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Congenital disorders of glycosylation (CDG) are a heterogeneous group of
inborn errors of metabolism caused by impaired protein glycosylation. Among
these, PMM2-CDG, caused by defective phosphomannomutase 2 activity and
affecting protein N-glycosylation, is the most prevalent. As glycoproteins are
involved in almost every physiological process, the clinical manifestations in
PMM2-CDG are diverse and multisystemic. In the endocrine system,
glycoproteins are present in every axis, acting as hormones, prohormones,
receptors, enzymes, and transport proteins. Hypoglycosylation can alter
hormonal function on multiple levels. As a result, endocrinopathies are
frequently part of the clinical spectrum of PMM2-CDG, particularly
hypergonadotrophic hypogonadism and pubertal abnormalities in female
patients. Symptoms of endocrine involvement, especially hyperinsulinemic
hypoglycemia and failure to thrive during infancy, can be the presenting sign
of the disease. The clinical spectrum of PMM2-CDG endocrinopathy is variable;
for example, thyroid involvement can range from isolated transitory
hyperthyrotropinemia to clinical hypothyroidism. Some endocrine
abnormalities, such as adrenal insufficiency, are uncommon and probably
underdiagnosed in PMM2-CDG. The new insights into the role of N-
glycosylation on the endocrine system over the past twenty years have
deepened our understanding of this complex disorder and should enable us to
improve and personalize the clinical management of these patients.
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Introduction

Phosphomannomutase 2 (PMM2)-congenital disorder of
glycosylation (CDG) (previously CDG-Ia; OMIM # 212065) is the
most common disorder of protein N-glycosylation in humans,
affecting over 1000 patients worldwide (1). It results from biallelic
pathogenic variants in the PMM2 gene, encoding the PMM2 enzyme
(OMIM * 601785), which catalyzes the conversion of mannose-6-
phosphate to mannose-1-phosphate. This step is required for the
synthesis of guanosine diphosphate mannose (GDP-Man) and
dolichol-phosphate mannose (Dol-Man). Both are key substrates
for the assembly of lipid-linked oligosaccharides which are then
added to the asparagine residues of the polypeptide chain.
Impairment of PMM2 disrupts the early steps of the glycan
assembly chain, resulting in the hypoglycosylation of N-linked
glycoproteins which compromises protein folding, stability,
translocation and overall functionality (1-3).

Biochemical screening for altered N-glycosylation is based on
the identification of abnormal glycoforms of serum transferrin by
isoelectric focusing (transferrin isoelectric focusing or TIEF) or
mass spectrometry. While these methods reveal abnormal
glycosylation they do not identify the specific genetic etiology,
therefore genetic testing, such as targeted gene panels or whole
exome/genome sequencing, is required to confirm the diagnosis and
define the specific subtype of CDG (1). As next-generation
sequencing technologies have become more accessible and
affordable, they are increasingly used as first-line approach,
allowing early identification of specific CDG. Early diagnosis is
essential to start treatment promptly and try and improve clinical
outcome (1, 4).

The clinical spectrum of PMM2-CDG is broad and
heterogeneous, including neurological, hepatic, gastrointestinal,
hematological and endocrine involvement (1, 5-7).
Endocrinopathies, although frequently underrecognized, are being
increasingly reported in patients with PMM2-CDG and may
represent early or even presenting signs.

Glycoproteins are implicated in every endocrine axis (see
Table 1), hence endocrinopathies are likely to occur in PMM2-
CDG patients. The most frequent endocrine manifestations include
growth failure (affecting approximately 50% of patients) and pubertal
delay with hypergonadotropic hypogonadism reported in nearly all
females (1, 8, 54). Thyroid function abnormalities are present in up to
75% of patients, often manifesting as transient hyperthyrotropinemia
(35). Hyperinsulinemic hypoglycemia has been documented in 3-5%
of cases, typically during infancy (40, 41). Lipid abnormalities, in
particular hypobetalipoproteinemia, are observed in around half of
patients (51). Although considered rare, recent studies suggest a
higher prevalence of adrenal insufficiency (46).

The endocrinological features of PMM2-CDG were reviewed in
the past by Jaeken et al. in 1995 (54) and Miller et al. in 2003 (8). In
this review we explore the endocrine system in PMM2-CDG in light
of recent discoveries regarding the role of glycosylation on different
hormonal pathways, with the purpose of prompting discussion on
the management of endocrinological dysfunctions in these patients.
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Growth and GH-IGF1 axis

In the 2019 guidelines drawn up by Altassan and collaborators,
it was estimated that half of all patients with PMM2-CDG exhibit
short stature, typically associated to low levels of insulin-like growth
factor 1 (IGF1), IGF binding protein 3 (IGFBP3) and acid-labile
subunit (ALS) (1). Length, weight, and head circumference tend to
be normal at birth, but a significant postnatal growth decline is
commonly observed (7, 55, 56). In most cases, short stature is mild,
slightly below -2 standard deviations (SD) and with sustained
growth velocity. However, severe short stature has been reported,
with height SD as low as -5.45 SD (7, 9, 55, 56).

The nature of the growth impairment in these patients is likely
to be multifactorial, involving nutritional, hormonal and genetic
factors. During the first months of life, failure to thrive is usually
attributed to poor feeding, malabsorption, and enteropathy (1).
Although nutritional status often improves later in life, catch-up
growth is generally absent (7, 55, 56). Impairment of the growth
hormone (GH)-IGF1 cascade has been proposed as a potential
mechanism for growth failure (8) (Figure 1).

The IGF1 pathway, essential for growth regulation, is
particularly sensitive to hypoglycosylation. Serum IGF1 circulates
in a ternary complex with the glycoproteins IGFBP3 and ALS,
which stabilize it and prolong its half-life. Hypoglycosylation
compromises the stability of this complex, thereby reducing the
half-life of circulating IGF1 (10, 11). Mature IGF1 derives from
post-translational cleavage of the heavily N-glycosylated C-terminal
portion of the IGF1Ea prohormone (prolGF1Ea), named the Ea
domain (11). When prolGF1Ea is hypoglycosylated, mature IGF1
secretion is significantly reduced (12). As a result, PMM2-CDG
patients might have partial GH insensitivity, with normal GH
production but low levels of IGFI.

Moreover, the IGF1 receptor (IGF1R) requires N-glycosylation
to properly mature and translocate to the cell surface. PMM2-CDG
fibroblast showed an impairment of IGF1 signaling pathway
transduction, suggesting a degree of IGF1 resistance (11). Patients
with congenital IGF1 or IGFIR defects show growth failure
associated with microcephaly, heart defects, and dysmorphic
features, similar to clinical features observed in PMM2-CDG
patients (57). However, complete IGF1 resistance is associate to
intrauterine growth restriction, which is not observed in PMM2-
CDG, indicating a partial defect (58).

Less is known about the effects of hypoglycosylation on other
hormones of the GH-IGF1 axis. Growth hormone-releasing hormone
(GHRH) binds to its glycosylated receptor (GHRHR) on the pituitary
gland to stimulate GH production. Hypoglycosylation of GHRHR
could potentially impair GH secretion, however, GH deficiency has not
been reported in PMM2-CDG nor has GH stimulation testing been
performed (59). GH itself is non-glycosylated while its receptor (GHR)
contains five N-linked glycosylation sites in the extracellular domain
(13). This domain can be cleaved from the GHR and circulate as GH
binding protein (GHBP) (14). The role of GHBP is unclear and it is still
unknown whether hypoglycosylation of GHR and GHBP
compromises the GH signaling pathway.
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TABLE 1 The impact of hypoglycosylation in several hormonal pathways, in vitro and in vivo.

10.3389/fendo.2025.1594118

Hormonal Known In vitro effects of = Reported laboratory Reported clinical References
pathway glycoproteins = hypoglycosylation abnormalities manifestations
Growth ALS, IGFBP3, Reduced IGF1 secretion Low IGF1, IGFBP3 and ALS; Growth failure and final short stature (1, 6-16)
prolGF1Ea, IGFIR, and half-life normal GH
GHR, Reduced expression of
GHBP, GHRHR IGFIR on the cell surface
Gonads FSH, LH, FSHR, Reduced activation of Females: hypergonadotropic Females: POI, amenorrhea, delayed, (1,4,6,8,9,
LHR, GnRHR FSHR by FSH hypogonadism with elevated FSH incomplete or absent puberty, lack of | 17-34)
Reduced expression of and LH, low estrogen levels; low secondary sexual characteristics
FSHR on the cell surface AMH Males: small testicular
Reduced expression of Males: elevated FSH, low to volume, cryptorchidism
LHR on the cell surface normal testosterone
Reduced expression of
GnRHR on the
cell surface
Thyroid TSH, TSHR, TBG, TBG reduced half-life Low TBG; elevated TSH (transitory); = Hypothyroidism (transitory) (1,6,8,9, 15,
Tg, TPO, TRHR Abnormal TSH-TSHR low fT4 (transitory); normal T3 19, 35-39)
binding and
signal transduction
Glucose SURL, Reduced expression of Hypoglycemia, hyperinsulinism Hypoglycemic events (1, 40-45)
metabolism insulin receptor KATP complex on the
cell surface
Adrenal gland CRHRI, PC1/3, Decreased ACTH Low ACTH and cortisol Central adrenal insufficiency (1, 46-50)
MC2R, CBG secretion
Reduced MC2R activity
Reduced total
circulating cortisol
Lipid INSIG1, PCSK9 Upregulation and Primary HBL: low TC, LDLc N/A (1, 51-53)
metabolism decreased degradation of and apoB
LDLR
Decreased clearance of
apoB-
containing lipoprotein

[ALS, acid-labil subunit; IGFBP3, Insulin-like growth factor-binding protein 3; GHR, growth hormone receptor; GHBP, growth hormone binding protein; IGF1R, insulin-like growth factor-1
receptor; IGF1, insulin-like growth factor-1; GH, growth hormone; GHRHR, growth hormone releasing hormone receptor; LH, luteinizing hormone; FSH, follicle stimulating hormone; FSHR,
follicle stimulating hormone receptor; LHR, luteinizing hormone receotir; AMH, anti-mullerian hormone; POI, premature ovarian insufficiency; TSH, thyrotropin; TSHR, thyrotropin receptor;
TBG, thyroxine-binding globulin; Tg, thyroglobulin; TPO, thyroperoxidase; TRHR, thyrotropin-releasing hormone receptor; fT4, free thyroxine; T3, triiodothyronine; SURI, sulfonylurea 1
receptor; KATP, ATP-dependent potassium-channels; CRHRI1, corticotropin-releasing hormone receptor 1; PC1/3, prohormone convertase 1/3; MC2R, melanocortin 2 receptor; CBG,
corticosteroid-binding globulin; ACTH, adrenocorticotropin hormone; INSIG1, insulin-induced gene 1; SCAP, SREBP cleavage-activating protein; SREBP2, sterol regulatory element-binding
protein 2; LDLc, low-density lipoprotein cholesterol; LDLR, low-density lipoprotein cholesterol receptor; PCSK9, protein convertase subtilisin/kexin Type 9; apoB, apolipoprotein B; TC,

total cholesterol].

A genotype-specific effect on growth patterns has also been
suggested. PMM2-CDG patients heterozygous for the p.Argl41His
variant, which is the most frequent mutation (estimate prevalence
of 45-60%), often show a more pronounced growth impairment (7).
It affects the catalytic site of PMM2, expressing no or very limited
residual enzyme activity when the second allele is a severe variant
(i.e. p.Phel19Leu mutation), resulting in early severe presentation
with feeding problems, growth failure, hypotonia, and development
delay (3, 15).

In early infancy, prevention of growth failure is mainly based on
nutritional support (1). Otherwise, there is no consensus on the
endocrinological management of short stature. During childhood and
adolescence, anthropometric measurements should be obtained at every
visit or at least every six months, alongside annual assessments of IGF1
and IGFBP3. Bone age should be evaluated at the onset of puberty (1,
60). Although not reported in the literature, dynamic testing (i.e. GH
stimulation test and IGF1 generation test) should be considered in
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patients with short stature and low IGF1 and IGFBP3 levels, to identify
those who may benefit from hormonal replacement therapy
(recombinant human GH - rhGH - or IGF1 - rhIGF1). Notably,
treatment with rhIGF1 restored linear growth in a child with PMM2-
CDG and abnormal IGF1 generation test, suggesting that rhIGF1
treatment may improve the clinical outcome in these patients (11, 16).

Puberty and gonadal axis

Pubertal abnormalities are frequently reported in PMM2-CDG,
especially in females (1), and are primarily caused by an impairment
of the hypothalamic-pituitary-gonadal axis. Their expression in
both sexes is variable and although no clear genotype-phenotype
correlation has been established, it is likely that mutations with
greater impact on glycosylation could be associated with more
severe pubertal abnormalities.

frontiersin.org


https://doi.org/10.3389/fendo.2025.1594118
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Del Medico et al. 10.3389/fendo.2025.1594118

Hypothalamus

GHRH
= N-glycosylated protein
= non N-glycosylated protein GHRHR
* = impaired when hypoglycosylated Ant. pituitary
gland
( GH ) GHBP
A
/
//

GHR |

prolGF-1Ea

|
v

*lGFBP-3 IGF-1 ALS*
IGF-1R *
/ Target tissues \

N-glycosylation in the GH-IGF1 axis. The GHRH, produced by the hypothalamus, stimulates its glycosylated receptor, GHRHR, on the anterior
pituitary gland to release GH. GH binds to GHR on target tissues, including the liver. GHR contains N-linked glycosylation sites in the extracellular
domain, which can be cleaved functioning as GHBP. Impact of hypoglycosylation on GHR and GHBP is unknown. In the hepatocytes, prolGFlEa is
the intracellular pronormone of IGF1. When the Ea domain of the prohormone is hypoglycosylated, mature IGF1 secretion is significantly reduced. In
the circulation, IGFBP3 and ALS bind circulating IGF1 in a ternary complex. Hypoglycosylation destabilizes the complex reducing the half-life of
circulating IGF1. On target tissues, IGF1 binds to IGF1R, which requires N-glycosylation to properly mature and translocate to the cell surface. Red
stars indicate proteins whose function is impaired when hypoglycosylated. [ALS, acid-labil subunit; IGFBP3, Insulin-like growth factor-binding protein

3; GHR, growth hormone receptor; GHRH, growth hormone releasing hormone; GHRHR, growth hormone releasing hormone receptor; GHBP,
growth hormone binding protein; IGF1R, insulin-like growth factor-1 receptor; IGF1, insulin-like growth factor-1; GH, growth hormone].

Liver
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Female patients

Hypergonadotropic hypogonadism is a hallmark feature in
PMM2-CDG female patients (1). Most females exhibit elevated
follicle stimulating hormone (FSH) and luteinizing hormone (LH)
associated with low serum estradiol and anti-Miillerian hormone
(AMH) (6, 9, 17). Pubertal development is typically delayed,
incomplete, or entirely absent, though two females with normal
puberty have been described (18, 19). Premature ovarian
insufficiency (POI), amenorrhea and lack of secondary sexual
characteristics are common (1). Ovarian agenesis has been found
in some cases by laparoscopy and ultrasound examination (17, 20).

Hypoglycosylation of FSH and its receptor (FSHR) plays a
central role in the pathogenesis of pubertal abnormalities
(Figure 2). FSH is formed by an o- and a [B-subunit, each
The degree of
glycosylation is variable and functionally significant, since specific

containing two glycosylation sites (21).

FSH glycoforms modulate estradiol secretion, follicular growth, and
antral formation (21). Furthermore, proper FSH glycosylation is
necessary for full activation of the FSHR (22, 23), potentially by
enabling conformational changes within the FSH-FSHR complex
or through interactions between oligosaccharides and the receptor’s
transmembrane domain (21). FSHR itself contains multiple N-

10.3389/fendo.2025.1594118

linked glycosylation sites that contribute to proper protein folding,
stability and translocation to the plasma membrane.
Hypoglycosylation could therefore impair the maturation of
newly synthesized FSHR contributing to the FSH axis
dysfunction (23).

The impact of hypoglycosylation on other hormones of the
hypothalamic-pituitary-gonadal axis is less evident. Both LH and
its receptor (LHR) are glycoproteins, and while hypoglycosylation
does not appear to affect LH bioactivity and bioavailability, it may
impair LHR maturation and reduce its surface expression (24-26).
Gonadotropin-releasing hormone (GnRH) stimulates
gonadotropin release via its glycosylated receptor (GnRHR).
Hypoglycosylation may reduce GnRHR membrane expression
(27), however its clinical relevance appears limited as most female
patients exhibit elevated gonadotropin levels.

Pubertal abnormalities, especially POI, are not exclusively
dependent on gonadotropin dysfunction (17). Studies from
murine models and fetal human ovaries suggest that PMM?2 is
highly expressed in oocytes and plays an important role in early
follicular development (28-30). Therefore, hypoglycosylation due
to PMM2 deficiency may directly compromise oogenesis and early
folliculogenesis causing POI in a gonadotropin-independent way
(17), potentially explaining the low AMH levels observed in these

Hypothalamus

= N-glycosylated protein

= non N-glycosylated protein

* = impaired when hypoglycosylated

Target tissues

FIGURE 2

GnRHR

Ant. pituitary
gland

LH

/\

Ovaries il * Testis Al *
e 3 | )

Testosterone

Target tissues

N-glycosylation in the Gonadal axis. GnRH is secreted by the hypothalamus and stimulates the anterior pituitary through GnRHR to release FSH and
LH. These N-glycosylated gonadotropins act on their respective N-glycosylated receptors (FSHR and LHR) located in the gonads. In the ovaries, FSH
promotes estradiol (E2) production and follicular development, while LH regulates ovulation and luteinization. In the testes, FSH acts on Sertoli cells
to support spermatogenesis, whereas LH stimulates Leydig cells to produce testosterone. Glycosylation is essential for the proper folding, trafficking,
and function of FSH, FSHR and LHR, while it has less impact on LH bioactivity. Red stars indicate proteins whose function is impaired when
hypoglycosylated. [GnNRH, gonadotropin-releasing hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; FSHR, FSH receptor; LHR,

LH receptor].
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patients. This distinguishes PMM2-CDG from other forms of
hypogonadism primarily driven by gonadotropin dysfunction,
such as FSHR mutations, where early follicular development
remains intact (61, 62).

Pubertal development should be monitored at each visit using
Tanner staging. At pubertal age, gonadotropin, 17-beta-estradiol,
AMH and pelvic ultrasound should be performed. Although mini-
puberty has not been described in PMM2-CDG, assessing
gonadotropin levels during this phase may help identify patients
at high risk of developing hypergonadotropic hypogonadism.
PMM2-CDG females with hypergonadotropic hypogonadism
benefit from low-dose estrogen therapy for puberty induction,
long-term prevention of osteopenia and overall improvement of
quality of life (1, 31). Beginning the treatment around 12 y/o and
gradually increasing the dosage of estrogen during the first two to
three years is recommended. Progestin should be added after two
years, or earlier if uterine bleeding occurs. Transdermal
administration is recommended, since oral estrogen replacement
has been linked to thrombosis and CDG patients often exhibit
coagulopathy. In selected cases prophylactic anticoagulation should
also be considered (63). In adult patients, bone density monitoring
is advised and calcium and vitamin D supplementation may be
indicated (1).

Male patients

Pubertal abnormalities are less common in PMM2-CDG male
patients (1). Some patients exhibit delayed or incomplete puberty
with small testicular volume, increased FSH and normal LH.
Testosterone levels can be in the low-normal range, though
reference ranges may not account for pubertal stage and testicular
volume, potentially reflecting delayed development rather than
reduced testosterone secretion (31-33). Cryptorchidism has been
reported in PMM2-CDG but there is no evidence of association
with hypogonadism later in life (8, 64).

At the molecular level, the effects of hypoglycosylation are
similar to those described in females and primarily involve the
FSH-FSHR cascade (34). In males, FSH promotes spermatogenesis
and testicular growth, therefore, an impaired FSH-FSHR function
could explain the reduced testicular volume observed in some
patients. While spermatogenesis has not been studied in PMM2-
CDG, impaired spermatogenesis is a known feature in patients with
FSHR mutation, suggesting a possible similar dysfunction in
PMM2-CDG (65). Most patients exhibit normal testosterone
levels and normal development of secondary sexual characteristics
suggesting a preserved LH function.

As with females, endocrine follow up should include
monitoring of pubertal progression and assessment of hormonal
levels, including gonadotropins and testosterone, also during mini-
puberty. Testosterone replacement therapy can be considered in
patients with delayed puberty and biochemical evidence of
hypogonadism, however, a consensus statement on the
management of pubertal induction in PMM2-CDG males in
currently lacking.
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Thyroid axis

Most of the proteins implicated in the thyroid axis are N-
glycosylated, including thyroxine-binding globulin (TBG),
thyrotropin (TSH), TSH receptor (TSHR), thyroglobulin (Tg),
thyroperoxidase (TPO) and thyrotropin-releasing hormone
receptor (TRHR) (Figure 3). Three quarters of PMM2-CDG
patients exhibit laboratory abnormalities related to the
hypothalamus-pituitary-thyroid axis (1).

Partial TBG deficiency is the most frequently reported (1).
Hypoglycosylation reduces TBG half-life and stability without
significantly affecting its ability to bind thyroid hormones (1, 8,
36). Although partial TBG deficiency does not require treatment, it
may serve as an early laboratory marker for CDG in infancy (37).

Hyperthyrotropinemia is another common finding in PMM2-
CDG (6, 9, 19, 35, 38). TSH contains three N-glycosylation sites:
two on the o.-subunit, which affect signal transduction after binding
to TSHR, and one on the B-subunit, which is important for TSH
stability and secretion (39). Hypoglycosylation could reduce TSH
bioactivity leading to compensatory increases in TSH. Moreover,
TSHR requires proper glycosylation for effective ligand binding,
therefore its impairment may further contribute to the
hyperthyrotropinemia (39).

Hyperthyrotropinemia is generally transitory and rarely
associated with low levels of free thyroxin (fT,) and
triiodothyronine (T3) (8), although up to 15% of patients require
temporary treatment with Levothyroxine (LT,) (1). Clinical signs of
hypothyroidism (such as myxedema, weight gain, and constipation)
are not frequently reported, probably because they overlap with
PMM2-CDG clinical manifestations (35). Transient TSH increase is
more common during the first months of life and may be detected
at neonatal screening (35). During this phase, thyroid hormone
requirement and production are physiologically increased,
suggesting that the effects of hypoglycosylation on thyroid
function may become clinically manifest under conditions of
increased demand.

It would be interesting to evaluate whether there is a genotype-
phenotype correlation with thyroid dysfunction among CDG
patients. It is plausible that, the more glycosylation is
compromised, the greater the impact on thyroid function.

There are no reports on thyroid autoimmune disorders in
PMM2-CDG patients, probably because autoantibodies are rarely
considered in these patients. Interestingly, major thyroid antigens
(Tg, TSHR and TPO) are glycosylated and a lower grade of
glycosylation seems to reduce their immunogenicity (35).

Thyroid function screening ought to be carried out for all
PMM2-CDG patients diagnosed de novo and repeated yearly
during follow up. When hyperthyrotropinemia is present, LT,
replacement therapy is indicated if fT, is low or if there are
clinical signs of hypothyroidism. It is important to exclude
isolated hyperthyrotropinemia before starting LT, treatment.
During treatment, TSH and fT4 levels should be regularly
monitored, and therapy should be reduced or discontinued if
TSH becomes suppressed or fT4 levels are elevated, since
hypothyroidism is commonly transient (38).
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FIGURE 3
N-glycosylation in the Hypothalamus-Pituitary-Thyroid axis. TRH stimulates the pituitary gland to release TSH, which binds to TSHR in the thyroid.
Hypoglycosylation of TSH and TSHR impairs binding and signal transduction. The thyroid produces T3 and T4 from Tg, this process requires multiple
enzymes, including TPO. Impact of hypoglycosylation on Tg and TPO is unknown. Once released in the circulation T3 and T4 bind to TBG to reach
target tissues. Hypoglycosylation of TBG reduces its half-life but doesn't seem to affect its ability to bind thyroid hormones. Red stars indicate
proteins whose function is impaired when hypoglycosylated. [TRH, thyrotropin releasing hormone; TSH, thyrotropin; TSHR, thyrotropin receptor;
TBG, thyroxine-binding globulin; Tg, thyroglobulin; TPO, thyroperoxidase; T4, thyroxine; T3, triiodothyronine].

Glucose metabolism and the insulin No genotype-phenotype correlation has been established for
axis hypoglycemia. However, the most common p.(Argl41His) allele is

underrepresented in patients with hypoglycemic events (30% versus
Hypoglycemia is less prevalent in PMM2-CDG than in other ~ 60% in all the PMM2-CDG reported cases) (40).

CDG subtypes, occurring in approximately 3-5% of patients (40, The pathogenesis of hypoglycemia in PMM2-CDG patients is
41). When present, it typically occurs during early infancy and may  unclear. Hypoglycemic events occurring during the neonatal period
represent an early diagnostic clue. Clinical presentation ranges from  and early infancy are likely caused by poor feeding and failure to
asymptomatic hypoglycemia discovered during routine testing to  thrive. Hyperinsulinism is another important cause of
rare but severe events such as decreased consciousness, hypotonia,  hypoglycemia and has been confirmed in nearly half of the
and seizures (40, 41). reported cases (40, 41).
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PMM2-CDG patients with hyperinsulinemic hypoglycemia
generally respond well to treatment with diazoxide. Diazoxide
opens ATP-dependent potassium-channels (KATP) on the beta
cells of the pancreas, preventing cellular depolarization and
inhibiting insulin secretion (42). The KATP channel is a
functional complex which includes the sulfonylurea 1 receptor
(SURI) and Kir6.2, an inward rectifier potassium channel
subunit. SURI1 requires glycosylation for stabilization and
translocation of KATP on the cell surface. Hypoglycosylation due
to PMM2 deficiency could impair the function of the KATP
complex leading to increased insulin secretion and hypoglycemia
(42) (Figure 4).

Another potential mechanism underlying hyperinsulinism is an
impairment of the insulin receptor (INSR). Proper N-glycosylation of
INSR is essential for its processing and signal transduction (43, 66—
68). It has been hypothesized that INSR hypoglycosylation during the
fetal period may trigger compensatory hyperinsulinemia in utero,
potentially persisting after birth and contributing to neonatal
hyperinsulinemic hypoglycemia (69). Nevertheless, insulin
resistance has not been described in PMM2-CDG, thus the
postnatal effect of INSR hypoglycosylation remains uncertain.

Muller et al. in 2004 (70) and Cabezas et al. in 2017 (71)
identified a pathogenetic variant in the PMM?2 gene promoter which
reduces gene transcription selectively in pancreas, liver and kidney.
This phenotypic variant of PMM2-CDG is characterized by
polycystic kidney, liver disease and hyperinsulinemic
hypoglycemia responsive to diazoxide (72). This strengthens the
hypothesis that hypoglycosylation caused by PMM2 deficiency can
affect insulin function.

Pancreas
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= N-glycosylated protein
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= hypoglycosylated protein
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As hypoglycemic events can be the presenting sign of the disease,
PMM2-CDG should be included in the differential diagnosis of
persistent hypoglycemia in newborns or infants (44, 73).

Hypoglycemic events should never be underestimated in
PMM2-CDG. Blood sugar should be monitored in these patients
mainly in the first years of age and when feeding difficulties are
present. In the event of hypoglycemia, before starting glucose
infusion a blood sample should be promptly collected in order to
measure plasma insulin, cortisol, GH, lactic acid, ammonia, beta-
hydroxybutyrate, free fatty acids and urinary ketones (1). If
hyperinsulinism is present, a trial with diazoxide is advised.
Although generally safe, daizoxide requires careful monitoring for
potential side effects. In one patient diazoxide was suspended due to
refractory hyponatremia, subsequent subtotal pancreatectomy
prompted good glycemic control (45). In about one third of the
patients hyperinsulinism may be transient, and since the risk of
hypoglycemic events lowers later in life, tapering and
discontinuation of diazoxide can be considered, especially once
feeding difficulties improve.

Adrenal axis

In PMM2-CDG adrenal function has always been considered
normal, hence measuring serum cortisol and ACTH is not currently
part of recommended routine screening (1). Probably for this
reason, adrenal function has rarely been the object of reports in
the literature. However, in CDGs in general, cortisol levels tend to
be low to normal (64). In 2021, an observational study by Cechova

Pancreas

@\x\

SUR1 Kir6.2

v

P Insulin R .

Target tissues

N-glycosylation in the Insulin axis. In presence of euglycemia, excess of insulin release is prevented by beta-cell depolarization, which is obtained
through the ATP-dependent potassium-channels (KATP). KATP is a complex which includes SUR1 and Kir6.2. Hypoglycosylation of SUR1 could
impair KATP's function leading to excessive insulin release and hypoglycemia. On target cells insulin binds to Insulin R. The impact of
hypoglycosylation of this receptor is still unknown. [SURL, sulfonylurea 1 receptor; Insulin R, insulin receptor].
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et al. (46) indicated that adrenal insufficiency (AI) may be part of
the PMM2-CDG phenotype and may therefore be underestimated.
In a cohort of 43 patients, 25% had low morning cortisol levels with
normal to low ACTH and 5% had confirmed central adrenal
insufficiency (CAI) following ACTH stimulation test (46). No
patients with primary Al were reported.

As for the other endocrine axes, many of the proteins involved in
the adrenal pathway are N-glycosylated (46) (Figure 5).

Hypothalamus
CRH
CRHR1
Ant. pituitary
land
e POMC

()

ACTH

MC2R
Adrenal
gland

PC1/3 *

10.3389/fendo.2025.1594118

Physiologically, ACTH secretion is induced by CRH receptor 1
(CRHR1) activation mediated by corticotropin-releasing hormone
(CRH). Hypoglycosylation of CRHR1 impairs binding to CRH and
signal transduction, preventing ACTH release (47). In the pituitary,
prohormone convertase 1/3 (PC1/3) cleaves preproopiomelanocortin
to produce beta-lipotropic hormone (BLPH) and ACTH. Since PC1/
3 is glycosylated, hypoglycosylation could also impair BLPH and
ACTH production (48). Additionally, the melanocortin 2 receptor

= N-glycosylated protein

= non N-glycosylated protein

* = impaired when hypoglycosylated

A 4

CCortisol CBG

v

Target tissues

FIGURE 5

*

N-glycosylation in the Hypothalamus-Pituitary-Adrenal axis. CRH activates CRHR1 on the pituitary gland to stimulate ACTH's production and
secretion. Hypoglycosylation of CRHR1 impairs binding to CRH and signal transduction. In the pituitary, POMC is cleaved by PC1/3 to release BLPH
and ACTH. PC1/3 activity could be impaired by hypoglycosylation, leading to decreased ACTH secretion. ACTH stimulates cortisol's secretion on the
adrenal gland by binding MC2R and the activation of the receptor depends on its glycosylation state. In the circulation, cortisol binds to CBG.
Dysfunction of CBG due to hypoglycosylation decreases circulating cortisol levels. Red stars indicate proteins whose function is impaired when
hypoglycosylated. [CRH, corticotropin-releasing hormone; CRHR1, corticotropin-releasing hormone receptor 1; PC1/3, prohormone convertase 1/3;
POMC, proopiomelanocortin; beta-lipotropic hormone; ACTH, adrenocorticotropin hormone; MC2R, melanocortin 2 receptor; CBG, corticosteroid-

binding globulin].
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(MC2R, ACTH receptor) in the adrenal gland and the corticosteroid-
binding globulin (CBG) in the circulation both rely on glycosylation
for proper function (49, 50). The combined impairment these
glycoproteins could lower cortisol synthesis and half-life.

Clinical consequences of Al, such as adrenal crises, can be life-
threatening, hence more attention should be paid to the evaluation
of Al in PMM2-CDG patients. As proposed by Cechové et al. (46),
adrenal function should be screened at least yearly by measuring
morning cortisol and ACTH. In patients with low cortisol levels,
low-dose ACTH stimulation test should be performed to confirm
the diagnosis of CAL In case of hypoglycemia or other symptoms
indicative of an adrenal crisis, cortisol levels should be assessed. In
patients with confirmed CAI, replacement therapy with
hydrocortisone should be started at physiological dose (8-10 mg/
m? daily divided in two to three doses) and each patient should be
educated on stress dosing and on the use of emergency steroid Kkits.

Further studies are needed to determine the long-term
outcomes of PMM2-CDG patients with CAI, especially to
determine whether adrenal function varies with age. Moreover,
targeted studies are needed to establish whether there is a
correlation between genotype and risk of Al
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Lipid metabolism

Approximately half of PMM2-CDG patients exhibit
abnormalities in lipid metabolism (6, 9, 38), most commonly
primary hypobetalipoproteinemia (HBL), which is characterized
by low plasma levels of total cholesterol (TC), low-density
lipoprotein cholesterol (LDLc) and apolipoprotein B (apoB) (51).

Occurrence of HBL in PMM2-CDG seems to be prompted by
an increased clearance of apoB-containing lipoproteins which is
mediated by an increase in Low Density Lipoprotein Receptor
(LDLR) gene expression (51) (Figure 6). LDLR transcription is
induced by sterol regulatory element-binding protein 2 (SREBP2).
When the intracellular concentration of sterols is high, SREBP2 is
retained in the endoplasmic reticulum (ER) by binding SREBP
cleavage-activating protein (SCAP) and insulin-induced gene 1
(INSIG1). When intracellular concentration of sterols decreases,
SREBP2 undergoes proteolytic activation and induces the
transcription of genes involved in cholesterol synthesis, including
the LDLR gene. Abnormal N-glycosylation probably impairs
INSIG1 preventing SREBP2 retention in the ER (51). An
excessive SREBP2 activation upregulates LDLR promoting

= N-glycosylated protein
=non N-glycosylated protein
= hypoglycosylated protein
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N-glycosylation in lipid metabolism. When intracellular concentration of sterols decreases, SREBP2 is released from the INSIG1-SCAP complex and,
after proteolytic activation, translocates into the nucleus where it induces the transcription of genes involved in cholesterol synthesis, including the
LDLR gene. LDLR removes apoB-containing lipoproteins from circulation until the intracellular concentration of sterols is restored.
Hypoglycosylation of INSIG1 could impair its binding to SREBP2, leading to an upregulation of LDLR and increased clearance of apoB-containing
lipoproteins. [INSIG1, insulin-induced gene 1; SCAP, SREBP cleavage-activating protein; SREBP2, sterol regulatory element-binding protein 2; LDL,

low-density lipoprotein; LDLR, low-density lipoprotein cholesterol receptor].
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removal of apoB-containing lipoproteins from circulation. Another
contributor could be a dysfunction of the protein convertase
subtilisin/kexin Type 9 (PCSK9), which can bind LDLR activating
its degradation (52). Although hypoglycosylation does not seem to
alter PCSK9 folding and secretion, it may reduce its ability to
enhance LDLR degradation (53). Some studies report lower PCSK9
levels in patients with PMM2-CDG compared with healthy
controls (52).

Given the short life expectancy of PMM2-CDG patients, the
clinical implications of HBL are unknown, particularly whether low
LDLc levels could be protective against atherosclerosis. Lipid profile
(total cholesterol, LDLc, HDLc, triglycerides, apoB) should be
obtained at the time of PMM2-CDG diagnosis and monitored
every 1-2 years, especially in patients with poor nutritional status
(1). Currently, there is no indication for lipid supplementation in
this population.

Future research should explore whether lipid abnormalities
could serve as early biomarkers for PMM2-CDG or if they
correlate with specific genotypes. Furthermore, studies on
glycosylated regulators such as PCSK9 and INSIG1 may provide
insights into cholesterol metabolism regulation and identify
potential therapeutic targets for other lipid metabolism disorders.

10.3389/fendo.2025.1594118

Future perspectives

PMM2-CDG is a complex disorder that requires multidisciplinary
care. The inclusion of endocrinologists in the multidisciplinary team is
essential to ensure early identification and appropriate management of
hormonal dysfunction. Moreover, this may encourage the
development of consensus guidelines to standardize protocols for
screening, diagnosis and treatment of endocrine abnormalities,
especially for high-priority clinical concerns such as pubertal delay.

The wide range of clinical phenotypes highlights the need for
personalized care in order to improve clinical outcomes and quality
of life. Although genotype-phenotype correlations have been
explored, limited data are available linking specific genotypes to
endocrine abnormalities (74). The high frequency of compound
heterozygosity makes these associations more difficult to establish.
Large international registries will be useful to identify correlations
and to develop genotype-specific monitoring strategies.

Unfortunately, at present there are no available disease-modifying
or curative treatments for PMM2-CDG, and management relies mainly
on symptomatic and support treatments (1, 4, 75). There have been
multiple attempts to identify a curative treatment for PMM2-CDG,
most of which focus on the substrate replacement therapy including

TABLE 2 Proposed approach to screening, diagnosis, and treatment of endocrine abnormalities in PMM2-CDG.

Endocrine
dysfunction

Endocrine
Axis

Screening

Diagnosis

Treatment options

Growth Growth failure Height, BMI and growth velocity Short stature, low IGF1 and IGFBP3 Improve nutritional status
assessment every 6 months Consider dynamic tests (GH stimulation test If GH deficiency is present consider
Monitor IGF1, IGFBP3 yearly and IGF1 generation test) to document GH rhGH
Assess bone age at puberty deficiency or insensitivity If GH insensitivity is present
consider rhIGF1
Gonads Delayed or Tanner staging every 6 months Absence or lack of progression of clinical signs | In females:
incomplete puberty At mini-puberty and puberty: of puberty and: Transdermal estrogens and oral
In females: Monitor FSH, LH, In females: high LH and FSH, low estradiol progestin. Consider concurrent
estradiol and AMH yearly; Baseline and low AMH antithrombotic prophylaxis.
pelvic ultrasound In males: high FSH, normal LH, normal to In males:
In males: Monitor FSH, LH and low testosterone Consider intramuscolar testosterone
testosterone yearly
Thyroid Hypothyroidism Monitor TSH, T4, T3 yearly Elevated TSH with normal or low fT4 Levothyroxine if fT4 is low or
Investigate signs and symptoms symptoms are present.
of hypothyroidism
Glucose Hypoglycemia Blood glucose yearly Hypoglycemia with elevated insulin Diazoxide
metabolism and When symptomatic: blood glucose, Consider partial pancreatectomy in
hyperinsulinism insulin, GH, cortisol, ketones, free selective refractory cases
fatty acids, ammonia
Adrenal gland Central Morning cortisol and ACTH yearly Low cortisol with normal/low ACTH, to be Hydrocortisone
adrenal Assess cortisol if hypoglycemia or confirmed by ACTH test
insufficiency other symptoms suggestive of
adrenal insufficiency
Lipid Primary Total cholesterol, LDLc, HDLc, apoB | Low LDLc and apoB None indicated
metabolism hypo- every 1-2 years
betalipoproteinemia

[GH, growth hormone; IGF1, insulin-like growth factor 1; IGFBP3, insulin-like growth factor-binding protein 3; FSH, follicle-stimulating hormone; LH, luteinizing hormone; AMH, anti-
Miillerian hormone; TSH, thyroid-stimulating hormone; fT4, free thyroxine; T3, triiodothyronine; LDLc, low-density lipoprotein cholesterol; HDLc, high-density lipoprotein cholesterol; apoB,
apolipoprotein B; ACTH, adrenocorticotropic hormone; HBL, hypobetalipoproteinemia; rhGH, recombinant human growth hormone; rhIGF1, recombinant human insulin-like growth
factor 1].
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mannose, mannose-1-phosphate (alone or in liposomes) or its
derivatives with increased lipophilicity (75-78). Other therapeutic
approaches, such as pharmacological chaperons and aldose reductase
inhibitors, are still pre-clinical or at an early stage of clinical testing (75,
79-81). Furthermore, to date, there is no literature focused on the
impact of these treatments on the endocrine system in PMM2-CDG.
Monitoring of hormonal function in future clinical trials could evaluate
whether these novel therapies could be beneficial also on endocrine
abnormalities. We can speculate that a treatment effective in restoring
the N-glycosylation assembly chain would improve the overall
endocrine function. If this is the case, certain endocrine abnormalities,
such as TBG deficiency or HBL, could potentially serve as biomarkers of
treatment efficacy. The therapeutic benefit is likely to be more clinically
significant if started early, especially to restore linear growth. However,
certain abnormalities, such as impairment of early folliculogenesis
leading to POI in females, may remain uncorrected.

Conclusion

The number of patients receiving a diagnosis of CDG is
increasing, making it important to understand the endocrine
function thoroughly in these conditions and investigate whether
treatment of related endocrine disorders can be improved. We
reviewed the potential role of glycosylation on hormonal pathways
to summarize the main endocrinological features of PMM2-CDG.
In vitro studies have shown that glycoproteins play a role along
various hormonal axes, acting not only as hormones but also as
precursor hormones, receptors, enzymes, and transport proteins.
Clinical studies on affected patients provided insights into the real-
life importance of glycosylation on the proper functioning of the
endocrine system. The key biochemical and clinical findings across
the different axes are summarized in Table 1. Based on these
findings, we proposed practical recommendations for clinical
assessment and management, summarized in Table 2.

As the biochemical effects of hypoglycosylation on different
endocrinological axes become increasingly clear, further clinical
research involving larger patient cohorts is needed to establish
consensus guidelines for the management and treatment of
endocrinopathies in PMM2-CDG.

References

1. Altassan R, Péanne R, Jaeken ], Barone R, Bidet M, Borgel D, et al. International
clinical guidelines for the management of phosphomannomutase 2-congenital
disorders of glycosylation: Diagnosis, treatment and follow up. J Inherit Metab Dis.
(2019) 42:5-28. doi: 10.1002/JIMD.12024

2. Tian Y, Zhang H. Characterization of disease-associated N-linked glycoproteins.
Proteomics. (2013) 13:10. doi: 10.1002/PMIC.201200333

3. Vaes L, Rymen D, Cassiman D, Ligezka A, Vanhoutvin N, Quelhas D, et al.
Genotype-phenotype correlations in pmm2-cdg. Genes (Basel). (2021) 12. doi: 10.3390/
GENES12111658

4. Péanne R, de Lonlay P, Foulquier F, Kornak U, Lefeber DJ, Morava E, et al.
Congenital disorders of glycosylation (CDG): Quo vadis? Eur ] Med Genet. (2018)
61:643-63. doi: 10.1016/].EJ]MG.2017.10.012

5. Muthusamy K, Perez-Ortiz JM, Ligezka AN, Altassan R, Johnsen C, Schultz MJ,
et al. Neurological manifestations in PMM2-congenital disorders of glycosylation

Frontiers in Endocrinology

12

10.3389/fendo.2025.1594118

Author contributions

GD: Writing - review & editing, Writing — original draft. LF:
Writing - review & editing. EP: Writing — review & editing. GA:
Writing - review & editing. EB: Writing - review & editing.
RB: Writing - review & editing. RG: Writing - review & editing.
AM: Writing - review & editing, Supervision. SS: Writing — review
& editing, Supervision.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
in part by the Funds of the Ministry of Health for Current
Research 2025.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

(PMM2-CDGQ): Insights into clinico-radiological characteristics, recommendations
for follow-up, and future directions. Genet Med. (2024) 26. doi: 10.1016/
j.gim.2023.101027

6. Schiff M, Roda C, Monin ML, Arion A, Barth M, Bednarek N, et al. Clinical,
laboratory and molecular findings and long-term follow-up data in 96 French patients
with PMM2-CDG (phosphomannomutase 2-congenital disorder of glycosylation) and
review of the literature. ] Med Genet. (2017) 54:843-51. doi: 10.1136/J]MEDGENET-
2017-104903

7. Lipinski P, Rozdzynska-swiatkowska A, Bogdanska A, Tylki-Szymanska A.
Anthropometric phenotype of patients with pmm2-cdg. Children. (2021) 8.
doi: 10.3390/CHILDREN8100852

8. Miller BS, Freeze HH. New disorders in carbohydrate metabolism: Congenital
disorders of glycosylation and their impact on the endocrine system. Rev Endocr Metab
Disord. (2003) 4:103-13. doi: 10.1023/A:1021883605280

frontiersin.org


https://doi.org/10.1002/JIMD.12024
https://doi.org/10.1002/PMIC.201200333
https://doi.org/10.3390/GENES12111658
https://doi.org/10.3390/GENES12111658
https://doi.org/10.1016/J.EJMG.2017.10.012
https://doi.org/10.1016/j.gim.2023.101027
https://doi.org/10.1016/j.gim.2023.101027
https://doi.org/10.1136/JMEDGENET-2017-104903
https://doi.org/10.1136/JMEDGENET-2017-104903
https://doi.org/10.3390/CHILDREN8100852
https://doi.org/10.1023/A:1021883605280
https://doi.org/10.3389/fendo.2025.1594118
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Del Medico et al.

9. Monin ML, Mignot C, De Lonlay P, Heron B, Masurel A, Mathieu-Dramard M,
et al. 29 French adult patients with PMM2-congenital disorder of glycosylation:
outcome of the classical pediatric phenotype and depiction of a late-onset
phenotype. Orphanet ] Rare Dis. (2014) 9:207. doi: 10.1186/S13023-014-0207-4

10. Miller BS, Khosravi MJ, Patterson MC, Conover CA. IGF system in children with
congenital disorders of glycosylation. Clin Endocrinol (Oxf). (2009) 70:892-7.
doi: 10.1111/].1365-2265.2009.03531.X

11. Di Patria L, Annibalini G, Morrone A, Ferri L, Saltarelli R, Galluzzi L, et al.
Defective IGF-1 prohormone N-glycosylation and reduced IGF-1 receptor signaling
activation in congenital disorders of glycosylation. Cell Mol Life Sci. (2022) 79:150.
doi: 10.1007/S00018-022-04180-X

12. Annibalini G, Contarelli S, De Santi M, Saltarelli R, Patria Di L, Guescini M, et al.
The intrinsically disordered E-domains regulate the IGF-1 prohormones stability,
subcellular localisation and secretion. Sci Rep. (2018) 8:1. doi: 10.1038/s41598-018-
27233-3

13. Shafiei F, Herington AC, Lobie PE. Mechanisms of signal transduction utilized
by growth hormone. In: The Somatotrophic Axis in Brain Function San Diego:
Academic Press (2006). p. 39-49. doi: 10.1016/B978-012088484-1/50006-9

14. Fisker S. Physiology and pathophysiology of growth hormone-binding protein:
Methodological and clinical aspects. Growth Hormone IGF Res. (2006) 16:1-28.
doi: 10.1016/j.ghir.2005.11.001

15. Kjaergaard S, Schwartz M, Skovby F. Congenital disorder of glycosylation type Ia
(CDG-Ia): Phenotypic spectrum of the R141H/F119L genotype. Arch Dis Child. (2001)
85:236-9. doi: 10.1136/ADC.85.3.236

16. Miller BS, Duffy MM, Addo OY, Sarafoglou K. rhIGF-1 therapy for growth
failure and IGF-1 deficiency in congenital disorder of glycosylation ia (PMM2
deficiency). J Investig Med High Impact Case Rep. (2013) 1:2324709613503316.
doi: 10.1177/2324709613503316

17. Masunaga Y, Mochizuki M, Kadoya M, Wada Y, Okamoto N, Fukami M, et al.
Primary ovarian insufficiency in a female with phosphomannomutase-2 gene (PMM2)
mutations for congenital disorder of glycosylation. Endocr J. (2021) 68:605-11.
doi: 10.1507/ENDOCR].EJ20-0706

18. Artigas J, Cardo E, Pineda M, Nosas R, Jaeken J. Phosphomannomutase
deficiency and normal pubertal development. J Inherit Metab Dis. (1998) 21:78-9.
doi: 10.1023/A:1005323700680

19. Perez-Duenas B, Garcia-Cazorla A, Pineda M, Poo P, Campistol J, Cusi V, et al.
Long-term evolution of eight Spanish patients with CDG type Ia: Typical and atypical
manifestations. Eur ] Paediatric Neurology. (2009) 13:444-51. doi: 10.1016/
J.EJPN.2008.09.002

20. Kristiansson B, Stibler H, Wide L. Gonadal function and glycoprotein hormones
in the carbohydrate-deficient glycoprotein (CDG) syndrome. Acta Paediatr. (1995)
84:655-9. doi: 10.1111/].1651-2227.1995.TB13720.X

21. Bousfield GR, May JV, Davis JS, Dias JA, Kumar TR. In Vivo and In Vitro impact
of carbohydrate variation on human follicle-stimulating hormone function. Front
Endocrinol (Lausanne). (2018) 9:216. doi: 10.3389/FENDO.2018.00216

22. Sairam MR, Bhargavi GN. A role for glycosylation of the o subunit in
transduction of biological signal in glycoprotein hormones. Sci (1979). (1985)
229:65-7. doi: 10.1126/SCIENCE.2990039

23. Ulloa-Aguirre A, Zarinan T, Jardon-Valadez E, Gutiérrez-Sagal R, Dias JA.
Structure-function relationships of the follicle-stimulating hormone receptor. Front
Endocrinol (Lausanne). (2018) 9. doi: 10.3389/FENDQ.2018.00707

24. Davis DP, Rozell TG, Liu X, Segaloff DL. The six N-linked carbohydrates of the
lutropin/choriogonadotropin receptor are not absolutely required for correct folding,
cell surface expression, hormone binding, or signal transduction. Mol Endocrinology.
(1997) 11:550-62. doi: 10.1210/MEND.11.5.9927

25. Clouser CL. Menon KMJ. N-linked glycosylation facilitates processing and cell
surface expression of rat luteinizing hormone receptor. Mol Cell Endocrinol. (2005)
235:11-9. doi: 10.1016/j.mce.2005.02.005

26. Menon KMJ, Clouser CL, Nair AK. Gonadotropin receptors: Role of post-
translational modifications and post-transcriptional regulation. Endocrine. (2005)
26:249-57. doi: 10.1385/ENDO:26:3:249

27. Davidson JS, Flanagan CA, Zhou W, Becker II, Elario R, Emeran W, et al.
Identification of N-glycosylation sites in the gonadotropin-releasing hormone receptor:
role in receptor expression but not ligand binding. Mol Cell Endocrinol. (1995)
107:241-5. doi: 10.1016/0303-7207(94)03449-4

28. Peng T, Lv C, Tan H, Huang J, He H, Wang Y, et al. Novel PMM2 missense
mutation in a Chinese family with non-syndromic premature ovarian insufficiency. J
Assist Reprod Genet. (2020) 37:443-50. doi: 10.1007/S10815-019-01675-8

29. Williams SA, Stanley P. Oocyte-specific deletion of complex and hybrid N-
glycans leads to defects in preovulatory follicle and cumulus mass development.
Reproduction. (2008) 137:321. doi: 10.1530/REP-07-0469

30. Williams SA, Stanley P. Premature ovarian failure in mice with oocytes lacking
core 1-derived O-glycans and complex N-glycans. Endocrinology. (2011) 152:1057.
doi: 10.1210/EN.2010-0917

31. Griinewald S. The clinical spectrum of phosphomannomutase 2 deficiency
(CDG-Ia). Biochim Biophys Acta Mol Basis Dis. (2009) 1792:827-34. doi: 10.1016/
j.bbadis.2009.01.003

Frontiers in Endocrinology

13

10.3389/fendo.2025.1594118

32. Al Teneiji A, Bruun TU]J, Sidky S, Cordeiro D, Cohn RD, Mendoza-Londono R,
et al. Phenotypic and genotypic spectrum of congenital disorders of glycosylation type I
and type II. Mol Genet Metab. (2017) 120:235-42. doi: 10.1016/j.ymgme.2016.12.014

33. Krasnewich D, O’Brien K, Sparks S. Clinical features in adults with congenital
disorders of glycosylation type Ia (CDG-Ia). Am ] Med Genet C Semin Med Genet.
(2007) 145:302-6. doi: 10.1002/AJMG.C.30143

34. Campo S, Andreone L, Ambao V, Urrutia M, Calandra RS, Rulli SB. Hormonal
regulation of follicle-stimulating hormone glycosylation in males. Front Endocrinol
(Lausanne). (2019) 10:17. doi: 10.3389/FENDO.2019.00017

35. Mohamed M, Theodore M, Claahsen-van der Grinten H, Herwaarden van AE,
Huijben K, Dongen van L, et al. Thyroid function in PMM2-CDG: Diagnostic
approach and proposed management. Mol Genet Metab. (2012) 105:681-3.
doi: 10.1016/].YMGME.2012.02.001

36. Murata Y, Magner JA, Refetoff S, Refetoff S. The role of glycosylation in the
molecular conformation and secretion of thyroxine-binding globulin. Endocrinology.
(1986) 118:1614-21. doi: 10.1210/ENDO-118-4-1614

37. Macchia PE, Harrison HH, Scherberg NH, Sunthornthepfvarakul T, Jaeken J,
Refetoff S. Thyroid function tests and characterization of thyroxine-binding globulin in
the carbohydrate-deficient glycoprotein syndrome type I. J Clin Endocrinol Metab.
(1995) 80:3744-9. doi: 10.1210/JCEM.80.12.8530628

38. De Lonlay P, Seta N, Barrot S, Chabrol B, Drouin V, Gabriel B, et al. A broad
spectrum of clinical presentations in congenital disorders of glycosylation I: A series of
26 cases. ] Med Genet. (2001) 38:14-9. doi: 10.1136/JMG.38.1.14

39. Zabczynska M, Koztowska K, Pochec E. Glycosylation in the thyroid gland: Vital
aspects of glycoprotein function in thyrocyte physiology and thyroid disorders. Int |
Mol Sci. (2018) 19. doi: 10.3390/IJMS19092792

40. Vuralli D, Yildiz Y, Ozon A, Dursun A, Gong¢ N, Tokatli A, et al.
Hyperinsulinism may be underreported in hypoglycemic patients with
phosphomannomutase 2 deficiency. J Clin Res Pediatr Endocrinol. (2022) 14:275.
doi: 10.4274/JCRPE.GALENOS.2022.2021-10-14

41. Moravej H, Altassan R, Jaeken J, Enns GM, Ellaway C, Balasubramaniam §, et al.
Hypoglycemia in CDG patients due to PMM2 mutations: Follow up on
hyperinsulinemic patients. JIMD Rep. (2020) 51:76-81. doi: 10.1002/JMD2.12085

42. Conti LR, Radeke CM, Vandenberg CA. Membrane targeting of ATP-sensitive
potassium channel: Effects of glycosylation on surface expression. J Biol Chem. (2002)
277:25416-22. doi: 10.1074/JBC.M203109200

43. Belfiore A, Malaguarnera R, Vella V, Lawrence MC, Sciacca L, Frasca F, et al.
Insulin receptor isoforms in physiology and disease: An updated view. Endocr Rev.
(2017) 38:379-431. doi: 10.1210/ER.2017-00073

44. Shanti B, Silink M, Bhattacharya K, Howard NJ, Carpenter K, Fietz M, et al.
Congenital disorder of glycosylation type Ia: Heterogeneity in the clinical presentation
from multivisceral failure to hyperinsulinaemic hypoglycaemia as leading symptoms in
three infants with phosphomannomutase deficiency. J Inherit Metab Dis. (2009)
32:241-51. doi: 10.1007/510545-009-1180-2

45. Bohles H, Sewell AC, Gebhardt B, Reinecke-Liithge A, Kléppel G, Marquardt T.
Hyperinsulinaemic hypoglycaemia - Leading symptom in a patient with congenital
disorder of glycosylation Ia (phosphomannomutase deficiency). J Inherit Metab Dis.
(2001) 24:858-62. doi: 10.1023/A:1013944308881

46. Cechova A, Honzik T, Edmondson AC, Ficicioglu C, Serrano M, Barone R, et al.
Should patients with Phosphomannomutase 2-CDG be screened for adrenal
insufficiency? Mol Genet Metab. (2021) 133:397. doi: 10.1016/].YMGME.2021.06.003

47. Assil IQ. Abou-Samra AB. N-glycosylation of CRF receptor type 1 is important for its
ligand-specific interaction. Am J Physiol Endocrinol Metab. (2001) 281. doi: 10.1152/
AJPENDO.2001.281.5.E1015/ASSET/IMAGES/LARGE/H11110566005.JPEG

48. Zandberg WF, Benjannet S, Hamelin ], Pinto BM, Seidah NG. N-Glycosylation
controls trafficking, zymogen activation and substrate processing of proprotein
convertases PC1/3 and subtilisin kexin isozyme-1. Glycobiology. (2011) 21:1290-300.
doi: 10.1093/GLYCOB/CWRO060

49. Roy S, Perron B, Gallo-Payet N. Role of asparagine-linked glycosylation in cell
surface expression and function of the human adrenocorticotropin receptor
(melanocortin 2 receptor) in 293/FRT cells. Endocrinology. (2010) 151:660-70.
doi: 10.1210/EN.2009-0826

50. Hill LA, Sumer-Bayraktar Z, Lewis JG, Morava E, Thaysen-Andersen M,
Hammond GL. N-Glycosylation influences human corticosteroid-binding globulin
measurements. Endocr Connect. (2019) 8:1136. doi: 10.1530/EC-19-0242

51. Van Den Boogert MAW, Larsen LE, Ali L, Kuil SD, Chong PLW, Loregger A,
et al. N-glycosylation defects in humans lower low-density lipoprotein cholesterol
through increased low-density lipoprotein receptor expression. Circulation. (2019)
140:280-92. doi: 10.1161/CIRCULATIONAHA.118.036484

52. Chong M, Yoon G, Susan-Resiga D, Chamberland A, Cheillan D, Paré G, et al.
Hypolipidaemia among patients with PMM2-CDG is associated with low circulating
PCSK9 levels: A case report followed by observational and experimental studies. ] Med
Genet. (2020) 57:11-7. doi: 10.1136/J]MEDGENET-2019-106102

53. Benjannet S, Rhainds D, Hamelin J, Nassoury N, Seidah NG. The proprotein
convertase (PC) PCSK9 is inactivated by furin and/or PC5/6A: Functional
consequences of natural mutations and post-translational modifications. J Biol Chem.
(2006) 281:30561-72. doi: 10.1074/JBC.M606495200

frontiersin.org


https://doi.org/10.1186/S13023-014-0207-4
https://doi.org/10.1111/J.1365-2265.2009.03531.X
https://doi.org/10.1007/S00018-022-04180-X
https://doi.org/10.1038/s41598-018-27233-3
https://doi.org/10.1038/s41598-018-27233-3
https://doi.org/10.1016/B978-012088484-1/50006-9
https://doi.org/10.1016/j.ghir.2005.11.001
https://doi.org/10.1136/ADC.85.3.236
https://doi.org/10.1177/2324709613503316
https://doi.org/10.1507/ENDOCRJ.EJ20-0706
https://doi.org/10.1023/A:1005323700680
https://doi.org/10.1016/J.EJPN.2008.09.002
https://doi.org/10.1016/J.EJPN.2008.09.002
https://doi.org/10.1111/J.1651-2227.1995.TB13720.X
https://doi.org/10.3389/FENDO.2018.00216
https://doi.org/10.1126/SCIENCE.2990039
https://doi.org/10.3389/FENDO.2018.00707
https://doi.org/10.1210/MEND.11.5.9927
https://doi.org/10.1016/j.mce.2005.02.005
https://doi.org/10.1385/ENDO:26:3:249
https://doi.org/10.1016/0303-7207(94)03449-4
https://doi.org/10.1007/S10815-019-01675-8
https://doi.org/10.1530/REP-07-0469
https://doi.org/10.1210/EN.2010-0917
https://doi.org/10.1016/j.bbadis.2009.01.003
https://doi.org/10.1016/j.bbadis.2009.01.003
https://doi.org/10.1016/j.ymgme.2016.12.014
https://doi.org/10.1002/AJMG.C.30143
https://doi.org/10.3389/FENDO.2019.00017
https://doi.org/10.1016/J.YMGME.2012.02.001
https://doi.org/10.1210/ENDO-118-4-1614
https://doi.org/10.1210/JCEM.80.12.8530628
https://doi.org/10.1136/JMG.38.1.14
https://doi.org/10.3390/IJMS19092792
https://doi.org/10.4274/JCRPE.GALENOS.2022.2021-10-14
https://doi.org/10.1002/JMD2.12085
https://doi.org/10.1074/JBC.M203109200
https://doi.org/10.1210/ER.2017-00073
https://doi.org/10.1007/S10545-009-1180-2
https://doi.org/10.1023/A:1013944308881
https://doi.org/10.1016/J.YMGME.2021.06.003
https://doi.org/10.1152/AJPENDO.2001.281.5.E1015/ASSET/IMAGES/LARGE/H11110566005.JPEG
https://doi.org/10.1152/AJPENDO.2001.281.5.E1015/ASSET/IMAGES/LARGE/H11110566005.JPEG
https://doi.org/10.1093/GLYCOB/CWR060
https://doi.org/10.1210/EN.2009-0826
https://doi.org/10.1530/EC-19-0242
https://doi.org/10.1161/CIRCULATIONAHA.118.036484
https://doi.org/10.1136/JMEDGENET-2019-106102
https://doi.org/10.1074/JBC.M606495200
https://doi.org/10.3389/fendo.2025.1594118
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Del Medico et al.

54. De Zegher F, Jaeken J. Endocrinology of the carbohydrate-deficient glycoprotein
syndrome type 1 from birth through adolescence. Pediatr Res. (1995) 37:395-401.
doi: 10.1203/00006450-199504000-00003

55. Witters P, Honzik T, Bauchart E, Altassan R, Pascreau T, Bruneel A, et al. Long-
term follow-up in PMM2-CDG: are we ready to start treatment trials? Genet Med.
(2019) 21:1181-8. doi: 10.1038/s41436

56. Kjaergaard S, Miiller J, Skovby F. Prepubertal growth in congenital disorder of
glycosylation type Ia (CDG-Ia). Arch Dis Child. (2002) 87:324-7. doi: 10.1136/ADC.87.4.324

57. Ester WA, Van Duyvenvoorde HA, De Wit CC, Broekman AJ, Ruivenkamp
CAL, Govaerts LCP, et al. Two short children born small for gestational age with
insulin-like growth factor 1 receptor haploinsufficiency illustrate the heterogeneity of
its phenotype. J Clin Endocrinol Metab. (2009) 94:4717-27. doi: 10.1210/JC.2008-1502

58. Walenkamp MJE, Karperien M, Pereira AM, Hofstee Hilhorst Y, Doorn van J, Chen
JW, et al. Homozygous and heterozygous expression of a novel insulin-like growth factor-I
mutation. ] Clin Endocrinol Metab. (2005) 90:2855-64. doi: 10.1210/JC.2004-1254

59. Gaylinn BD, DeAlmeida VI, Lyons CE, Wu KC, Mayo KE, Thorner MO. The
mutant growth hormone-releasing hormone (GHRH) receptor of the little mouse does
not bind GHRH. Endocrinology. (1999) 140:5066-74. doi: 10.1210/ENDO.140.11.7092

60. Verheijen J, Tahata S, Kozicz T, Witters P, Morava E. Therapeutic approaches in
Congenital Disorders of Glycosylation (CDG) involving N-linked glycosylation: an
update. Genet Med. (2020) 22:268-79. doi: 10.1038/S41436-019-0647-2

61. Aittomaki K, Dieguez Lucena J, Pakarinen P, Sistonen P, Tapanainen J, Gromoll J, et al.
Mutation in the follicle-stimulating hormone receptor gene causes hereditary
hypergonadotropic ovarian failure. Cell. (1995) 82:959-68. doi: 10.1016/0092-8674(95)90275-9

62. Aittomiki K, Herva R, Stenman UH, Juntunen K, Ylostalo P, Hovatta O, et al.
Clinical features of primary ovarian failure caused by a point mutation in the follicle-
stimulating hormone receptor gene. J Clin Endocrinol Metab. (1996) 81:3722-6.
doi: 10.1210/JCEM.81.10.8855829

63. Eklund EA, Miller BS, Boucher AA. Thrombosis risk with estrogen use for
puberty induction in congenital disorders of glycosylation. Mol Genet Metab. (2023)
138. doi: 10.1016/j.ymgme.2023.107562

64. Barone R, Carrozzi M, Parini R, Battini R, Martinelli D, Elia M, et al. A
nationwide survey of PMM2-CDG in Italy: High frequency of a mild neurological
variant associated with the L32R mutation. | Neurol. (2015) 262:154-64. doi: 10.1007/
S00415-014-7549-7

65. Tapanainen JS, Aittoméki K, Min J, Vaskivuo T, Huhtaniemi IT. Men
homozygous for an inactivating mutation of the follicle-stimulating hormone (FSH)
receptor gene present variable suppression of spermatogenesis and fertility. Nat Genet.
(1997) 15:205-6. doi: 10.1038/NG0297-205

66. Bastian W, Zhu J, Way B, Lockwood D, Livingston J. Glycosylation of Asn397 or
Asn418 is required for normal insulin receptor biosynthesis and processing. Diabetes.
(1993) 42:966-74. doi: 10.2337/DIAB.42.7.966

67. Collier E, Carpentier JL, Beitz L, Caro LHP, Taylor SI, Gorden P. Specific
glycosylation site mutations of the insulin receptor o Subunit impair intracellular
transport. Biochemistry. (1993) 32:7818-23. doi: 10.1021/BI00081A029

Frontiers in Endocrinology

14

10.3389/fendo.2025.1594118

68. Leconte I, Carpentier J, Clauser E. The functions of the human insulin receptor
are affected in different ways by mutation of each of the four N-glycosylation sites in the
beta subunit. J Biol Chem. (1994) 269:18062-71. doi: 10.1016/50021-9258(17)32417-1

69. Wolthuis DFGJ, van Asbeck EV, Kozicz T, Morava E. Abnormal fat distribution in
PMM2-CDG. Mol Genet Metab. (2013) 110:411-3. doi: 10.1016/].YMGME.2013.08.017

70. Miiller D, Zimmering M, Roehr CC. Should nifedipine be used to counter low
blood sugar levels in children with persistent hyperinsulinaemic hypoglycaemia? Arch
Dis Child. (2004) 89:83.

71. Cabezas OR, Flanagan SE, Stanescu H, Garcia-Martinez E, Caswell R, Lango-
Allen H, et al. Polycystic kidney disease with hyperinsulinemic hypoglycemia caused by
a promoter mutation in phosphomannomutase 2. ] Am Soc Nephrology. (2017)
28:2529-39. doi: 10.1681/ASN.2016121312

72. Chen C, Sang Y. Phosphomannomutase 2 hyperinsulinemia: Recent advances of
genetic pathogenesis, diagnosis, and management. Front Endocrinol (Lausanne). (2023)
13:1102307/BIBTEX. doi: 10.3389/FENDO.2022.1102307/BIBTEX

73. Demirbilek H, Hussain K. Congenital hyperinsulinism: diagnosis and treatment
update. J Clin Res Pediatr Endocrinol. (2017) 9:69-87. doi: 10.4274/JCRPE.2017.5007

74. Oliveira T, Ferraz R, Azevedo L, Quelhas D, Carneiro |, Jacken J, et al. A
comprehensive update of genotype-phenotype correlations in PMM2-CDG: insights
from molecular and structural analyses Orphanet Journal of Rare Diseases. Orphanet |
Rare Dis. (2025) 20:207. doi: 10.1186/s13023-025-03669-5

75. Monticelli M, D’Onofrio T, Jaeken J, Morava E, Andreotti G, Cubellis MV.
Congenital disorders of glycosylation: narration of a story through its patents. Orphanet
J Rare Dis. (2023) 18. doi: 10.1186/513023-023-02852-W

76. Taday R, Park JH, Griineberg M, DuChesne I, Reunert J, Marquardt T. Mannose
supplementation in PMM2-CDG. Orphanet ] Rare Dis. (2021) 16:1-3. doi: 10.1186/
$13023-021-01988-X/METRICS

77. Witters P, Edmondson AC, Lam C, Johnsen C, Patterson MC, Raymond KM,
et al. Spontaneous improvement of carbohydrate-deficient transferrin in PMM2-CDG
without mannose observed in CDG natural history study. Orphanet ] Rare Dis. (2021)
16. doi: 10.1186/513023-021-01751-2

78. Budhraja R, Radenkovic S, Jain A, Muffels IJJ, Ismaili Alaoui MH, Kozicz T, et al.
Liposome-encapsulated mannose-1-phosphate therapy improves global N-
glycosylation in different congenital disorders of glycosylation. Mol Genet Metab.
(2024) 142. doi: 10.1016/j.ymgme.2024.108487

79. Gamez A, Yuste-Checa P, Brasil S, Briso-Montiano A, Desviat LR, Ugarte M,
et al. Protein misfolding diseases: Prospects of pharmacological treatment. Clin Genet.
(2018) 93:450-8. doi: 10.1111/CGE.13088

80. Martinez-Monseny AF, Bolasell M, Callejon-Poo L, Callejon-Poo L, Cuadras D,
Freniche V, Itzep DC, et al. AZATAX: Acetazolamide safety and efficacy in cerebellar
syndrome in PMM2 congenital disorder of glycosylation (PMM2-CDG). Ann Neurol.
(2019) 85:740-51. doi: 10.1002/ANA.25457

81. Ligezka AN, Radenkovic S, Saraswat M, Garapati K, Ranatunga W, Krzysciak W,
et al. Sorbitol is a severity biomarker for PMM2-CDG with therapeutic implications.
Ann Neurol. (2021) 90:887-900. doi: 10.1002/ANA.26245

frontiersin.org


https://doi.org/10.1203/00006450-199504000-00003
https://doi.org/10.1038/s41436
https://doi.org/10.1136/ADC.87.4.324
https://doi.org/10.1210/JC.2008-1502
https://doi.org/10.1210/JC.2004-1254
https://doi.org/10.1210/ENDO.140.11.7092
https://doi.org/10.1038/S41436-019-0647-2
https://doi.org/10.1016/0092-8674(95)90275-9
https://doi.org/10.1210/JCEM.81.10.8855829
https://doi.org/10.1016/j.ymgme.2023.107562
https://doi.org/10.1007/S00415-014-7549-7
https://doi.org/10.1007/S00415-014-7549-7
https://doi.org/10.1038/NG0297-205
https://doi.org/10.2337/DIAB.42.7.966
https://doi.org/10.1021/BI00081A029
https://doi.org/10.1016/S0021-9258(17)32417-1
https://doi.org/10.1016/J.YMGME.2013.08.017
https://doi.org/10.1681/ASN.2016121312
https://doi.org/10.3389/FENDO.2022.1102307/BIBTEX
https://doi.org/10.4274/JCRPE.2017.S007
https://doi.org/10.1186/s13023-025-03669-5
https://doi.org/10.1186/S13023-023-02852-W
https://doi.org/10.1186/S13023-021-01988-X/METRICS
https://doi.org/10.1186/S13023-021-01988-X/METRICS
https://doi.org/10.1186/S13023-021-01751-2
https://doi.org/10.1016/j.ymgme.2024.108487
https://doi.org/10.1111/CGE.13088
https://doi.org/10.1002/ANA.25457
https://doi.org/10.1002/ANA.26245
https://doi.org/10.3389/fendo.2025.1594118
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Phosphomannomutase 2-congenital disorder of glycosylation: exploring the role of N-glycosylation on the endocrine axes
	Introduction
	Growth and GH-IGF1 axis
	Puberty and gonadal axis
	Female patients
	Male patients

	Thyroid axis
	Glucose metabolism and the insulin axis
	Adrenal axis
	Lipid metabolism
	Future perspectives
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


