple’'s
triad and inappropriately elevated blood insulin levels
with hypoglycemia during the fasting test. Establishing
a diagnosis of an insulinoma requires demonstrating
inappropriately high insulin, proinsulin, or C-peptide levels
during hypoglycemia in a fasting test. Furthermore, after
intravenous glucagon administration, beta-hydroxybutyrate
levels below 2.7 mmol/L and glycemia above 25 mg/dL (1.4
mmol/L) help establish the diagnosis (5).

Malignant insulinoma is extremely rare in a pediatric
population, and metastases are mainly observed in the liver
and regional lymph nodes (6). In the differential diagnosis
of hypoglycemia in children, the presence of acidemia
is essential. If non-ketotic hypoglycemia is suspected,
defects of ketogenesis, such as carnitine deficiency or beta-
oxidation defects, like medium-chain acyl-coenzyme A
dehydrogenase deficiency (MCADD) presenting with high

free fatty acid and low insulin levels, should be considered
(7). Given that congenital hyperinsulinism usually manifests
in the neonatal period and that hypoglycemia occurred at
the age of 13 years in our patient, this diagnosis was very
unlikely. Moreover, hypoglycemia may be a manifestation
of pituitary or adrenal deficiency and may also be observed
during sulfonylurea or insulin treatment (5).

Localization of insulinoma is challenging and requires both
invasive and non-invasive imaging, though the sensitivities
and specificities are not well documented in children. The
most commonly used techniques include 3-phase CT, MRI,
and endoscopic ultrasound (5). The effectiveness of CT and
MRI in detecting insulinoma in adults is estimated at 55 %
and 61 % respectively (8).

Other diagnostic options include somatostatin receptor
scintigraphy, although tumors often lack sufficient expression
of somatostatin receptors, especially somatostatin receptor
subtype 2. However, certain insulinomas express the
glucagon-like peptide-1 receptor. If the imaging techniques
mentioned above do not visualize the lesion, other methods,
including PET/CT or PET/MRI using **Ga-DOTA-labeled SSAs,
'"8F-DOPA PET/CT, or ®Ga-DOTA-exendin-4 PET/CT may
be employed (5). These methods significantly improved
the effectiveness of localizing insulinoma, reported by
some authors to be >90% (8,9). Invasive regionalization
procedures, including arterial stimulation and venous
sampling or trans-hepatic portal venous sampling, are
currently less used because of the continuous development
of imaging techniques (5).

Surgicalinterventionis the treatmentof choice, which permits
a cure. Insulinomas are typically removed by enucleation
of the tumor. Rarely, tumors located in the head of the
pancreas require a pancreaticoduodenectomy (Whipple’s
procedure), as in the presented patient. Moreover, numerous
liver metastases prompted the decision to perform LT in the
present case, based on Milan’s criteria (10). To date, several
malignant, metastatic insulinoma cases in children, which
required LT, have been published (11,12).

Medical management of insulinoma consists of the initial
pre-surgical treatment or achieving biochemical control
in patients with unresectable tumors. Diazoxide, which
inhibits insulin secretion and enhances glycogenolysis, may
be the first-line treatment. Side effects, such as sodium
retention, edema, congestive heart failure, or hirsutism,
are observed, though these are usually not severe. The
addition of diuretic benzothiadiazine, which improves the
hyperglycaemic effect of diazoxide and reduces edema,
should be considered. Glycaemic control can be achieved
with calcium channel blockers, beta-adrenergic-receptor
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blocking drugs or glucocorticoids in selected patients (5).
SSAs are an important part of insulinoma therapy due to
their inhibition of secretion of insulin and anti-proliferating
effects. SSAs slow down the progression of the disease
and reduce the size of the tumor (5). Despite incomplete
resection after numerous surgical procedures, SSAS
maintained remission in our patient.

For advanced, unresectable cases, other types of therapy,
such as peptide receptor radionuclide therapy, tyrosine
kinase inhibitors, and inhibitors of the mammalian target
of rapamycin, or chemotherapy can still be used, especially
in adults (5).

Conclusion

In conclusion, malignant insulinoma is a rare tumor in
children. Surgical intervention remains the treatment of
choice whenever possible. In case of incomplete resection or
recurrence, multiple surgical interventions, pharmacological
treatment, or chemotherapy should be considered. The
risk of recurrence makes long-term follow-up mandatory.
However, even with advanced, metastatic disease, current
treatment options may facilitate maintenance of complete
remission for many years, as in the presented patient.
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What is already known on this topic?

Gastroparesis is a long-term complication of poorly controlled diabetes, which can also evolve into potentially life-threatening conditions,
including dehydration, malnutrition, and electrolyte imbalance.

What this study adds?
Although gastroparesis is more frequent in adults, it may also affect pediatric patients with type 1 diabetes. The use of technology,
especially of hybrid closed-loop systems, can be helpful in the management of these patients, as in the presented case.

Abstract

Gastroparesis is a long-term complication of diabetes related to autonomic neuropathy. It is characterized clinically by delayed gastric
emptying and upper gastrointestinal symptoms, including early satiety, postprandial fullness, nausea, vomiting, and abdominal pain.
Gastric emptying scintigraphy is the gold standard for diagnosis as it reveals delayed gastric emptying. Therapeutic strategies include
dietary modifications, improvement of glycemic control, and prokinetic drugs. Case descriptions of diabetic gastroparesis in pediatric
ages are very scarce. We report the case of a 16-year-old adolescent with severe presentation of diabetic gastroparesis. She presented
with recurrent episodes of nausea, vomiting and abdominal pain which led progressively to reduced oral intake and weight loss. Her past
glycemic control had been quite brittle, as demonstrated by several hospitalizations due to diabetic ketoacidosis and recurrent episodes
of severe hypoglycemia. After the exclusion of infectious, mechanical, metabolic, and neurological causes of vomiting, a gastric emptying
scintigraphy was performed, leading to the diagnosis of gastroparesis. Treatment with metoclopramide was started with progressive
relief of symptoms. To improve glycemic control, insulin therapy with an advanced hybrid, closed loop system was successfully started.
Pediatricians should consider diabetic gastroparesis in children and adolescents with long-standing, poorly controlled diabetes and
appropriate symptomology.

Keywords: Advanced hybrid closed-loop, gastric emptying, metoclopramide, microvascular complications, scintigraphy

Introduction among children and adolescents with poor glycemic control.
Therefore, screening strategies and therapeutic optimization
are fundamental in young patients to prevent progression
towards advanced stages of complications (1).

Long-term complications of type 1 diabetes (T1D) include
retinopathy, nephropathy, neuropathy, and macrovascular
disease. Clinical manifestations of these complications
are rarely observed in the pediatric population, but early
alterations can be detected even in the first years of disease,

Diabetic neuropathy can affect both somatic and autonomic
nerves. The most common form is diabetic sensorimotor
polyneuropathy, characterized by progressive damage of
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peripheral nerves, usually starting with sensory fibers and
thereafter involving motor fibers (2). The first symptoms
usually include numbness, prickling, paresthesia, and
burning of upper and lower limbs. According to the latest
ISPAD guidelines (1), screening of peripheral neuropathy
should start at the age of 11 years in patients with 2 to 5
years of diabetes duration, and then should be performed
every year. Screening should include a careful clinical
neurological evaluation and electrophysiological tests.
Therapy for neuropathy is often personalized and modified
according to the effectiveness and safety for each patient. In
the early stages, the most commonly used drugs to relieve
diabetic neuropathic pain are pregabalin, duloxetine, and
gabapentin (2).

Autonomic neuropathy can affect many nerves,
including those innervating cardiovascular, urinary, and
gastrointestinal systems (3). Cardiovascular autonomic
neuropathy is the most prevalent form of autonomic
impairment, affecting at least 20 % of people with diabetes
of all ages (4). Orthostatic hypotension and abnormal heart
rate response are the most common manifestations of this
complication, which is related to a high risk of death due
to life-threatening arrhythmias and sudden cardiac death
(5). Moreover, an impaired mechanism of sympathetic
response to hypoglycemia has been suggested in patients
with autonomic neuropathy, which may lead to the onset
of unawareness of hypoglycemia (6,7). Finally, autonomic
neuropathy may also result in gastrointestinal involvement,
known as diabetic gastroparesis. An impaired interaction
between the enteric nervous system and gut-brain axis
causes the occurrence of this insidious complication (8).

Case Report

We present the case of a 1 6-year-old girl with T1D, diagnosed
when she was two years old. Since the onset of diabetes she
has been on multiple daily injection therapy and followed at
a local pediatric diabetes service. Glycemic control has been
quite brittle, as demonstrated by several hospitalizations
due to diabetic ketoacidosis and recurrent episodes of
severe hypoglycemia. Screening tests for common chronic
diabetic complications had been never performed. The
patient was admitted at our department due to a three
year history of recurrent episodes of nausea, vomiting,
and abdominal pain. Family history was negative for
gastrointestinal and autoimmune diseases. Gastrointestinal
symptoms were mainly associated to solid meals and had
drastically worsened in the preceding months, leading to
reduced oral intake and weight loss. Vomiting episodes
had no stereotypical characteristics, predictable timing
or associated neurovegetative symptoms. She also had
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constipation that was unresponsive to polyethylene glycol
treatment.

At admission, she suffered from abdominal pain, which was
exacerbated by palpation. On clinical examination, she had
mild dehydration. No other relevant findings were present.
At presentation she weighed 53.6 kg [-0.25 standard
deviation score (SDS)], had a height of 160.2 cm (-0.50 SDS),
and her body mass index was 20.9 kg/m? (+0.17 SDS).
Her pubertal development was complete. Complete blood
count and blood biochemistry analyses, including liver
function, renal function, pancreatic enzymes, electrolytes,
blood ketones, inflammatory indices, thyroid hormones,
plasma ammonia concentration, toxicological tests, and
B-human chorionic gonadatropin were normal or negative.
Glycated hemoglobin (HbAlc) was 9.9% (85 mmol/mol).
Screening for celiac disease was negative. Normal levels of
adrenocorticotropic hormone, serum cortisol, and plasma
renin ruled out adrenal insufficiency. Neurological causes
of vomiting were excluded by performing brain magnetic
resonance imaging and electroencephalogram. Plain
abdominal radiography showed stool burden without any
sign of intestinal obstruction or perforation. A computed
tomography scan with contrast excluded extrinsic causes
of gastric outlet obstruction, including superior mesenteric
artery syndrome. An upper endoscopy was performed,
revealing moderate, non-specific gastritis. No obstruction
in the upper gastrointestinal tract was present and no
esophageal or duodenal lesion was evident. Autoimmune
gastritis was excluded because of normal levels of vitamin
B12 and negative anti-gastric parietal cell antibodies.
Treatment with proton pump inhibitor and ondansetron at
the maximum dosage of 30 mg/day was started without
any benefits. Oral feeding was replaced by total parenteral
nutrition. To minimize the blood glucose instability
continuous intravenous administration of regular insulin
was started.

A gastric emptying scintigraphy after administration
of a liquid meal radiolabeled with technetium-99mTc-
diethylenetriaminepentaacetic acid was then performed,
revealing gastric meal retention (Figure 1). On the basis
of her history, characterized by prolonged poor glycemic
control, and laboratory and radiographic findings, a
diagnosis of diabetic gastroparesis was definitively made
and treatment with metoclopramide, starting at the dose of
30 mg/day was begun.

In the following days, a progressive improvement of
symptoms was recorded, and liquid and solid foods were
reintroduced gradually, being well tolerated by the patient.
Oral polyethylene glycol was then administered, with
progressive regularization of bowel movements. To reduce
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glycemic excursions, insulin therapy with an advanced To evaluate the presence of other signs of early diabetic
hybrid closed loop (aHCL) system (Medtronic MiniMed complications, nerve conduction studies were performed,
780G™; Medtronic Diabetes, Northridge, CA, USA) was revealing the presence of peripheral neuropathy affecting
started, achieving a prompt improvement of glycemic mainly lower limbs. Supplementation with B complex

control, as demonstrated in Figure 2. vitamins, folate and uridine was then started. An early
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Figure 1. Upper panel: anterior and posterior planar images of the gastric contents up to 90 minutes after ingestion of the liquid
bolus. Lower panel: the activity/time curve of the gastric contents shows no significant deflection
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stage retinopathy was also evident on fundus examination.
Diabetic nephropathy was ruled out by the normality of
albuminuria in a 24-hour urine collection.

The dose of metoclopramide was gradually reduced until
complete withdrawal after three weeks of treatment. Therapy
on demand with domperidone was then recommended in
the case of relapse of symptoms.

At the three-month follow-up visit after discharge, the patient
showed persistent remission of gastrointestinal symptomes,
a weight gain of 5.9 kg, and improved quality of life. She is
currently being followed up at an ophthalmological center
for further investigations relating to her retinopathy.

Discussion

Gastroparesis is a clinical condition characterized by delayed
gastric emptying and upper gastrointestinal symptoms,
including early satiety, postprandial fullness, nausea,
vomiting, and abdominal pain. Clinical manifestations
are heterogeneous, ranging from mild symptoms to
potentially life-threatening conditions such as dehydration,
malnutrition, and electrolyte imbalance (9).

Pathogenesis of diabetic gastroparesis involves autonomic
neuropathy and enteric neuromuscular system damage
caused by different mechanisms including oxidative stress,
hyperglycemia, and inflammation (8). An independent
negative effect of acute hyperglycemia on gastric emptying
time has been also hypothesized (10).

Diabetic gastroparesis may adversely affect the management
of diabetes. Its pathogenetic mechanism is associated to
glycemic control through a bidirectional causal relationship:
long-term poor glycemic control and acute hyperglycemia
can both cause gastric emptying delay and gastroparesis,
and vice versa gastrointestinal dysfunction can affect
glycemic variability of patients (10,11). Indeed, published
data show that patients with diabetic gastroparesis present
an increased risk of hypoglycemia (12), especially in
the post-prandial period. This phenomenon has been
named “gastric hypoglycemia” and seems to be related
to a mismatch between prandial insulin absorption and
postprandial increase of blood glucose, which is delayed in
patients with gastroparesis (13).

There are few published data about prevalence of diabetic
gastroparesis, and none of them consider the pediatric
population. Within the largest adult T1D clinical registry of
the United States, 4.8 % of patients had a clinical diagnosis
of gastroparesis (14). A community based study revealed
a cumulative incidence of diabetic gastroparesis during
10 years of 5% in patients with T1D, and a greater risk in
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comparison to type 2 diabetes (15). Case descriptions of
diabetic gastroparesis in pediatric patients are very scarce
(16). To the best of our knowledge, this is the first report
with such a severe presentation in an adolescent.

Gastric emptying scintigraphy is currently considered
the gold standard for the diagnosis of gastroparesis in
both children and adults (17,18). Gastric scintigraphy is
considered diagnostic when it detects a retention of >90%
of the radiolabeled meal after the first hour of exam (19).
Mechanical gastric outlet obstruction should be ruled out
prior to the scintigraphy by performing an upper endoscopy
(20).

Therapeutic strategies for diabetic gastroparesis include
dietary modifications, prokinetic drugs, and improvement
of glycemic control. Modifications of diet are mandatory
to facilitate gastric emptying and generally consist of the
consumption of small meals and the avoidance of fibers
and high-fat foods (21). Pharmacological therapy with
prokinetic drugs is fundamental in the management of these
patients. Dopamine agonists, including metoclopramide
and domperidone, are widely used for the treatment of
diabetic gastroparesis in adult patients, as they have been
shown to relieve symptoms of nausea and vomiting and to
accelerate gastric emptying (22,23). However, the use of
metoclopramide in pediatric patients should be carefully
evaluated and is not recommended for the long-term, due
to the high risk of developing severe extrapyramidal side
effects (24).

Optimization of glycemic control has been also demonstrated
to improve symptoms of gastroparesis (10). Moreover, lower
levels of HbAlc have been shown to be associated with
reduced gastrointestinal symptoms and with faster gastric
emptying (25). In the presented case, we decided to start
continuous subcutaneous insulin infusion therapy with an
aHCL system. Two studies have already demonstrated the
efficacy of HCL systems in adults with T1D and gastroparesis
(26,27). In particular, Daly et al. (26) recently reported
significant reductions in HbA1c and mean glucose in five
patients over one year of HCL use, while Kaur et al. (27) had
previously shown that HCL had similar effectiveness and
safety in adults with TID and gastroparesis compared to
age, sex, and diabetes duration controls.

Conclusion

The present case suggests that diabetic gastroparesis, with
its wide range of possible clinical presentations, should
be kept in mind by pediatricians managing children and
adolescents with long-standing, poorly controlled diabetes.
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Finally, detection of delayed gastric emptying should alert
clinicians to the possible coexistence of other microvascular
complications.
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Impact of Early Intervention with Triiodothyroacetic Acid on
Peripheral and Neurodevelopmental Findings in a Boy with MCT8
Deficiency
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What is already known on this topic?

Thyroid function tests suggestive of central hypothyroidism in a boy with infantile hypotonia should alert the clinician to measure
free triiodothyronine (FT3), while monocarboxylate transporter 8 (MCT8) deficiency should be in the differential diagnosis as early
recognition and intervention is crucial. T3 and its analogue, Triac are structurally similar. Many commercial total T3 and FT3 assays
are shown to cross-react significantly with Triac in a dose-dependent manner. Triac is known to improve clinical and biochemical signs
of hyperthyroidism in patients with MCT8 deficiency by 12 months of treatment. However, earlier trials on efficacy of Triac were not
designed to detect neurodevelopmental outcomes and age range of the study populations was diverse.

What this study adds?

After one year of Triac treatment, a significant change in neurodevelopmental scores were not recorded in the presented MCT8 deficient
patient. However clinical improvement in critical developmental milestones were evident including at six months habituating to objects,
recognizing and smiling at his mother, responding to a person’s voice by turning his head, raising his face while in prone position
and holding his head steady for a few seconds while in sitting position, and at 12 months responding to his name by turning his
head, following a person across the room with eyes and head, and holding his head steady for at least 15 seconds. Regression was
not observed. Early intervention with disease-modifying treatment, Triac, enables advances in peripheral findings of MCT8 deficiency
as well as neurodevelopmental outcomes and may alleviate the risk factors of morbidity and mortality. Unexpectedly high FT3 in a
patient receiving Triac should alert the clinician about a possible interference with FT3 when measured by immunoassay. If signs of
hyperthyroidism are absent, patients should have their thyroid function test measured by mass spectrometry without a change in dose,
keeping cross-reactivity in mind.

Abstract

Monocarboxylate transporter 8 (MCT8) deficiency is a rare genetic disorder characterized by peripheral thyrotoxicosis and severe cognitive
and motor disability due to cerebral hypothyroidism. 3,3°,5-triiodothyroacetic acid (Triac) was shown to improve peripheral thyrotoxicosis
but data on neurodevelopmental outcome are scarce. We present a case of MCT8 deficiency and the experience with Triac focusing on
change in neurodevelopmental and peripheral features. A five-month-old boy was referred because of feeding difficulty, central hypotonia
and global developmental delay. Despite six months of physiotherapy, physical developmental milestones did not improve, and distal
muscle tone was increased. A hemizygous pathogenic variant in SLC16A2 was found and MCT8 deficiency was confirmed at 19-months.
Thyroid stimulating hormone was 2.83 mIU/mL, free thyroxine 6.24 pmol/L (N =12-22) and free triiodothyronine (FT3) 15.65pmol/L
(N=3.1-6.8). He had tachycardia, blood pressure and transaminases were elevated. Triac was started at 21-months. Two weeks after
treatment, FT3 dramatically decreased, steady normal serum FT3 was achieved at 28-months. Assessment of neurodevelopmental
milestones and signs of hyperthyroidism were evaluated at baseline, 6 months and 12 months after treatment. Signs of hyperthyroidism
were improved by 6 months. Developmental composite scores of Bayley Scales of Infant Developmental 3™ Edition remained the same

Address for Correspondence: Yagmur Unsal MD, Sanlurfa Training and Research Hospital, Clinic of Pediatric Conflict of interest: None declared
gy Endocrinology, Sanlurfa, Turkey Received: 23.10.2023
: Phone: +90 536 795 07 60 E-mail: yagmurunsal@yahoo.com ORCID: orcid.org/0000-0002-9113-8683 Accepted: 25.11.2023

@@@@ ©Copyright 2024 by Turkish Society for Pediatric Endocrinology and Diabetes / The Journal of Clinical Research in Pediatric Endocrinology published by Galenos Publishing House.
OMTWN | jcensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 (CC BY-NC-ND) International License.

116


https://orcid.org/0000-0002-9113-8683
https://orcid.org/0000-0002-7900-6768

] Clin Res Pediatr Endocrinol
2024;16(1):116-122

Unsal Y and Hayran G.
The Impact of Triac on MCT8 Deficiency

but important developmental milestones (head control, recognition of caregiver, response to his name) were attained, regression in the
attained milestones were not observed. Initial dose, management protocol for Triac and research into its efficacy on neurodevelopmental
signs in MCT8 deficiency are progressing. This case presents evidence that Triac may resolve peripheral thyrotoxicosis successfully and
may slow neurodevelopmental regression, while some developmental milestones were achieved after one year of treatment.

Keywords: MCT8 deficiency, Allan-Herndon-Dudley syndrome, triiodothyroacetic acid (Triac), neurodevelopmental outcome, T3 analogue

Introduction
Thyroid hormones (TH) include thyroxine (T4) and
triiodothyronine (T3) and are essential for normal

physiology, particularly neurodevelopment, and regulation
of basal metabolic rate. Precise regulation of intracellular
TH signaling by transport of TH across the cell membrane
is facilitated by specific hormone transporter proteins,
conversion of T4 into T3 or reverse T3 and further
degredation into other inactive TH metabolites is regulated
by deiodinating enzymes type 1-3, while genomic action
of T3 upon binding TH receptors (TR) and, ensures
hypothalamus-pituitary-thyroid (HPT) axis homeostasis
(1). Monocarboxylate transporter 8 (MCT8), one of these
specific membrane transporter proteins, is capable of
mediating TH flux through facilitated diffusion (1). While
transport of free T3 (fT3) and free T4 (fT4) across the blood-
brain-barrier is primarily dependent on MCT8, peripheral
tissues rely on other transporters (2,3,4).

Pathogenic variants of SLC16A2 (located on Xq13.2) that
encodes MCT8 cause a rare neurodevelopmental disorder,
called MCT8 deficiency or Allan-Herndon-Dudley syndrome
(3,4). Multiple hypotheses have been postulated concerning
the pathophysiology of the distinct TH fingerprint of
elevated serum fT3 concentrations with reduced T4 and
normal thyroid stimulating hormone (TSH) concentrations,
hence further studies are warranted (1). It is most likely
that impaired TH transport to the central nervous system
(CNS) causes the neurodevelopmental findings of severe
developmental delay, central hypotonia from birth, and
dystonia, as well as hypertonia after the first year of life, while
chronic peripheral thyrotoxicosis precipitates tachycardia,
muscle wasting, hypermetabolism and progressive weight
loss (5,6). The disease has been associated with significant
morbidity and mortality (5,6).

Theraputic options for MCT8 deficiency are rather
limited but one of these, the natural TH metabolite
3,3",5-triiodothyroacetic acid or tiratricol (Triac), is a suitable
candidate. Firstly, as its cellular transport is not dependent
on MCTS, it inhibits TSH production and secretion lowering
endogenous TH production (7). Secondly it binds to TR1 with
a similar affinity to T3 and has a 3- to 6-fold higher affinity
than T3 for TR and TR, yet has relatively low thyromimetic
activity in peripheral tissues (8). In addition to its effect on

the HPT axis, it has been reported that the thyromimetic
effect of Triac, at an equal TSH suppressive dose, are at
least as potent as those of T4 in most peripheral organs
such as liver and skeletal muscle (9). Aiming to resolve both
hypothyroidism in the CNS and peripheral hyperthyroidism,
clinical studies have indicated that Triac is effective and safe
in pediatric patients with MCT8 deficiency when treating
peripheral thyrotoxicosis (10). However evaluation of
neurocognitive outcome in Triac treated pediatric patients
with MCT8 deficiency, especially before completion of brain
development and myelination, are lacking (10).

Guiding treatment for rare diseases such as MCT8 deficiency
is challenging, as uniform, systematic collection of long-
term data are lacking. This case report describes a case of
MCT8 deficiency treated with Triac, providing additional
clinical evidence about the effect of Triac on peripheral as
well as neurocognitive features, while neurodevelopment
and myelination continued.

Case Report

A five-month-old boy was referred to the neurology clinic for
feeding difficulty, hypotonia and developmental delay. He
was born via Cesarian section due to oligohydramnios at 38
weeks of gestation with a birth weight of 2800 grams [-1.1
standard deviation score (SDS)] and a head circumference
of 34 cm (-0.5 SDS). He was discharged after a routine
follow-up of two days and passed the neonatal hearing test
as well as newborn screening tests. He was the sixth child
of a healthy Caucasian couple who were second cousins. He
had three healthy sisters and two brothers; relevant family
history was absent.

Initial physical examination at five months revealed central
hypotonia and developmental delay. He was unable to hold
his head, smile or make eye contact. Serum TSH was 2.3
mlU/mL with a low fT4 of 10 pmol/L (N=12-22) (Table
1). Laboratory investigation and metabolic tests were
otherwise normal (Table 2). Cranial magnetic resonance
imaging revealed hypoplasia of the corpus callosum,
and was consistent with delayed myelination. Thyroid
function tests suggestive of central hypothyroidism were
not present and neurologic follow-up and physiotherapy
were implemented. Despite six months of physiotherapy,
there was no improvement in physical developmental
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milestones and distal muscle tone was increased. Clinical
exome sequencing conducted at 12 months for the etiologic
investigation of the hypotonic infant revealed a de novo
novel, hemizygous pathogenic variant (c.430 + 1G> C chrX:
73641903) in SLC16A2 and MCT8 deficiency was diagnosed
(11). The 19-months old patient was then referred to the
endocrinology department.

On physical examination, he was underweight (8.1 kg,
-2.9 SDS) but his length was 80 cm (-1.3 SDS). Bitemporal
narrowing and prominent ears were evident. He was unable
to hold his head, smile or make eye contact. Although he
had axial hypotonia, deep tendon reflexes were hyperactive
and hypertonia in the extremities was evident. Resting
tachycardia (148 bpm, 90"-99" percentile) was noted,
systolic blood pressure [100/50 mmHg (92"9/84™ percentile)]

Table 1. Change in clinical and biochemical signs of MCT8 deficiency on admission (19-months-old), baseline (21-months-old),
6 months after Triac (27-months-old) and 12 months after Triac (33-months-old)

On admission Baseline 6 months* 12 months* Normal range
Auxologic measurements
Weight (kg) 8.1 8.4 10 1.2
Weight SDS 2.9 -2.9 2.1 -1.8
Length (cm) 80 82 86 90.2
Length SDS -1.3 -1.2 -1.2 -1.1
Weight for length SDS 3.2 3.2 2.2 2.1
Clinical signs of hyperthyroidism
Resting heart rate (bpm) (percentile) 148 (90"-99™) 150 (90"-99™) 103 (25™M-50t™) 95 (25M)
Systolic blood pressure (mmHg)/(percentile) 100 (92" 100 (91 86 (46M) 90 (56™)
Diastolic blood pressure (mmHg)/(percentile) 50 (84™) 60 (97™) 54 (87™) 52 (79™)
Thyroid function tests
TSH (mIU/mL) 2.83 0.8 0.9 0.7 0.27-4.2
Free T4 (pmol/L) 6.24 5.7 4.4 3.1 12-22
Free T3 (pmol/L) 15.65 1.7 10.9 7.5 3.1-6.8
Laboratory signs of hyperthyroidism
CK (U/L) 87 168 47 66 <90
Total cholesterol (mg/dL) NA 124.7 111.4 128.2 <170

*Represents time spent from initiation of Triac.

bpm: beats per minute, CK: creatinine kinase, SDS: standard deviation score, MCT8: monocarboxylate transporter 8, TSH: thyroid stimulating hormone

Table 2. Laboratory investigations on admission (19-months-old), baseline (21-months-old), 6 months after Triac (27-months-

old) and 12 months after Triac (33-months-old)

On admission Baseline 6 months* 12 months* Normal range
Hemoglobin (g/dL) 11.0 10.8 11.5 10.3 10.7-14.7
Leukocyte (10° p/L) 7.23 7.67 12.8 4.93 7-17.7
Thrombocyte (10> p/L) 31 255 368 277 150-450
BUN (mg/dL) 19.9 23.6 8.9 26.2 5-18
Creatinine (mg/dL) 0.3 0.3 0.2 0.4 0.16-0.39
Albumin (g/L) 3.8 4.1 3.9 4.1 3.8-5.4
Sodium (mEq/L) 136 136.0 136.0 144.0 136.0-146.0
Potassium (mg/dL) 4.3 4.3 4.6 3.9 4.1-53
Calcium (mg/dL) 10.2 10.2 9.8 9.5 8.8-10.9
Phosphate (mg/dL) 4.8 4.7 1.8 4.4 3.9-7.7
ALP (U/L) 179 168 232 220 100-450
ALT (U/L) 168 101 77 68 0-40
AST (U/L) 101 130 102 75 0-40
GGT (U/L) 65 55 66 39 0-40

*Represents time spent from initiation of Triac.

BUN: blood urea nitrogen, ALP: alkaline phosphatase, ALT: alanine aminotransferase, AST: aspartate aminotransferase, GGT: gamma-glutamy! transferase
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was elevated, but systems were otherwise normal. Endocrine
evaluation revealed normal TSH (2.83 mlIU/mL), low fT4
(6.24 pmol/L N=12-22) and increased fT3 (15.65 pmol/L
N =3.1-6.8) (Table 1) with an elevated T3/T4 ratio over 0.75.
Laboratory evaluation for signs of peripheral thyrotoxicosis
revealed slightly abnormal liver function tests (alanine
aminotransferase 168 U/L and aspartate aminotransferase
101 U/L) and creatine kinase (CK) (Tables 1, 2). Total
cholesterol was normal (Table 1). Electrocardiography (ECG)
and transthoracic echocardiography (TTE) did not reveal
any pathological finding.

Triac Treatment

As soon as the diagnosis of MCT8 deficiency was confirmed
and required local approvals were completed, Triac (Emcitate
tablets, 350 mcg, Egetis Therapeutics, Klara Norra Kyrogata
26, Stockholm, Sweden) was started at 21 months via the
compassionate use programme. TH were measured using an
immunoassay (Roche Modular E170 Immunology Analyzer,
Hague Rd, Indianopolis, USA). The patient was assessed for
clinical and biochemical signs of peripheral hyperthyroidism
and neurodevelopmental changes, at baseline, 6 months and
12 months after start of treatment with Triac.

Thyroid Function Tests

After an initial dose of 175 mcg/day of Triac, fT3 dramatically
decreased to 4.7 nmol/L (N=3.1-6.8) within two weeks.
However it subsequently increased again (Figure 1). An
individualized dose escalation of 175 mcg steps with a goal
of attaining normal serum fT3 concentration was conducted
using frequent clinic visits. After an initial decrease, despite
increasing Triac to 1125 mcg/day (twice a day, po), fT3 levels
remained high at 8.6-13.1 pmol/L (N=3.1-6.8) (Figure 1).

:
twice a day
80 meg/kg/day
16 42
14 meg/kg/day 1125
meg/kg/day,

thrice a day

136
meg/kg/day
135

10 meg/kg/day

8

6

4

2 \M
0

19.021.0 22.0 23.0 23.5 24.0 24.5 25.0 25.5 26.0 26.5 27.0 28.0 28.5 29.0 29.5 30.0 31.0 31.5 32.0 33.0
Age (months)

s TSH (mIU/mL) (N:0.27-4.20) Free T3 (pmol/L) (N:3.1-6.8)  em=Free T4 (pmol/L) (N:12.0-22.0)

Figure 1. Change in TSH, free T4 and free T3 after initiating Triac
when the patient was 21 months old. Blue boxes represent daily
Triac dose per kilogram, the dosing regimen was mentioned at
the time of change and was continued thereafter

TSH: thyroid stimulating hormone

After identifying adherence issues where there have been
times where the patient did not receive treatment for 3-4
consecutive days, the patient was hospitalized for a short
time-period and Triac dose adjustment was made. Following
discharge, clinic visits included empty Triac box counts in
order to try and resolve the adherence issue.

Despite precise treatment, extremely high fT3 (45.1 and
39 pmol/L at the sixth and ninth months of treatment,
respectively) were observerd. Concomitant TSH was 0.96
mlU/mL and fT4 5.13 pmol/L (N =12-22). This unexpected,
drastic increase was presumed to be explained by
molecular interference of Triac and fT3 in the biochemical
analysis, and Triac dose was not changed. In support of this
treatment decision, clinical signs of hyperthyroidism were
absent and fT3 was near-normal two days after this elevated
level (Figure 1). By seven months of treatment, the goal of
attaining normal serum fT3 was achieved continuously.
Since then, fT3 levels have been high-normal. After one year
of treatment, fT3 concentration was reduced to 7.5 pmol/L
(N=3.1-6.8), serum fT4 was 3.09 pmol/L (N=12-22) and
daily dose of Triac was increased eventually to 1500 mcg/
day (133 mcg/kg/day) three times a day, po.

Signs of Hyperthyroidism

He was fed orally prior to treatment and continued with
oral feedings as consent for tube feeding was not provided
by his family. Caloric consumption was adequate for
requirements according to age, gender and body weight
both prior to and after the treatment. Without change in
caloric consumption per kilograms, body weight for length
SDS have improved significantly at six months of treatment
which was sustained until 12 months afte start of Triac.
Resting heart rate measured by ECG, were compared using
age adjusted percentile curves and found to be decreased
by six months and this was maintained until 12 months
(Table 1) (12). Systolic and diastolic blood pressure was
decreased and stabilized by 12 months of Triac treatment
(Table 1). ECG and TTE were repeated at 12 months and did
not reveal any accompanying pathology. Mild elevation in
ALT, AST and CK improved within six months (Tables 1, 2).
Sex hormone binding globulin could not be measured as it
was not available in our clinic.

Problems with adherence to treatment were mainly linked
to socioeconomic factors, as well as the populous family
structure. No drug related toxicity, need for dose reduction
or adverse effect was encountered. He developed upper
respiratory tract infection three times during this period
which was not attributed to Triac, since they resolved while
drug was continued.
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Neurodevelopmental Evaluation

Comprehensive developmental assessment was performed
by a developmental-behavioral pediatrician. Detailed
developmental history and a standardized assessment tool,
Bayley Scales of Infant Development 3™ Edition (BSID-III)
were used (13). At baseline, prior to Triac (21- months-
old) developmental history revealed that developmental
milestones were not achieved and BSID-1Il composite scores
for cognitive [55; 95% confidence interval (CI): 51-67],
language (47; 95% Cl: 43-58) and motor (46; 95% CI: 43-
58) evaluation were below two SDS for age.

At six months of Triac treatment, BSID-III composite scores
remained below two SDS for age but he started to habituate
to objects, recognize and smile at his mother, respond to a
person’s voice by turning his head, raise his face while in
prone position and hold his head steady for a few seconds
while in sitting position. As dystonia remained prominent
at six months of treatment, oral baclofen was started to
ease pain and increase quality of life. At 12 months, BSID-III
composite scores remained unchanged (below two SDS for
age), but he started to respond to his name by turning his
head, follow a person across the room with eyes and head,
and hold his head steady for at least 15 seconds and dystonia
was improved. Although an improvement in developmental
composite scores during follow-up assessments were
not observed, an improvement in critical developmental
milestones were present. Regression was not observed in
any developmental domain.

Discussion

This case highlights the presentation of the extremely rare
MCT8 deficiency, which may be missed. Thyroid function
tests suggestive of central hypothyroidism in a boy with
infantile hypotonia should alert the clinician to measure T3,
and MCT8 deficiency should be in the differential diagnosis,
as early recognition and intervention is crucial. This case
contributes both peripheral clinical and neurodevelopmental
outcomes after one year of Triac treatment and before
completion of neurodevelopment and myelination to the
literature.

Thorough evaluation of disease presentation and the
phenotypic spectrum in MCT8 deficiency, especially
concerning neurodevelopmental features, are sparse and
disease awareness may be inadequate (6). Data about
neurocognitive  phenotype and neurodevelopmental
outcome are not uniformly collected (5). A natural course
study previously described that all patients with MCT8
deficiency had moderate-to-severe intellectual disability
with severe delay in motor and language domains (6). At a

120

median age of 7.4 years (0.4-66.8 years), median composite
scores in BSID-1II were well-below 12 months in all tested
sub-domains. In severely affected patients, none of the
scores in developmental domains improved with age, while
fine motor skills even showed regression.

Triac was shown to decrease serum fT3 concentrations,
substantially improving clinical and biochemical signs
of hyperthyroidism by six months, which was sustained
until 12 months, as in the presented case (5,10). Although
Groeneweg et al. (10) reported that 77 % of their patients
achieved normal serum T3 concentrations by four months
of treatment, this only occurred after seven months of
treatment in the present case. It may have taken longer
in the current patient due to poor adherence, especially in
the first months of treatment. The Triac dose (136 mcg/
kg/day) required to normalize fT3 was much higher in the
present case than previously described (23-48 mcg/kg/day)
(8,10). As clinical signs of peripheral hypothyroidism were
not observed, it was deduced that this dose compensated
the reduction in fT4. While Triac was administered twice
or thrice a day in previous studies, we observed that the
normal range of T3 was best maintained if Triac was
administered thrice a day (5,10). In addition, clinical signs
of hyperthyroidism resolved as progressive deterioration
of bodyweight was prevented, and an advancement in
bodyweight and length with normal heart rate and blood
pressure were accomplished.

Since reduction of fT3 is the aim of successful Triac
treatment in MCT8 deficiency, accurate fT3 measurement is
crucial for dose adjustment. As T3 and Triac are structurally
similar, many commercial total T3 and fT3 assays have
been reported to cross-react significantly with Triac in a
dose-dependent manner (14). To the best of our knowledge,
this is the first clinical case report to address and explain
this issue in detail. Chan et al. (14) suggested that patients
using Triac should have their T3 hormone monitored using
alternative methodologies, such as mass spectrometry.
However, as mass spectrometric measurement of thyroid
function tests is not available in most institutions such as
ours, we propose that MCT8 deficient patients on Triac with
unexpected high measurements of fT3 should have their
thyroid function test measured by mass spectrometry only
if signs of hyperthyroidism are absent.

Previous studies into the efficacy of Triac have demonstrated
a notable decrease in serum T4 (5,6,10). It was speculated
that the thyromimetic effect of Triac on peripheral tissues
compensated for the reduction in fT4 (10). Since then, the
effect of low T4 on neurocognitive function has been a
debate and have yet to be clarified. Barez-Lopez et al. (15)
studied this dilemma on MCT8KO mice and concluded that
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hypothyroxinemia in the CNS due to low plasma T4 levels
may potentially be harmful if this effect was not attenuated
by thyromimetic effect of Triac. However, there are some
limitations to that study. Firstly, MCT8KO mice’ brains were
shown to be mildly hypothyroid lacking overt neurological
abnormalities and the results of this model on neurocognitive
phenotype is not transferrable to humans (1,16). Secondly,
the dose of Triac was on the lower side of the recommended
dose for humans and dose adjustment was not performed.
More recently, MCT8/OATP1C1 DKO mice were validated to
be a valuable model organism for the preclinical evaluation
of drugs as they exhibit both peripheral and neurocognitive
phenotype (17). Previous studies starting Triac as early as
possible on the first day of life in MCT8/OATP1C1 DKO mice
report a recuperated neuromotor phenotype (18).

Earlier clinical trials on the efficacy of Triac were not
designed to detect neurodevelopmental outcomes and
study populations’ age was very variable (5,10). Although
an improvement in developmental composite scores during
follow-up were not observed in the present case, clinical
improvement in critical developmental milestones were
evident, and regression was prevented. At twelve months
of treatment, our patient started to respond to his name
by turning his head, follow a person across the room with
eyes and head, and hold his head steady for at least 15
seconds. Head control, which was previously presented as
a marker of improved neurodevelopment and a significant
indicator of increased survival rate, was achieved (6). Oral
baclofen, a GABA-B agonist was administered for dystonia
and related pain. Although the effect of oral baclofen on
patients with MCT8 deficiency has not previoulsy been
studied, considering it is the most often used oral drug for
dystonic cerebral palsy with low efficacy and no known
effect on neurodevelopment, oral baclofen was presumed
not to have an impact on developmental milestones (19).

Given the insufficiency of data about the effectiveness
of Triac in MCT8 deficiency for optimal neurocognitive
and neurodevelopmental outcome, larger studies of
international collaborative networks for this rare disorder
are needed (5). This case presents additional evidence that
early diagnosis, while neurodevelopment and myelination
continue, is of utmost importance. Early initiation of
disease-modifying treatment, Triac, may prevent regression
and establish progress in neurodevelopmental milestones
while decreasing mortality by its peripheral effects.

Groeneweg et al. (6) reported that overall survival of
patients with MCT8 deficiency was greatly diminished with
30% mortality during childhood. Being underweight was
associated with increased risk of infections while achieving
normal bodyweight was shown to increase median survival

from 30.3 to 71 years; however cause of death was unclear
in 46.9% (6). It may be hypothesized that mortality due
to these unclear reasons and sudden death may be due to
a cardiac cause since prevalence of premature atrial and
ventricular contractions are high (6). Holter evaluation was
not performed in our patient, but cardiac arrythmia was
not observed on ECG and improvements in bodyweight,
heart rate and blood pressure, as well as markers of thyroid
action, may suggest that Triac may decrease the risk factors
for mortality in MCT8 deficiency, especially considering the
proposals of Groeneweg et al. (6).

Conclusion

The importance of this case is that it reports an in-depth
clinical experience with an infant with MCT8 deficiency who
was administered Triac. It is essential to keep in mind that
fT3 and Triac may cross react if measured with immunoassay
in MCT8 deficient patients who are on Triac and thyroid
function test should be measured using mass spectrometry
if available and if unexpectedly high measurements of
fT3 are encountered. Consensus on starting dose of Triac,
management protocol and research for its efficacy on
central and peripheral signs of MCT8 deficiency are still
progressing. This case provides additional evidence that
Triac may successfully restore peripheral findings of MCT8
deficiency after one year of treatment. Although a significant
change in neurodevelopmental scores were not recorded,
neurodevelopmental regression was decelerated and
important developmental milestones were achieved. These
advances in both peripheral findings of MCT8 deficiency,
as well as neurodevelopmental outcomes, may alleviate the
risk factors of morbidity as well as mortality.
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