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ABSTRACT

Glycosylation, attachment of monosaccharides or glycans to specific residues of proteins and lipids, is the most common post-translational
modification. Defects among glycoprotein synthesis or modification pathways result in a genetically and clinically heterogenous group of
metabolic disorders, congenital disorders of glycosylation (CDGs) with an estimated prevalence of 1/10,000. CDGs have multisystem involvement
in which significant neurological dysfunction is frequent, with variable impairment of other organ functions. Most of the proteins responsible
for endocrine homeostasis are essentially glycoproteins so disorders of glycosylation have an impact on hormone secretory pathways, changing
hormone and carrier protein stability, circulatory half-live and abundance, alternating receptor configuration, activation, hormone-substrate
affinity, and resetting endocrine control and feedback loops. Endocrine implications of CDGs are extensive and are described in up to 55% of all
patients with CDGs during the natural course of the disease. This frequency is increased up to 85% in some CDG subgroups. Impacts on growth
and growth factors, thyroid hormones, hypothalamo-pituitary-adrenal axis, hypothalamo-pituitary-gonadal axis, glucose metabolism, bone
health and prolactin have been reported, yet clinical studies are scarce, with data mostly derived from case series. The aim of this review is to
describe the current understanding of the endocrine implications of CDGs, focusing on both preclinical and clinical studies, highlighting the
broad spectrum of findings. Clinical and laboratory findings of CDGs and the effect of current treatment strategies on endocrine function will
be briefly discussed.
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which in turn maintains tissue structure, integrity and porosity
(2,3). In addition, glycosylation of proteins controls leukocyte,
extracellular and intracellular trafficking, protease resistance,
cell-substrate and cell-cell interactions, and growth regulation
(4). Therefore, glycosylation is central to normal development,

Introduction

Glycosylation is the covalent attachment of monosaccharides or
glycans (polysaccharides) to selected residues of target proteins
and lipids, occurring in diverse subcellular locations but

mostly within the endoplasmic reticulum and Golgi apparatus
(1). Glycosylation is the most common post-translational
modification of proteins. Its biological role is essential for
normal protein maturation and function, ensuring maintenance
of protein solubility, proper protein folding and conformation,

growth, and functioning of the organism.

Defects among glycoprotein synthesis or modification pathways
resultinageneticallyandclinically heterogenousgroup of metabolic
disorders, known as congenital disorders of glycosylation (CDGs)
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(5). After the initial report in 1980, the clinical and biochemical
features as well as the natural course of CDGs were identified
in 1991. Initially, solely associated with phosphomannomutase
deficiency, this was called “carbohydrate deficient syndrome” in
1997 (6). Advances in biochemical testing and exome sequencing
enabled discovery of new forms and today, more than 130 separate
CDGs have been described (7,8). Most of these monogenic diseases
are autosomal recessive (AR) in inheritance, however autosomal
dominant (AD) and X-linked forms have also been described (9).

CDGs exhibit multisystem involvement, usually with significant
neurologic dysfunction in addition to variable impairment of
otherorgan functions. There have been reports of cardiovascular,
gastroenterological, renal, hematological, immunological,
ophthalmological, and lipid metabolism impairments, as
well as endocrinopathy. Since proteins involved in endocrine
homeostasis are essentially glycoproteins, reports of endocrine
symptoms are common. Alterations in glycosylation have an
impact on hormone secretory pathways, modulating circulatory
half-lives, changed stability, carrier protein availability and
binding, alternating receptor configuration, binding, and
activation, dysregulation of autocrine and paracrine actions,
and resetting of endocrine control and feedback loops (10).
Endocrine findings make up 5-7% of symptoms at presentation
with hypoglycemia being the most common, reported in 7% of
CDGs. Endocrine changes are diverse and are described in up to
55% of all patients with CDGs (n=280) during the natural course
of the disease. Thisfrequency is increased up to 85% in some CDG
subgroups. In a recent natural history study, findings regarding
virtually every endocrine axis have been described. Alterations
in thyroid and adrenal function, growth, sexual development
and bone and glucose metabolism have been reported (4).

In this review we will briefly address clinical and laboratory findings
of CDGs, then focus on endocrine system involvement, highlighting
the broad spectrum of findings. In addition, the effect of current
treatment strategies on endocrine function will be discussed.

Epidemiology

The incidence and prevalence of all types of CDG is not well
established, since some forms are quite rare. Globally, reports of
CDGs from practically every ethnic group have been made and
both sexes are equally affected (9). The estimated prevalence
in European and African-American populations is 1/10,000
(11,12,13). The prevalence of the most common CDG, PMM2-
(DG ranges from 1/20,000 in Dutch populations to 1/77,000 in
Estonia based on isolated reports (9). However, to date, fewer
than 100 cases have been reported for most CDG types (9).

Biochemical Classification, and Nomenclature

Historically, CDGs were classified by patterns of transferrin
isoform analysis. Currently CDGs are classified into four groups: ()
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N-linked glycosylation; (I1) O-linked glycosylation; (I11) combined
N- and O-linked/multiple glycosylation; and (IV) lipid and
glycosylphosphatidylinositol anchor biosynthesis defects (9).

CDG nomenclature was revised in 2008 to reflect molecular
etiology considering the developments in molecular diagnostics.
Currently, CDG nomenclature is denoted by the name of the
affected gene, followed by-CDG (e.g. PMM2-CDG) (14).

Inheritance

The majority of CDGs are AR, while a small number of CDGs
are AD, including GANAB-CDG, PRKCSH-CDG, EXT1/EXT2-CDG,
POFUT1-CDG, and POGLUT1-CDG. A few are known to be X-linked
and these are ALG13-CDG, SSR4-CDG, PIGA-CDG, SLC35A2-CDG,
and ATP6AP1-CDG. Most dominant and some X-linked forms
of CDG are due to de novo mutations (9). Genotype-phenotype
correlations have been proposed, however, there is significant
phenotypic variability, even within the same genotype (15).

Clinical Findings

Glycosylation is critical in many metabolic pathways, thus, there
is considerable clinical heterogeneity in symptoms and findings
(4). Age of onset and disease severity is diverse. Neonatal lethal
forms, as well as nearly asymptomatic adults have been reported.
The most frequent presentation is multi-systemic involvement
within the first few years of life. Almost any organ system may be
affected, the nervous system is the most frequent system involved
(76%) (16,17). Mild to severe psychomotor retardation, hypotonia,
cognitive difficulties, epileptic seizures, ataxia, polyneuropathy,
and stroke-like events have been reported. Hypoglycemia, and
various liver, eye, skin, gastrointestinal, immunological, skeletal,
and coagulation disorders, are commonly noted. Nearly all
patients experience feeding difficulties and failure to thrive
(9,17,18,19).

The mostcommon form, PMM2-CDG, causes neurologicsymptoms
with intellectual disability affecting 96% of patients, cerebellar
ataxia and atrophy in 96%, hypotonia in 92% and peripheral
neuropathy in 53%. PMM2-CDG has also been reported to involve
cardiac (pericardial effusion in72% and cardiomyopathy in 25%)
and gastrointestinal systems, with failure to thrive in 67%,
hepatomegaly in between 18-100% of patients and hepatopathy
again ranging widely from 12.5 to 100%. Thoracic deformities
(84%) and kyphoscoliosis (53%), typical dysmorphia [inverted
nipples (53%) and lipodystrophy (47%)], coagulopathy and
recurrent infections (39%) have also been reported. Adults show
stable neurologic findings, but kyphoscoliosis and osteoporosis
are progressive (20,21,22,23).

Some CDGs affect only a single organ system. These include the
retina in DHDDS-CDG; neuromuscular junction in ALG2-CDG,
ALG14-CDG, CFPT1-CDG; brain in ST3GAL3-CDG, TUSC3-CDG; skin
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or skeletal muscle in POGLUT1-CDG, POFUT1-CDG; cartilage in
EXT1/EXT2-CDG; liver in TMEM199-CDG; and red blood cells in
SEC23B-CDG (9). Clinical manifestations of CDGs are summarized
in Table 1, in addition to endocrine manifestations.

Since many CDG subtypes are rare, the complete phenotype is
still unclear. Therefore, in cases of multi-systemic disease, CDGs
should be considered, particularly when there is developmental
delay of unclear etiology. With a greater understanding of this
subset of complex disorders, CDGs have become more frequently
recognized in people with unexplained symptoms involving
more than one system.

Diagnosis

Serum carbohydrate deficient transferrin analysis is the first-
line screening test in patients suspected of CDG (9). This
diagnostic test is performed by isoelectric focusing or capillary
electrophoresis, gas chromatography/mass spectrometry,
capillary electrophoresis/electrospray ionization/mass
spectrometry or matrix-assisted laser desorption ionization/
mass spectrometry to determine the presence and number of
incomplete sialylated N-linked oligosaccharide residues linked
to serum transferrin (24). Second-line tests include dolichol-
linked glycan analysis and genetic testing, either by single gene,
(DG gene panel or whole exome/whole genome sequencing.

Novel approaches studying whole plasma/serum N-glycome
by various mass spectrophotometric techniques may identify
defects on glycoproteins other than transferrin, which is
especially useful in some CDGs characterized by normal
transferrin profiles. Moreover, metabolomics and metallomics
offer exciting prospects in both clinical practice (biomarkers
for precision diagnostics, disease follow-up, treatment
management) and in research (better understanding of the
role of actors in glycosylation, application to the development
of novel pharmacological agents) areas (25). Early and specific
diagnosis of CDG subtype is imperative as there is a possibility of
specific pharmacological treatment in some forms (8,9,26).

Endocrine Implications

Inthe initial report, most striking features involved the endocrine
system. In 1980, Jaeken et al. (7) described identical twin-sisters
with familial psychomotor retardation and endocrine findings
proposing that these findings may be a part of a new syndrome.
Born at 36 weeks with normal birthweight, the twins presented
at two years of age with marked psychomotor retardation and a
bone-age of one year. Physical examination and anthropometric
measures were normal. Repeated investigations revealed
markedly fluctuating serum prolactin (PRL), follicle stimulating
hormone (FSH) and growth hormone (GH) levels, partial
thyroxine binding globulin (TBG) deficiency, increased serum
arylsulphatase A and increased cerebrospinal fluid protein,

which were also present in the father (7). Since this initial
report, findings in patients with CDGs have reported changes in
virtually every endocrine axis. These CDG-associated alterations
in endocrine systems are discussed in detail below.

Implications of CDG for Growth and Growth Factors

Growth rate of the initially described twin sisters were normal
but later studies demonstrated growth failure in different CDG
types due to a variety of reasons. Babovic-Vuksanovic et al. (27)
reported a 30-month-old girl who presented with recurrent
severe and persistent hypoglycemia, and who developed
feeding difficulties, protein losing enteropathy and short stature
(3 percentile). She was diagnosed with MPI-CDG. Following
specific treatment with mannose for six months, she exhibited
catch-up growth (43 percentile) (4,27). A similar patient with
MPI-CDG whose anthropometric measures were at the 2
percentile on admission, was reported by Hendriks et al. (28).
Catch-up growth was attained after mannose treatment (25
percentile) (28). In a case reported by Miller et al. (29), a child
with PMM2-CDG had severe growth failure, insulin like growth
factor-1 (IGF-1) levels were low, and response to IGF-1 generation
test was absent, suggestive of GH resistance. Catch-up growth
was attained following treatment with recombinant human
IGF-1 (29). Alsharhan et al. (5) reported two patients with ALG3-
(DG diagnosed with panhypopituitarism [hypothyroidism,
GH deficiency, and adrenal insufficiency (Al)]. Response to GH
treatment has not been published yet.

Jaeken (30) summarized the natural course of growth in 29
patients with PMM2-CDG. In their study, birth weight, height,
and growth rate in the first years of life were normal. Growth
rate declined between the second and third years and a
successive decline was noted in the following years. After
adolescence, disproportionate short stature was observed in
all cases, the majority of which were associated with marked
skeletal deformities (kyphosis, kyphoscoliosis and vertebral
fractures), leg length was normal when assessed (30). Similarly,
the largest longitudinal study of children with PMM2-CDG
concluded that anthropometric measures were within normal
range at birth. Linear growth was restricted in the first six to nine
months of life [-2.4 standard deviation score (SDS)]. Although a
slight improvement was observed at the end of the second year
(mean height -1.8 SDS), this improvement was not sustained and
catch-up growth was not observed until 10 years of age. It was
suggested that feeding difficulties could both contribute to and
serve as the primary cause of severe growth failure (31).

The main determinant of growth early in life is quality and
quantity of nutrition while this becomes endocrine regulation
after the first two years (32). The GH/IGF cascade being the
predominant factor, thyroid, adrenal hormones, and sex steroids
regulate growth, differentiation, and metabolism. Circulating
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IGFs (IGF-1 and IGF-2) which are GH-dependent, exert pleiotropic
effects through activation of IGF receptors (IGF-1R and IGF-2R)
and the insulin receptor (IR) signaling cascade (33). It is known
that 10-15% of IGFs form binary complexes with IGF-binding
proteins (IGFBPs: IGFBP-1, IGFBP-2, IGFBP-4, IGFBP-6) while 80-
90% form ternary complexes with IGFBPs (IGFBP-3, IGFBP-5) and
acid-labile subunit (ALS) in the circulation. Formation of ternary
complex is essential for stability and delivery of IGFs to the
target tissues (34,35,36,37). Although IGFs, IGFBP-1 and IGFBP-2
are non-glycosylated, the components of the ternary complex
are glycosylated with IGFBP-3 and ALS being N-glycosylated, and
IGFBP-5 being 0-glycosylated). IGFBP-4 and IGFBP-6 have also
been shown to be glycosylated.

Previous in vitro studies presented the significance of optimum
glycosylation on stability and function of the ternary complex.
The number of N-glycosylation sites in ALS was proven to
enable IGF1/IGFBP-3/ALS ternary complex formation (38,39,40).
Enzymatic hypoglycosylation of ALS in mouse models reduced
the affinity of ALS for IGFBP-3/IGF complexes by 50-100%
depending on its extent (41). Despite N-linked glycans on
IGFBP-3 being non-essential for ALS or IGF binding, it was
postulated that glycosylation may modulate other biological
activities of IGFBP-3, such as extracellular matrix binding
(38). Indeed, non-glycosylated IGFBP-3 had a shorter half-life
than glycosylated IGFBP-3 when administered to rats (41). In
a study conducted on peripheral blood lymphocytes from 12
patients with CDG (patients were grouped according to previous
nomenclature), compared to healthy controls, IGF-I levels were
normal in CDG type-1 and significantly reduced in CDG-II. IGF-1R
was significantly reduced in lymphocytes and markedly reduced
in carbohydrate content. Selective impairment in IGF-1-induced
synthesis of DNA was reported. All patients displayed impaired
mitogenic response. Although the study was limited to changes
observed in lymphocytes, it was proposed by the authors that
the results may be inferred to all tissues (42).

These in vitro findings were supported by in vivo studies. In
a study of 26 patients (12 female and 14 male; 1-20 years of
age) with CDG type 1 (7 longitudinally, 19 cross-sectionally) by
de Zegher and Jaeken (10) it was reported that basal serum
GH concentrations were normally low (GH: <10 mcg/L) in the
majority of the boys (13/14) and 13.5 mcg/L in a 2 month-old
boy, while basal serum GH concentrations were high in most
of the girls (8/12) and extremely high in three girls (basal
serum GH of one-month-old, two-month-old and 2-year-old
girls were 192, 120 and 144 mcg/L, respectively). Longitudinal
assessment of basal serum GH concentrations of three girl
with high basal serum GH were documented to be <20 mcg/L
within the following six months. Upon glucagon stimulation,
biphasic GH hyper-responsiveness was observed in the initially
described twin sisters. The same study reported that IGF-1 levels
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were low during infancy and low-normal during childhood
and adolescence (10). Miller et al. (41) compared 12 patients
with PMM2-CDG with age matched healthy controls in terms of
the GH/IGF-1 axis. The study found that children with PMM2-
(DG displayed significantly decreased (~50%) levels of both
glycosylated (ALS and IGFBP3; 50%) and nonglycosylated (IGF-
1 and IGF-2) components of ternary complex compared to
controls (41). Reduced ALS glycosylation was shown to result in a
neutral shift in the isoelectric point leading to a reduction in the
affinity of ALS for IGFBP-3-IGF binary complex. Ternary complex
formation was subsequently decreased. In this study, adequate
nutrition, and oral mannose treatment in a child with MPI-CDG
was shown to partially correct hypoglycosylation of ALS and
IGFBP-3, enabling catch-up growth (41).

Growth failure is common in the majority of CDGs. It is likely
that in addition to changes in GH/IGF-1 axis, feeding difficulties
and nutritional factors as well as concomitant endocrine
manifestations (hypothyroidism, Al, hypogonadism) and skeletal
features lead to growth failure (Table 1). Management of these
accompanying factors will help restore growth rate. Further
studies are necessary to determine the extent to which protein
hypoglycosylation negatively impacts function and stability of
GH/IGF-1 axis, as well as to demonstrate natural growth and
efficacy of GH treatment in children with CDG.

Implications of CDGs for Thyroid Hormones

Normal thyroid hormone biosynthesis starts with iodide
uptake from circulation across the basolateral membrane of
thyrocyte by the sodium-iodide symporter, which coordinates
electrogenic symport of two sodium ions for one iodide ion
down an electrochemical gradient generated by the Na+/K+
ATPase. Specific transporters (pendrin and anoctamin-1) then
mediate iodide efflux into the follicular lumen. Synthesized
by thyrocytes, thyroglobulin is the protein skeleton for thyroid
hormone biosynthesis. lodide is oxidized when hydrogen
peroxide is present and incorporated into tyrosyl residues on
the surface of thyroglobulin to form monoiodotyrosyl (MIT) and
diiodottyrosyl (DIT) (organification). MIT and DIT couple to form
thyroid hormones (T4 and triiodothyronine). Thyroid peroxidase
(TPO) catalyzes hydrogen peroxide-dependent oxidation,
organification and coupling of iodine. DUOX2 (a NADPH-oxidase)
and its accessory protein, DUOXA2, are the predominant sources
of hydrogen peroxide (43). Thyroglobulin is endocytosed back
into thyroid follicular cell then cleaved and thyroid hormones
are secreted into circulation. Thyroid hormone biosynthesis is
regulated by thyrotropin [thyroid-stimulating hormone (TSH);
secreted from the anterior pituitary] and thyroid hormones are
carried by TBG albumin and transthyretin in the circulation.

Most of these proteinsinvolved in thyroid hormone biosynthesis,
regulation and secretion are essentially glycoproteins, and
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glycosylation defects cause significant alterations to thyroid
function and/or homeostasis. TBG hypoglycosylation has been
shown to reduce the half-life by 15% (20). One of the initially
described findings frequently reported in patients with CDG
is low levels of TBG (75%) (44,45). Despite a decrease in total
thyroid hormone levels, free hormone levels and TSH are
reported to be normal (4,46). Although free hormone levels
might be low via indirect measurement techniques from
time to time, results with direct measurement techniques
were normal (43). The most frequently described scenario
is euthyroid with low TBG, however, as summarized above,
proteins taking part in thyroid hormone biosynthesis,
regulation and secretion are glycoproteins, and disorders
of glycosylation may result in alterations in thyroid function
as well (47). Furthermore, TBG, TPO, pendrin, DUOX2, and
DUOXA2, which are essential for thyroid hormone biosynthesis,
all achieve proper folding to three-dimensional functional
conformation after post-translational modifications consisting
of glycosylation (48,49,50,51,52,53,54). TSH was shown to
have reduced bioactivity and receptor affinity due to lack of
glycosylation (55,56,57). Given this high degree of glycosylation,
(CDGs may lead to several alterations in thyroid hormone
levels, for example low total T4 and TBG with increased
TSH which may raise suspicion of hypothyroidism, low free
T4 (FT4) that is biochemical hypothyroidism but without
clinical hypothyroidism (euthyroid). Clinical assessment of
hypothyroidism may be difficult since developmental delay
and neurologic findings are also common features of CDGs.
However, for optimal development and metabolism, clinical
hypothyroidism must be corrected (45).

Clinical hypothyroidism is rare in patients with CDG, however,
abnormal thyroid function tests, like decreased TBG are
frequently reported, especially in PMM2-CDG (4,46,58). Elevated
TSH has been reported, especially during infancy (10,59). A
study evaluating thyroid function in 18 patients with PMM2-CDG
revealed positive neonatal screening test results in 10, elevated
TSH levels in nine, and low FT4 in two. During follow-up, TSH
elevation was transient in 3/9 and treatment was not started. Six
patients were started on thyroid hormone replacement therapy
(HRT) due to multi-organ failure in first few months of life (3/6),
persistently elevated TSH during neonatal period (1/6) and
elevated TSH accompanied by clinical signs of hypothyroidism
such as low calorimetric measurements (decreased resting
energy expenditure), low body temperature, constipation, and
myxedema (2/6). Apart from the latter two patients with clinical
findings of hypothyroidism, the reason for treatment was TSH
elevation (60). A review of seven patients with PMM2-CDG,
MPI-CDG, or ALG6-CDG reported low levels of serum TBG and
T4 concentrations, but normal FT4 and TSH levels. Most of the
reported ALG6-CDG patients were euthyroid (46,60). Two patients
with MPI-CDG had TBG deficiency with normal TSH and FT4 (61).

Alsharhan et al. (5) reported 10 patients with ALG3-CDG, four of
which had central hypothyroidism and three required thyroid
HRT. Other CDG subtypes with abnormal thyroid assessments
include ALG1-CDG and ALG8-CDG (62).

In conclusion, hypoglycolysation of proteins essential for normal
thyroid hormone biosynthesis may result in alterations of thyroid
hormone and TSH levels. Thyroid function tests of individuals
with CDG may be difficult to assess since clinical symptoms of
hypothyroidism may be masked or mimicked by other, more
severe CDG symptoms, and the diagnosis of hypothyroidism may
be complicated (60). In critical circumstances (hypoalbuminemia,
sepsis, protein-losing enteropathy, etc.), re-measurements of TSH
and FT4 are recommended, and only patients with clinical signs
of hypothyroidism should receive thyroid hormone replacement
treatment after ruling out euthyroid sick syndrome (5). Long
term follow-up for thyroid hormones is not established yet for
(DG, but individuals with PMM2-CDG should have their thyroid
hormone levels checked every six months, for the first two years
of life, and once a year after that, to monitor for hypothyroidism
(5). Considering the changes in thyroid hormone biosynthesis,
it may be reasonable to generalize this suggestion to all CDGs
(Table 2).

Implications of CDGs for Hypothalamo-Pituitary-Adrenal Axis

The hypothalamo-pituitary-adrenal axis (HPA) has a central
role in regulating response to internal and external stressors.
The hypothalamic parvocellular nucleus collects and integrates
neuronal and humoral inputs to synthesize and secrete
corticotropin-releasing hormone (CRH) and arginine vasopressin
(AVP) into the hypophyseal portal system (63). Activation
of CRH-receptor 1 via CRH and AVP, initiates synthesis of
adrenocorticotropic hormone (ACTH) from proopiomelanocortin.
This step is catalyzed by prohormone convertase 1/3 enzyme
and ACTH is then released from the anterior pituitary into the
circulation (64,65). Upon reaching the adrenal cortex, ACTH
binds to melanocortin 2 receptor (MC2R) which in turn stimulates
synthesis and release of cortisol (66,67). Cortisol is mainly
carried bound to proteins, such as albumin and corticosteroid
binding globulin (CBG) in the circulation, and CBG regulates
cortisol bioavailability (68). Proteins of the HPA such as CRHR1,
MC2R, prohormone convertase 1/3, and CBG are N-glycosylated
glycoproteins (69,70). The number and presence of N-linked
glycosylation sites in the CRHR family were shown to have an
important role in ligand binding and signal transduction.
Disordered glycosylation could therefore lead to decreased ACTH
and cortisol production (71). Furthermore, hypoglycosylation
may decrease the steroid-binding capacity of CBG, diminishing
total cortisol levels, and resulting in low to normal free cortisol.

The largest series evaluating the effect of CDGs on the HPA
stemmed from an international natural course study with
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contributions from many centers, observing 139 patients
with PMM2-CDG longitudinally for four years with 6-monthly
assessments (71). Cechovd et al. (71) evaluated adrenal functions
of 43 patients (20 girls) with available ACTH and cortisol data.
Since cortisol was <5 mcg/dL without an increase in ACTH
in 11 patients, central Al was suspected. Two patients were
diagnosed with central Al and hydrocortisone was started. One
of them was diagnosed during evaluation for hypoglycemia and
accompanying GH deficiency as well as central hypothyroidism.
Three of the remaining nine patients had normal peak cortisol
response to low dose ACTH stimulation test. Despite slightly low
response in one patient, hydrocortisone was not started. Low
dose ACTH stimulation test was planned in five patients. Primary
Al was not suspected in any of the patients (71). Another study
described normal serum cortisol levels with diminished serum
CBG in a patient with PMM2-CDG. These findings were attributed
to loss of CBG due to protein-losing enteropathy (10). Other
forms of CDG with reported Al are ALG6-CDG and ALG3-CDG.

In conclusion, glycosylation defects of proteins responsible
for regulation of the HPA axis as well as hypoproteinemia due
to protein losing enteropathy may lead to Al in patients with
CDG. Annual evaluation of morning cortisol and ACTH were
recommended in patients with PMM2-CDG. If abnormal, low
dose ACTH stimulation test can be performed to evaluate the
HPA axis (71) (Table 2).

Effects of CDG on the Hypothalamo-Pituitary-Gonadal Axis

Hypothalamic gonadotrophin-releasing hormone (GnRH) is
the central regulator of synthesis and release of the pituitary
gonadotrophins, luteinizing hormone (LH) and FSH which are
essential for normal sexual development, maturation, and
reproductive function (72). GnRH is synthesized in hypothalamic
neurons and is secreted into the hypophyseal portal circulation
to act primarily on the anterior pituitary by binding to the GnRH
receptor (GnRHR) (73). Variations of GnRH pulsatility (pulse
frequency) and amplitude have separate effects on FSH and
LH (74). LH and FSH are secreted into peripheral circulation,
acting on ovaries or testes to regulate folliculogenesis,
ovulation, spermatogenesis, and steroidogenesis. FSH and LH
are glycoprotein hormones with similarities in their chemical
structures. Variation in glycosylation and glycan composition
may lead to considerable heterogeneity in terms of half-life and
bioactivity (75). Reduced FSH bioactivity and bioavailability was
associated with delayed puberty (10,76). FSH and LH receptors
(FSHR and LHR) are also glycosylated proteins. FSHR has more
glycosylationsitesthan LHRand therefore itis presumed that FSHR
function is more likely to be affected by impaired glycosylation
and may result in hypergonadotropic hypogonadism (77). GnRHR
is also a glycosylated protein, whether its glycosylation status has
an influence on the pathophysiology of hypogonadism remains
to be elucidated.
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Impaired glycosylation of LH and FSH in patients with PMM2-
(DG results in a variety of changes in the hypothalamo-pituitary-
gonad axis. In the initial report of the twin sisters with CDG,
fluctuating basal serum gonadotropin levels were described
with respect to age. FSH was particularly elevated during infancy
(normal, <5 1U/mL) and adolescence (normal, <20 IU/mL) while
LH was consistently increased during adolescence (normal,
<20 1U/mL). Following GnRH administration, at 2 and 13 years
of age, a homogeneous hyper response of FSH and LH (serum
levels at 13 years higher than that at 2 years) were noted. When
secretory patterns were evaluated by deconvolution analysis of
serum profiles during these tests, the serum half-life of LH was
extremely long, and FSH bursts were delayed and prolonged. A
woman with MPI-CDG and one with ALG6-CDG had normal levels
of LH, FSH, and estradiol (61,77,78,79,80).

The effect of CDGs on puberty is variable. Delayed puberty,
pubertal arrest, amenorrhea, hypergonadotropic and
hypogonadotropic hypogonadism, as well as normal puberty
and menstruation have been described (10,20,81). Patients with
PMM2-CDG generally had hypergonadotropic hypogonadism
(7/8) (30). Pérez-Duefias et al. (82) followed two patients with
PMM2-CDG until adulthood. One had hypergonadotropic
hypogonadism while the other (milder phenotype) had a normal
menstrual cycle (82). In other reports, 6/6 females with CDG
syndrome type | had hypergonadotropic hypogonadism and
the ovaries were not detected in 3/6 (76). Hypogonadotropic
hypogonadism was described in four adolescent girls (10). Three
woman with MPI-CDG developed normal puberty and delivered
three healthy children after uncomplicated pregnancies
(61,78,79,80). A patient with ALG6-CDG had regular menses with
normal hormonal profile (77).

In contrast to females with CDG, males mostly expressed age
appropriate secondary sex characteristics and underwent normal
pubertal development (76). Some reports have described boys
with normal puberty and virilization, but small testes, and low-
normal testosterone values (10,76). A study described 2/3 male
patients who passed 16 years of age and had normal puberty
and secondary sex characteristics (30).

HRT in patients with hypogonadism is critical for initiation and
progression of puberty, achieving appropriate body composition,
optimum bone health, and increased health related quality
of life. However, congenitally deficient or dysfunctional major
natural anticoagulants (antithrombin IlI, protein S, and protein
() in CDGs are associated with life-threatening coagulopathies
early in life. Though not always evident at birth, Eklund et al.
(83) suggested that it would be prudent to consider CDGs in
the category of thrombophilia wherein administrating HRT
should be approached with caution. Guidelines for optimum
HRT in CDG have not been established. Eklund et al. (83)
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selected transdermal estrogen replacement in four patients with
hypergonadotropic hypogonadism and PMM2-CDG to mimic
physiology. All of them experienced deep vein thrombosis, even
though one was on prophylactic anticoagulant therapy (20,83). It
was suggested by the study that further research is necessary to
determine the best combination of estrogen and anticoagulants,
timing of treatment, and duration of primary prophylaxis (83).

Effects of CDG on Glucose Metabolism

Hypoglycemia was initially described in three patients with MPI-
CDG. Hyperinsulinism that responded well to diazoxide was
documented (9). Though infrequent, hypoglycemia has been
described in other types of CDG. PMM2-CDG is the most common
(DG to manifest with hypoglycemia. Vuralli et al. (84) reviewed
these cases. Hypoglycemia was reported in 37 (3.4%) of the total
of 1,060 patients published. While most of the cases presented
with a wide spectrum of multisystem involvement, 24% was
admitted solely due to symptoms of hypoglycemia, occurring
in the first year or in the early months of life (84). In an MPI-
(DG case series, hypoglycemia was present in majority of the
patients and classified as a potential presenting sign, however
it was rarely isolated. Hypoglycemia mainly manifested during
infancy (first hypoglycemia observed from perinatal period to
three years of age) with a mean age of 6.8 months (61).

The mechanism by which hypoglycosylation may cause
hyperinsulinism in patients with CDG is yet to be explained.
Since hyperinsulinemic hypoglycemia (HH) in patients with
(DG usually responds well to diazoxide, hyperinsulinemia was
suggested to have resulted because of disorders of glycosylation
in the ATP-sensitive potassium (KATP) channel of the pancreatic
beta cells (84). Physiologically, glucose metabolism alters
intracellular the ADP/ATP ratio resulting in insulin secretion.
ATP-channel binding induces channel closure, depolarization
of the membrane, and activation of voltage-dependent calcium
channels, leading to calcium influx, and exocytosis of insulin
granules (85). So, KATP channels couple glucose metabolism to
membrane electrical activity and insulin release. KATP channels
containing four ion channels (Kir6.2) and four regulatory
SUR1 receptors control glucose-stimulated release of insulin.
Proper glycosylation of SURT1 is required for expression of KATP
channels. Change in glycosylation of SURT in CDG is presumed to
precipitate HH (4,86). Furthermore, insulin exerts its effects upon
binding to the IR. The IR consists of two extracellular subunits
and two transmembrane subunits which are both glycoproteins.
Whether glycosylation (or hypoglycosylation) of IR has a role in
HH pathogenesis still needs to be delineated (87).

Out of the 25 cases with hypoglycemia described by Vuralli et al.
(84), (36%) were due to HH (9). Though patients responded well
to diazoxide, one with permanent HH required pancreatectomy
duetotreatmentside effects (20,84). While patients with transient

HH were alive, 4/9 of the cases with permanent HH died (84).
The most common cause of hypoglycemia was HH in MPI-CDG
(61). Two cases with HH due to MPI-CDG were treated initially
with a combination of frequent meals and diazoxide. However,
after mannose was started, rapid tapering of diazoxide without
recurrent hypoglycemia was possible (27,88). Rapid resolution of
hypoglycemia following mannose administration in patients with
MPI-CDG supports the notion that glycosylation is required for
maintenance of normoglycemia. Other forms of CDG associated
with HH are PGM1-CDG and ALG3-CDG (4,89,90). As HH was
documented in several patients, one could also speculate that
glycosylation is important in the regulation of insulin secretion,
possibly via the SUR1 receptor. However, HH was not detected
in three of the reported patients with hypoglycemia in another
study (91). It should be kept in mind that poor feeding, feeding
intolerance, vomiting, diarrhea, and hepatic dysfunction may
also contribute to hypoglycemia. Optimization of feeding is
advised for better glycemic control (84).

Skeletal Features and Effects of CDG on Bone Mineral Density

Skeletal abnormalities (kypho/scoliosis, severe spinal cord
deformities and vertebral compression fractures), joint laxity or
contractures and osteopenia are common in PMM2-CDG (15,92).
Usually diagnosed during childhood, these findings effect health
related quality of life (20). Fractures are common and appear
to heal normally. Fibrillar collagen type | and I, which are
initially synthesized as procollagens, are present in tendon, skin,
epiphyseal growth plate and hyaline cartilage, making up the
extracellular matrix of bone. Post-translational modification of
procollagen I and procollagen Il resultsin mature collagen land I1,
characterized by a triple helical domain with fibrillar properties.
This modification is achieved by N-glycosylation of C-terminal
procollagen and subsequent cleavage of the N- and C-terminal
propeptide domains. Since mutations of genes encoding type
I and Il collagen are known to cause skeletal dysplasia, it may
be speculated that abnormal N-glycosylation at this step may
result in a skeletal phenotype in some CDGs. However, skeletal
features of CDGs are variable. This variability has been explained
by the hypothesis that skeletal phenotype is a combined result
of glycosylation defect and individual polymorphisms in genes
responsible for bone and skeletal development (93).

In addition to that, dentin and extracellular matrix of bone
contains  non-collagenous  proteins  (osteopontin, bone
sialoprotein, dentin matrix protein 1, dentin sialophosphoprotein,
and matrix extracellular phosphoglycoprotein) which have a role
in inhibition of bone mineralization and regulation of osteoblast
activity. Defects in glycosylation will affect function of these
glycoproteins, disrupting bone mineralization. Osteopenia as
well as exostoses described in some forms of CDG may potentially
be a result of the imbalance between bone formation and

17 I



Unsal Y and Ozon ZA.
Endocrine Implications of Congenital Disorders of Glycosylation

] Clin Res Pediatr Endocrinol
2026:18(1):11-29

resorption because of altered glycosylation of extracellular matrix
proteins responsible for remodeling (92). Heparan sulphate, a
glycosaminoglycan usually found on cell surface and extracellular
matrix, and fibrillin, an extracellular matrix glycoprotein, play
an integral role in the structural integrity of various tissues
with roles in ligand binding, cell adhesion and cell singling
(94,95). Whether hypoglycolysation of glycosaminoglycans and
extracellular matrix glycoproteins play a role in the skeletal
dysplasia phenotype is a subject worth investigating since the
skeletal phenotype of CDGs and mucopolysaccaridoses are
different from each other. It is known that bone phenotype in
CDGs is multifactorial. Contributing factors are feeding difficulties,
malabsorption, hepatic dysfunction, restrictions in movement as
well as hypogonadism and short stature (15,93,96).

Skeletal dysplasia and associated short stature are well
characterized in CDGs, including ALG12-CDG, ALG3-CDG, ALGY-
(DG, ALG6-CDG, PGM3-CDG, COG7- CDG, COG1-CDG and COG8-CDG
and TMEM165-CDG (Table 1) (97,98,99). Short stature, generalized
osteopenia/osteoporosis and epi- and meta-physeal dysplasia
were reported in patients with TMEM165-CDG (100,101,102).
Osteopenia/osteoporosis in CDG was mostly reported in PMM2-
(DG, TMEM165-CDG, B4GALT7-CDG and B3GAT3-CDG (15,99,103).

As portrayed, glycosylation is essential for proteins involved
in the development of cartilage and bone, as well as in
skeletal patterning pathways. CDGs should be considered in
the differential diagnosis of skeletal dysplasias and defects in
cartilage development, especially if systemic involvement is
present (15). Furthermore, evaluation of bone health is generally
overlooked in CDGs. Annual evaluation of conventional lateral
lumbar radiography is advised in patients with normal levels
of serum calcium, phosphate, and magnesium. If fractures
are observed, measurement of bone mineral density via dual
energy X-ray absorptiometry should be considered. Restoration

of accompanying complications associated with CDG, like
malnutrition, hypovitaminosis D, enteropathy, hypogonadism,
coagulopathy, and hepatic dysfunction is crucial for bone health,
and physical therapy will also improve bone mineralization.
Patients with scoliosis should have regular orthopedic
assessment and intervention, and assessment for atlantoaxial
instability is also required. PGM1-CDG and TMEM165-CDG,
characterized by under glycosylation of B-glycans were
shown to improve glycosylation status following galactose
supplementation (104,105). Mannose in MPI-CDG is known to
restore other endocrine system functions as well as enteropathy
(27,78). However, it is not yet clear whether these disease specific
treatments have an impact on skeletal phenotype. Long-term
prospective observational studies are needed to evaluate bone
health in CDGs and to inquire whether disease specific treatment
as well as supportive management has an influence on findings.

Effects of CDG on Prolactin Level and Function

Change in PRL level was one of the initially described endocrine
manifestations of CDG (7). PRL is a protein hormone (106).
Numerous variants of PRL have been identified, many of which
result from post-translational modification (phosphorylation,
glycosylation, sulfation and deamidation) of mature PRL protein
(107). The PRL receptor is a class 1 receptor composed of three
major domains (extracellular, transmembrane, and intracellular).
The extracellular domain is known to be glycosylated.
However, neither variants in the structure nor variation of the
polysaccharides associated with the PRL receptor have been
identified (108). Glycosylation defects are expected to alter serum
PRL levels and PRL signaling because of the posttranslational
modifications described in both PRL and its receptor. However,
currently this area of endocrine manifestation remains largely
unexplored.



Unsal Y and Ozon ZA.

Endocrine Implications of Congenital Disorders of Glycosylation

] Clin Res Pediatr Endocrinol

2026;18(1):11-29

$15010d 093150 ‘e1uad033sQ-

(Syuarred swos ui)

Aduapiynsul [eualpy-

elwadA|3odAy d1waulnsullddAH-
elwauie|osdiadAy-

wsIpeuoS0dAy ‘9u0421501Sa} [PWIOU
-MO| PUB ‘S9]S3} [|BWS INQ UOIBZI[LIIA
pue Auagnd |ewloN :de|N-

eise|dsAp 1saiuy

10 e}1UaBu0D eise|dsAp [easAydidaojApuods
U1IM JUISISUOD d49Mm ddukseddde

|e1919xs) eisedsAp [e19]9xs ‘Siso1j0dsoydAy
‘ainye)s poys areuolpodoadsiq-
Ayzedojngny jewixoid ‘erinuialoid

‘S15AD ‘sisoaydauolpAy ‘sAaupiy d10yda1adAH-
uoljeuIeA

0} asuodsal Jo oe| ‘elwaul|ngojdewwedodAy
‘SUOIRJUI JUIINIAY-

(Auaniap s uizyoad

) utajoud I urquuoayHIue ‘IX X X1 ‘MA ‘1A
‘A ‘11 10108}) SIsoquioly} pue Ayjedo|ndeo)-
|0431S3|0Yd

MO| ‘elwduiwng|eodAy pue ewap3-
QWOIPUAS Jouw ‘eyudde|d

J1dolpAy ‘dunwiwi-uou ‘sijeld) sdospAH-
a¥3o ‘eayielp

‘Ayredouarua 3uiso| u1a1o4d ‘SuiHion

pue suoleisajiuew aupdopuy

(60LZ6'¥8°LL0E6'Y) (PagLISIp U3 aARY ‘SIS01B3)S JAAI| ‘SIsoyd ‘Ajedawoledap- yv Z dseinwouuewoydsoyd (590212)
uoleniisusw pue Auagnd jewaou) ‘98uelo pnad I0-TWId
wsipeuogodAy didosropeuo3odAy ‘sped 1e} ‘AydouisApodi| ‘sjddiu parsaul-
pue didosjopeuodiaday SUOIJBWIO)|eW |BIUNIIOU0D
‘eayriouswe ‘1salle [epaqnd | ‘opeuoduwe) ‘aunjie) deipied ‘AyredoAwoipied
‘Aagnd pade|d( 9jewa4- d1ydosadAy ‘uoisnya [eipednad-
9DURISISAI SUOWIOY YIMOI9- SaA9
‘9g] pasea.dap ‘wsiploJAylodAH- | padeys puowe ‘(Auejul u) eryreudolias ‘mel
wsueynidodAyued- | jusuiwold ‘d1ejed paydse ydiy ‘wniyiyd Suo|
‘di| 1addn u1yy ‘sies 38ue| ‘38pliq |eseu 1ej4-
Aydouie 1e||9ga13203u0doAI|0
‘eisejdodAy/Aydouie Jejj9ga19d ‘Ayredoinau
[esaydiiad ‘ersejdodAy dndo ‘esojuswsid
Siunal ‘snwidelsAu ‘snwisigenis-
soposida
1| 0.1S ‘eIxa|ja10dAy ‘eixele ‘eiuojodAy
‘saInzias ‘Ajeydadoiniw ‘(%¢ ul punojoid
puUB %€ Ul 9I9A3S ‘%87 Ul 91eJapoW ‘%/7 Ul
p|IW {9z Ul 3ul4apIoq ‘%L Ul [ewlou) aa-
SOINDIIP BUIP33) ‘DALIY} 0} dun|ied-
uoI1e|AS0IA|S paxull-N Jo siapJosiq
$94N1e3} |LI[A|S
EBIIEVETEN] suolesajiuew |edul) | dueRyu| uraload papayy uoljezi|exo7 (WIno) aad

SUOI}e)S3jIuBW 3ULDOPUI pariodas YHM 9D Jo Alewwns *| 3jqel

19



Unsal Y and Ozon ZA.

] Clin Res Pediatr Endocrinol

2026;18(1):11-29

Endocrine Implications of Congenital Disorders of Glycosylation

SaJnyoel) JULINJAI pue eluadodlso-
eIWDA|30dAH-

erwapidijodAy-

[1] UIGUIOIY}IUE ‘[X J0}DB} PISBAIIIP
‘S9SeUIWIeSURI] PAIRAJD ‘BlWRUIWNG|POdAH-
swajqold uipasd-

(eyeppund

eise|dsApoipuoyp "s3uim deljl papuno.
‘XeJoy] MoJJeu QeIgaLIdaA |edIAID dlisejdodAy
‘SIsAydelaw apIm ‘iniels Loys d1[dWozIy
‘sadijey pue ‘suSip uiddesano ‘sainidesu0d

(FLLGL'S) SUOWIOY YIMOIS suﬁwwﬂ_wMWCU_ “ h>_>bwuos_ES ‘eise|dsAp diy 199} qnpp (¢ | IsesajsuesyjAsouuew-¢‘-eydyy |'/Zbg wﬁwnmm%_&
|eU3IPE [e11U3) ‘WSIPIOIAYI0dAY $1501103s ‘sisodAi130.1y1e) eise|dsAp |e1a|ays-
|es3uad) wistennyidodAyued- (5189 dnseydshp
R pue ‘eiyleusoniw ‘dxejed ysiy ‘93pLiq |eseu
1e]y/peolq ‘saunssiy [eigad|ed Suiues umop
‘Sp|oJ [eyiuedida) Sanijewsouqe [epejoiues)-
1004 J11J0E paje|Ig-
Aydoaie dndo pue snwsigesls-
9ALIY} 03 dunjied-
(319eLIeA 32UBY 219A3S Ajlsow) Q-
D urdjoid pue ||| uiquiodyue
‘X 40108} ‘|0J31S3|0YD WINIIS Paseada(-
|0S1340D |ewlou SNWISIQeJIS ‘BIXBIR ‘SAINZIDS ‘BIX|JoI@
el ‘uIINgo|3 3uipuiq p1o4a1s0d1L0d MOT- ‘uoliepJtelas JoyowoydAsd ‘eluojodAy |eixy- . . /¥1€09
(ueLiziisie) | or PP WsIpIoIAYIOdAH- mﬂo__Sm hm_mm_gﬂ&; _muwcm_msu __Em% dv | oseijsueniAsooni3-¢'i-eydyy eledl uru-wu.:w
eIWDA|S0dAH- AjAepAydeiq ‘eissojdonew ‘wslopuadAy
‘5183 195-MO| ‘|aueluo} uado a8.eT-
9ALIY} 0} dIn|ied-
aInjess Joys-
Aduadap X 103128} ‘Sisoquiodyl ‘Adusnyap
od ‘Aep e sawin aAlf 01 4noj S u1R101d ) ulaloid ‘i c_m_rw_m_ﬁwum_,.\_.
(LLLOLL'LZ'6) ww_“u%%ﬁw_ﬁ\wm\mmu_cwwmm WWMWHMM\“ , » . ain|iey dieday yY asesawos| aeydsoydasouuepy yeb-Lybsy %%umm_mw,w
e1wAB0dAY JIWBUINSULAAL- SISOUIID ‘SIS0q1y u:mgw; ‘AjedawoledaH-
Ayzedosaiua duisoj-utaroid ‘ersepaidueydwa|
‘Aydouie snoj|iA ‘eaylielp ‘SulUOA-
9ALIY} 0} dIn|ied-
uoI1e|AS0IA|S paxul|-N Jo siapJosiq
$94N1e3} |LI[A|S
EMIEYEIEN suoljeisajiuew [edprul) | dueldyu| uraload papayy uolyezi|ed07 (WIno) aad

pue suoleisajiuew aupdopuy

panuiuo) ‘| 3jqel

20



Unsal Y and Ozon ZA.

Endocrine Implications of Congenital Disorders of Glycosylation

] Clin Res Pediatr Endocrinol

2026;18(1):11-29

(8 0G :xew) od ‘Aep e sawiy XIS 0}
. . . o Aduaniyap
IAl} ‘Aep/8%/3 Gz 01 ' asope|ed-( . .
. S u1g10ld D Ul=10id ‘I UIqUIOIY3-Iuy-
DirewoldwAs puoAaq Juswieal | .
: AyredoAworp.ed pajejip ‘eluojodAy
wsipeuododAy didosjopeuo3odAH- . : PSRN
: |BIXe ‘92URII|0IUI 3SIDIIXD ‘SISAjoAwopgeyy-
o AouanIynsul [euIpy- . (Lz6vL9)
(6LL'GLL'ZLL) 256930 ° Si- snue ajelopdwl- v | asernwodn|Soydsoyd credl i
99Lp ; W>m_._ﬁ. UotH elwiayuadAy yueusijew ‘Ayredoiedap- 20)-LIWdd
. 19A3] €-d8491 ‘d1ejed/enAn pijiq (sies 19s
pue |-49| paseaidap ‘Aouanyap Ho- . : .
MO] pue wniyjiyd yioows ‘eryreusdoias yaau
biwauyjnsutiadiy 10ys ‘wisLIoPLIRdAY) wistydiowsAp ened-
10 211019Y) e1wadA[30dAH- Hoy HOIFMIAAY) Wiy P B
aIn1e)s Loys-
SISO1]02S ‘SISAydeiaw palely Yum squi Hoys-
(Joou Jejngeiade |eyuozLioy ‘sjediedeiaw
10ys ‘Suiuapoys quij d1jpwoziyl
‘snieaouinba sadi|ey ‘SIso1j0ds ‘suoiedo|sip
|eadueleydialul) eise|dsAp |B13|a)S 219AS-
elwiaulngo|dewwe3odAH-
(L) e1WA|30dAH- Hetingol “nsol E_um i | osesjsueniisouue-9‘L-eydyy eeelbze (€¥1L09)
SnPNp judted ‘9|eA0 USWRIO) E.&mm- 20TV
JUIWD||0I3P |eulRY-
SS3UJBAP [RINAULIOSUDS ‘S1ed 1y3 di|
1addn uryy ‘ssou peouq ‘eisejdodAy aoeypip-
uorepiesal
JojowoydAsd ‘eruojodAy ‘Ajeydadonip-
('yo10u D3RS 1918AUT
Jo Sutuanoys pue ‘AjeydadAydeiq
‘SiAjad punod ‘uonedosip diy
[eJa1e1q ‘Bulds Jequinjodeioy}
jo sisoyd/y pyiw auog jendiro uoIsnya |eipledad ‘SP3JRP Leay [e}uddu0)-
pue [ejuo.) Jo SUIURIYY YIM : S :
. uoleulpAw pakejdp
ellowWAydeIqg dIjdWosaW ‘age . T
AydoJie Jej|9ga1ad pue |ed10)-
2u0q paie|ap) pariodas uaq . .
3B 1SEIdSAD [ZI2(S PlIA- eixajo.uadAy ‘djqedenul ‘SsaINzZIas (0809)
o : o ‘Ayredojeydaoua dndajids qV | asesajsuelyjAsouuey-z‘L-eydy Lecbrl
(SLL'86'sL) (Buvreyy : o 90)-691V
aq -s9jddiu payoaul-
|easAydelaw yym sauoq Jejngni ; .
\ ) 21d0J10S9 ‘WSLIO[PHAdAY ‘S1ed 13S-MO|
1oys pue ‘siajpd punos ‘ssuoq |, . )
wnuy|yd Suo| ‘Buissoq |ewuol) ‘Ajeydadonip-
d1qnd pue S3IpOq [RIGILIIA [BIIAIDD : : :
: o 9ALIY} 0} In|ie4-
JO UOIIBDIISSO JUSDIJIP ‘SaU0q
[e11d1220 3y} JO uIUBIIY} ‘SaU0q
|e31911ed01U01) AY] JO UOIIIIISSO
P3sea.daP) eISe|dSAD |19]9XS SI9ASS-
ainjels Hoys
uoI1e|As0dA|S padull-N Jo siapaosia
EMIEYEIES SOANIED) [E19]S suoleisajiuew [edrut ueIdYyu urajoud pays. uoljezi|edo ( )
at puE SUOIILISI}IUBW SULDOPUT Helsajiuew el wRyul 19101d papayy nezije>o1 | (WINO) 90D

panuiuo) ‘| 3jqel

21



Unsal Y and Ozon ZA.

] Clin Res Pediatr Endocrinol

2026;18(1):11-29

Endocrine Implications of Congenital Disorders of Glycosylation

auouwJoy
ploJAylesed winIds |PWION-
wini|ed WnJds |eWION-
€494 WnJIds paseanul-

- uondiosqeal SuoIedIID|eD PIISAS ‘UoIeLLI € aseJajsuel] JAulesope|ed . (006L12)
zi'szLvel) d1eydsoyd se|ngnioual pareAd|3- [eAIpUN(U0D ‘Syealls ploidue |eulay- v [A120€-N apndadAjod evebe 9AI-€INTVD
(Ssaulapusy pue ‘uted ‘3uljjams
40 S3P0sIda Ju.1INd3) SIS03S04adAY
[e21140D pue uoIPeal [ea1soLad ylim
pajenosse eiwaieydsoydiadAy-
SISOISOUAS
BILB03SO- Jeu|noipel ‘ANWI0ap 1004 ‘SISO1|0ISOYdAY-
T ames alejed Yo (80€019
(ez1'zeL’s) Joys areuoniodoidsip epeussod | Ot HAP ‘01l J2ddn 341 Jo adeys mog pidn)- v dseiajsuesjAsoon|3-¢ ejog £zibel /0v5192)
do:m_o_ﬂe E\so,m P1eud- (SuoIsaype [eaul020|nNd1U|OpHLI D@-1D19€9
: 3|geLIeA pue SUIpNOP [B3UI0D) AP
SI1'9A3 31 J0 Juswdo[aAIp dIUOAIQWT
saanyea) d1ydiowsAp S pareas|3-
@ oo | | ov| coemseouon e
a|diynw ‘eise|dsAp |e13|93S Ajeydapuass) Mm_;meu_ezog /1 95eI3JSULIIASOIA|D UIS0ISOXT (00Z£EL)L1X3
‘eluojodAy ‘AydonsAp sejndsnw ‘qq-
uone|AsodA|S payull-0
SIH[NISEA [3SSIA-||eWS ‘AdudIdIdpounIw|-
19SH eluadohoued ‘saq0i1s [ (W)
(oz1L) 11w oldwWAS puoAsq JusWIeal | J10qwoayl ddiynw pue Ayzedojneo)- yv ssep eudie ommm _m%_ccm L'9Ldy i VN
2Unje}s oys BAYIBIP JIUOI)- d¢ ssep eyd p! N 9A)-ZAZNVI
aa-
sishydelow peolq yium eisejdsAp
|easAyderaw pue -1da ‘AnxejsadAy yutol
‘sniea nuag ‘saduejeyd [e1sip UOYS ‘SISO1|0dS
od Aep/Sy/8 | as01e[en pue sisoydAy ‘wnieutied snad dwWoIpuAs
(66'GL) DirewoldwAs puoAaq uswieal| $10nbngsa@ se pasouBelp uoipNASI v G9| u13304d duelquIdWSURI ] ZLby )
. $15010d09150 pazijeIaudn Jutof pue efsejdsAp [eashyderow-id3 - . SILNINL
: : eise|dsAp [e19[9Xs-
aInje;s Joys-
Ajeydaxonip-
e1uojodAy ‘sainzids ‘qq-
uoI11e|AS0IA|3 paxjull-N Jo siapJosiq
$34N1e3J} |L13|NYS
UIYY suoleisajiuew [edorul) | dueIdYu| urajoad papayy uoljezi|exo] (WIno) 9ad

pue suoleisajiuew auLdopu

panuiuo) ‘| 3jqel

22



Unsal Y and Ozon ZA.

Endocrine Implications of Congenital Disorders of Glycosylation

] Clin Res Pediatr Endocrinol

2026;18(1):11-29

$15010d03150-

e3|eA ex0d ‘sishydeiaw

apIm ‘sndiod eIgaHIAA JejnSaLl
‘soguejeyd pue sjediedeiaw Loys

eapIad W SIsauasoawWy-
juswitedw [ensiA pue Sutiesy-

, , » aa piw- £ Jaquisw : (€9€819)
A ysipams, nwady |ewixoid ‘93e b
(eeL'zel) ‘ Y YSIPamS, } el arejed dv 0L AjlLuey J3111BD 31N|0S L 1 5ay-2vo101s
uoq padueApe) eise|dsAp |e1a|ays- ; .
: Yo ‘eisejdodAy Jejngipuew ‘eryreudolidl
(Syuatred swos ui) ASaqO- . ,
: Jo oniw ‘eryreudoidiw ‘de) punoy-
(as ¢- >) ereussod pue |ejeudid
‘aInjess Joys aeuoipodoudsiq-
sisejsoawoy uol pue Hd 1309 Jo si1apiosip :shemyied uoiejAsodA|S ajdiynw jo siapiosiq
uotjeul|Aw
pahe|ap ‘siso1j3 Aguods ‘Aydouie |ed1110d
‘eisejdodAy wnsoj|jed sndiod ‘eisejdodAy
YIMOIBIDAQ - J1e[]9G2.9) ‘eIxa|ya.119dAy ‘eruolodAy |eixe
(Lel) (Syuarred ‘AQ 949A3S (S34NZI3S DIUOPOAW ‘SoARM v sse|) sisayiuAsolg Joyouy o (0LL11€)
Ll Wos ul) 1y31om yuiq pue (spuatied MO|S pue 1ds 1e|n3alll ‘937 UO IS 4 uedA|9 jousouljApireydsoyd crex 9@)-void
3WOS ul) Yi3ua| Yyuig paseanu] - ulaned uoissauddns-1sing ‘erwyiAyiesdAy)
Ayredojeydadua ondajida ‘Ajeydadonip-
sije1a) sdoipAy pue soruwespAyAjod
‘Sa1De} 95180D ‘UlUSNIR|) Jejew ‘elyreuS0.dIA-
1apiosip Joydue |49
(wistydiowsAp
‘Swia|qoud [eanolreyaq ‘Juswiiedwi Sutieay oLLd . (L6600€)
(0g1) 21Mmels Hous ‘Sanjjewaouqe aA9 ‘euojodAy ‘Aejop dix Hunqgns aseJajsuell J¥NI(9-0 L'ELbx 90)-190
[en1da||a1ul) ow|eyydo/yimols/oinaN-
uoIe|As0dA|3 paxiw jo siapiosiq
eise|dsAp
|easAydelow ‘-1da ‘uo1edI§ISSO
_8»8 paejap ‘AjA1epAydRIq h h € a5eIaJSUEI|ASOOAS . (6zbL19)
(LL) si1so1102soydAy aAIssa3oud (@S ‘sa4nziss ‘qq) |eiafaxs/ounwiwi/oININ- v 1] UISOISOX L' Lzdg i
‘Aj1j1qeISUl [BDIAIDD ‘UOIjeWIO) BW A UBOR0T 20r-enad
aulds e2IAID ‘1aA3s ‘A|ApuodsAte|d)
eise|dsAp [e139]9XS SNOLIeA
ainjers L ( )
(6zL'gzL) | Moys areuoinodoidsip ‘elawoiI- AV | aseJajsuely JAutwesoe|edjArooe ¢ 1zdg .onme M
eise|dsAp |e199ys- -N 918J|ns unjoipuoy) LDVNTVIS)
od ‘2son4 A oEw_ucM%::ﬂ%:_E%ﬂ:MwM quFUE. Jaquiawi ( )
(Lz1) DijewoldwAs puodaq jusawieal | Hinour jiycon ) ppnp _>n HEN . zLdry 188509
: Ajeydasoniw ‘eruojodAy ‘sainziss G¢ Ajlwey Ja1ed 31n|os 9@)-1IS€I1S
2INn3e)s Loys- . ISR : ! !
Aydo.1e |ed1310D ‘UOIIRPIRIAI [BIUSWU DIDAIS-
uoneAsodA|3 payull-0
$21n)ed} |e13|)YS
ESIIEYEIEN] suolelsajiuew [edrul) | dueHIdYU| urajoad papayy uoljezi|edo] (WIno) 9ad

pue suorjejsajiuew AULOpPU

panuiuo) ‘| 3jqel

23



] Clin Res Pediatr Endocrinol

Unsal Y and Ozon ZA.

):11-29

2026;18(1

Endocrine Implications of Congenital Disorders of Glycosylation

[e10 13d :od ‘weiS :3 ‘9AIsSaL pAUI-X ¥TX ‘UlNGo|S Buipulq duixolAyl :9g 1
‘|eaSuefeydiarul ewixoid :d|d ‘URIN Ul DURILIBYU| URIRPUIJN dUIjUQ :NIINO ‘d]qe[leAR Jou (YN ‘uoliejuejdsues) |92 wajs d1alodojeway :[9SH ‘eiwadA|SodAy diwaulinsutiadAy :HH ‘xnjjai |eageydosa-oiises :qy39 ‘|eadueleydiaiul
[e1sIp :d1@ ‘WweaS0[eydadus04123]9 1933 “AdUaidIRPOUNWIWI PAUIGUIOD 3I3ASS :([DS ‘Aejap [PIUSWIAO[ASP (1 ‘DSBUIY dUIIRAID 1)) ‘UOIIR|ASODA|S JO SISPIOSIP [HUIBU0D (9D ‘FURUILIOP [PWOSOINE (Y ‘DAISSIIAI [BWOSOINE 1YY

AjAepoul ‘ded [epues ‘s0} Aydouaie [ed10)- g xo/dwo
(£EL9€L) | pue siauly wf% Jo xuejeyd 1s11} 9y} $2.nz13s ‘elu0jodAH- VN 1809 2L3WOB1[0 10 1UAUOdWO) L'zzhol (z81119)
jo eisejdodAy 1994 pue spuey ||ews- Ajeydaconip- : : : 90)-890)
SUOI}IRUI JUIINIY-
e1uadoAd0quoIy} ‘eIwduy-
Aydodie Je|[9ga1ad pue |eigaId)-
Soljljewlouqe |eIqaLaA aa |eqo|o- L xo/dwio>
(seL'sl) Saljljewouqe gL ‘suoisny qry- ” Ammoﬁ_ Sunesy Em_m,a paydie R\ 1809 2LAWOB1[0 10 JUAUOdWO) L'gzh/L (602119)
94N1eIS LOYS D1|aW0ZIYY- ySiy ‘dij saddn uryy ‘wisoRMRdAY ‘eroniw : : : 90)-190)
‘S189 195-M0| ‘eryreudosniw ‘eisejdodAy
ddepiw) sainjedy |eney diydiowsiq-
Ajeydanouiw aAISsa1301d-
3U} JO UOIIRIAJP Jeu|n _%mn“_m%_ uoneutjaAul
U440 UOHEIAIP JEUIN LTI SIUIO! pakejap ‘wnsoj|ed sndiod jo eisejdodAy
d1a pue did 9y} Jo sainpesuod |, L
. . ‘Aydouie 1|91 pue |LIgaId ‘aq |eqo|9-
. 9seald uelwis ‘sia8uty uoj . £ X3|dwod . (6££809)
(veL'st) ‘Suidde}iano ‘squinyl panppy) (5189 dnise|dsAp “sied dv 13109 211w 08110 10 1Uuauodwo) zTidol 91)-/90)
1adel A 195-M0| ‘elyreudolias ‘eryreudoniw ‘peayalo} 1010921 o
S3I[PWOUE |BI[S d|RLIBA- ; : :
) 1e|} ‘Modieu) sainiesy |eney diydiowsiq-
2IN1LIS LOYS DALY} 0 dunjiey
) Areydanouniw aAIssaI301d-
uoliepieIdl Yimolg auniaineliul-
(eisejdsAp (S1SL1231YDU0IQ pUE ‘BWIZIS ‘SISSIISqR ( )
(6) | stonbngsaq jo ulaned oiydeiSoipel) ‘suoajul Aleuow|nd pue ups JuaLIndl qY ¢ aseynwodn|doydsoyd L'y1b9 wmwm 19
eise|dsAp |e13]9)S 919A9S- ‘38| WNJIS Pa1eA3|a) SwoipuAs 33| 19dAH 90)-€WOd
sisejsoawoy uoi pue Hd 13|09 jo siapJosip :shkemyied uonejAsodA|3 ajdiynw jo s1apiosiq
EMIEYETES SOINIED [E19]4S suoleisajiuew [edrul ueydyu uiajoad pays uoljezi|edo ( )
ot pue suoljelsajiuew auLopul Aesajiuew [ Hayul ! pabRyy lezi|eo] WIWO) 90>

panunuo) ‘| 3jqelL

24



] Clin Res Pediatr Endocrinol
2026;18(1):11-29

Unsal Y and Ozon ZA.
Endocrine Implications of Congenital Disorders of Glycosylation

Table 2. Recommended endocrine evaluation for patients with CDG

- First two years of life After first two years
On admission . .
(six-month intervals) (annually)
Height measurement + + +
Glucose*® + + If needed
Calcium, phosphate, magnesium and vitamin D measurement + + +
TSH, FT4 + + +
ACTH, cortisol** + Annually +
FSH, LH, estradiol or testosterone + If needed
Lateral lumbar radiography + +
*1f hypoglycemia is detected blood glucose should be measured biochemically with insulin, ACTH, cortisol, growth hormone, bicarbonate, lactate, acylcarnitine analysis, urine
ketone analysis.
**1f low, perform low dose ACTH stimulation test.
CDG: congenital disorders of glycosylation, TSH: thyroid-stimulating hormone, FT4: free T4, ACTH: adrenocorticotropic hormone, FSH: follicle stimulating hormone,
LH: luteinizing hormone

In a case series of PMM2-CDG, basal serum PRL concentrations
were reported to be normally elevated in three studied newborns
and normally low (<I5 pg/L) in 22/26 patients examined after
the neonatal period. Slightly elevated basal PRL levels were
observed in four femaless (the initially described twin sisters
(778-5652 U/mL, normal range <800) and two girls aged 2 years
old (659 and 829 U/mL) (7,10). In the initially described twin
sisters, prolactin decreased gradually over the course of 15 years
and was sensitive to release-inhibitory action of L-dopa when
they were 3 years old (10).

Conclusion and Future Prospects

Glycoproteins are essential for endocrine homeostasis where
alterations in glycosylation change hormone and carrier
protein stability, circulatory half-life and abundance, receptor
configuration, activation, hormone-substrate affinity and reset
endocrine control and feedback loops. Therefore, every endocrine
axis may be affected in CDGs. It is known that CDG should be
considered in patients with multisystemic disease, especially
in cases with neurologic findings of nonspecific developmental
delay with unclear etiology. CDGs should also be considered in the
differential diagnosis of patients with endocrine manifestations
of unclear etiology and multisystem involvement.

Clinical findings of CDG regarding endocrine system may be
masked or mimicked by other, more severe CDG symptoms and
endocrine problems may be overlooked. Evaluation of laboratory
results in individuals with CDG may be difficult to interpret as
structurally and functionally altered glycosylated proteins
precede changed serum hormone levels. Given this, regular
evaluation of endocrine manifestations is advised (Table 2). In
vitro and clinical studies focusing on defects of glycosylation
and its effects are emerging, hence there are some limitations
in the existing literature that should be acknowledged. As seen,
large-scale clinical studies focusing on implications of disorders

of glycosylation on endocrine systems are scarce and data are
mostly derived from case series. Studies focusing on alterations of
glycosylation patterns and three dimensional structure of specific
hormones may help clarify pathophysiology of hypogonadism, Al
and defects of bone mineralization. Large scale proteomic and
metabolomic profiling may help delineate these shortcomings
in the literature and help illuminate specific endocrine effects
as well as the natural course of disease. Long term studies
with international participation focusing on growth, puberty,
bone mineralization and thyroid and adrenal involvement are
necessary. Results of disease specific treatments (ie. galactose,
and mannose) focusing on endocrine systems should be sought.
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