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Introduction
Protein glycosylation occurs in all cells. It can be used
to insure proper folding of nascent proteins, impart protease resistance, dictate intracellular trafficking, cellsubstratum and cell-cell specific interactions, leukocyte
trafficking, and growth regulation [1–9]. For some proteins, a highly specific sugar chain is essential for function.
In others, complete absence of any glycosylation seems inconsequential [10,11]. Glycoproteins are involved in virtually every endocrine axis. Protein glycosylation can affect the stability, binding affinity and ligand specificity
of polypeptide hormones, hormone carrier proteins and
hormone receptors. Therefore, an abnormality of protein
glycosylation would be expected to have an impact on
many endocrine functions.
In this review of the Congenital Disorders of
Glycosylation (CDG) we cover the basics of protein Nglycosylation and the known types of CDG. Then we
focus on endocrine functions of CDG patients and attempt to describe and interpret the effect of hypoglycosylation on these complex processes. In addition, we hope
to make physicians in the fields of endocrinology and
metabolic diseases more aware of the broad spectrum of
these disorders.

Overview of N-Linked Glycosylation
CDGs are caused by defects in the synthesis, transfer,
and remodeling of a universal 14 sugar residue precursor
oligosaccharide, which is first added to nascent proteins
in the lumen of the endoplasmic reticulum (ER). During oligosaccharide processing many of these chains are
trimmed and then extended once again with other sugars

in various branching patterns (Fig. 1). More than 50 genes
contribute to the synthesis of glycans found in typical
plasma glycoproteins [12,13].
The dolichol pyrophosphate (Dol-PP)-linked 14-sugar
oligosaccharide (LLO) is composed of 3 glucose (Glc),
9 mannose (Man) and 2 N-acetylglucosamine (GlcNAc)
residues, Glc3 Man9 GlcNAc2 . It is transferred en bloc from
the lipid carrier to proteins containing an available AsnX-Thr/Ser sequence. Each sugar is added to the growing
LLO in a specific order using at least 13 glycosyltransferases. GDP-Man contributes the first 5 Man units on
the cytoplasmic face of the ER and then the molecule
“flips” to the lumen of the ER [14] where 4 Man and 3
Glc are added via hexose-phosphate-dolichol donors, DolP-Man and Dol-P-Glc, respectively. The oligosaccharide
is then transferred to the nascent polypeptide chain by
the oligosaccharyl transferase complex located in the ER
membrane. After the transfer, the sugar chain is processed.
Specific glycosidases trim the Glc3 Man9 GlcNAc2 chain,
removing all Glc and some Man in the ER. Additional Man
is often trimmed in the Golgi followed by the addition of
2–4 branches composed of GlcNAc, Gal and a terminal
sialic acid (Sia) to form complex-type sugar chains.

Defining Congenital Disorders
of Glycosylation
Mutations have now been found in 11 genes of this pathway. Congenital disorders of glycosylation used to be
called Carbohydrate Deficient Glycoprotein Syndromes
(CDGS) and were biochemically defined by abnormal isoelectric focusing (IEF) patterns of serum transferrin (Tf)
[15]. This is still the most widely used diagnostic test, but
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Fig. 1. N-linked oligosaccharide biosynthesis and congenital disorders of glycosylation. Many steps of N-linked oligosaccharide biosynthesis and
processing are shown. Heavy red lines indicate a defective step that causes CDG, and the specific type is shown in the box below the line. Symbols for
monosaccharides: ( or ) mannose, ( ) fructose, (B) N-acetylglucosamine, ( ) glucose, ( ) galactose, ( ) sialic acid, and ( ) fucose.
Beginning at the upper left, Fructose-6P ( -6P) is converted to Man-6-P ( -6P), using phosphomannose isomerase (PMI, the defective enzyme in
CDG-Ib). Alternatively, mannose ( ) is directly phosphorylated to yield Man-6P. Phosphomannomutase (PMM) converts Man-6P into Man-1P
( -1P). PMM2 is defective in CDG-Ia. Man-1P and UTP form GDP-Man (GDP- ) via GDP-Man pyrophosphorylase. GDP-Man can be
incorporated into glycoproteins directly or converted into dolichol-P-Man (Dol-P- ). Although not shown in the figure, dolichol, the lipid carrier for
N-linked oligosaccharides is converted to dolichol-P (Dol-P) and GlcNAc-1-P (B-1P) is added to it forming Dol-P-P-B. Another UDP-GlcNAc
donates a second B to form Dol-P-P-BB and then GDP-Man adds 5 Man units, each one using a separate mannosyl transferase forming
Man5 GlcNAc2 -PP-Dol. As shown next, Dol-P-Man adds 4 α-mannosyl units. Mutations in the addition of the first Dol-P-Man-dependent sugar cause
CDG-Id. Defective production of Dol-P-Man itself causes CDG-Ie. Improper positioning of Dol-P-Man and Dol-P-Glu due to defects in MPDU1
reduces the efficiency of adding both of these sugars to the growing chain, causing CDG-If. Defects in the addition of the 8th Man unit cause CDG-Ig.
Three separate α-glucosyl transferases use Dol-P-Glc (Dol-P- ) to add three tandem Glc residues to the lipid-bound sugar chain. Addition of the first
Glc residue is deficient in CDG-Ic. The normal lipid linked precursor oligosaccharide (LLO) chain composed of 2 GlcNAc, 9 Man and 3 Glc is shown
in the box at the extreme upper right. This entire oligosaccharide is then transferred to Asn-X-Thr/Ser (NXT/S) sequons on proteins in the ER as
highlighted in the box immediately below the LLO. The heavy horizontal line separates Group I and II disorders. N-linked oligosaccharide processing
begins with the removal of all Glc by a set of two α-glucosidases. Defects in this first α-glucosidase cause CDG-IIb. This is followed by removal of
some Man residues using at least 5 different α-mannosidases that are variably expressed in different tissues. These lead to production of chains with 5
Man units. GlcNAc transferase I, encoded by MGAT1, adds a GlcNAc residue followed by conversion to Man3 by α-mannosidase-II. GlcNAc
transferase II encoded by MGAT2, now adds a second GlcNAc. This transferase is deficient in CDG-IIa. Further build up of the chain continues by the
addition of Gal ( ), which is deficient in CDG-IId, and finally addition of Sia ( ) residues generate a two-branched chain. Different branching
patterns and other chain extensions can occur on other proteins, but this is typical of plasma glycoproteins. CDG-IIc (LAD-II) is caused by defects in
the GDP-Fuc (GDP- ) transporter that carries this donor from the cytoplasm into the Golgi.

the specific types of CDG are now defined by the defective gene [16], since transferrin patterns do not distinguish
various types. Group I disorders (Types Ia—Ig) affect the
biosynthesis of the dolichol-linked precursor oligosaccharide and its transfer to proteins. This leads to insufficient or

poorly transferred sugar chains and unoccupied glycosylation sites on proteins. Group II (Types IIa–IId) includes
any defect in N-linked oligosaccharide processing on the
protein. CDG patients with a genetically unproven defect
are called CDG-x.
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Table 1. Congenital disorders of glycosylation (CDG)

CDG type

Enzymatic or protein defect

Gene

OMIMa

Ia

Phosphomannomutase 2 (PMM)

PMM2

Ib

Phosphomannose isomerase (PMI)

MPI

Ic

Dolichyl-P-Glc:Man9 GlcNAc2 -PP-dolichyl
α-1,3-glucosyltransferase
Dolichyl-P-Man:Man5 GlcNAc2 -PP-dolichyl
α-1,3-mannosyltransferase
Dolichol-P-Man synthase 1
Dolichol-P-Man utilization defect 1
(suppressor of Lec35)
Dolichyl-P-Man:Man7 GlcNAc2 -PP-dolichyl
α1,6mannosyltransferase
Multiple Defects: causes unknown

ALG6

212065
601785
602579
154550
603147
604566
601110

UDP-GlcNAc:α-6-D-mannoside β-1,2N-acetylglucosaminyltransferase II (GnT II)
α-1,2-glucosidase I
GDP-fucose transporter (cytosol → Golgi)

MGAT2

Id
Ie
If
Ig
Ix
IIa
IIb
IIc
(LAD-II)
IId

a

UDP-Galactose:N-acetylglucosamine
β1,4GalactosyltransferaseI

ALG3
NOT56L
DPM1
MPDU1

Chromosome
location

Patients

Ref.

16p13

∼300

[17]

15q22-qter

∼20

[18–20]

1p22.3

∼30

[21,22]

3

2

[23]

603503
604041

20q13
17p12-13

4
4

[24,25]
[26,27]

ALG12

–

22

5

[28]

–

–

?

14q21

6

[29]

GCS1
–

603585
212067
212066
602616
601336
266265

2p12-13
11p11.2

1
4

[30]
[31,32]

B4GALT

–

9

1

[33,34]

OMIM = Online Mendelian Inheritance in Man (http://www.ncbi.nlm.nih.gov/).

Biochemical Overview of CDG
The CDGs are autosomal recessive disorders, and the defective genes are shown in Table 1. Carriers are asymptomatic and usually have essentially normal Tf IEF patterns. By far the most common type is CDG-Ia (OMIM
212066), which is caused by mutations in the PMM2 gene
[17,35,36]. The gene encodes the phosphomannomutase
involved in the conversion of Man-6-P to Man-1-P. Mutations in this gene reduce the size of GDP-Man pool and
produce insufficient LLO for full glycosylation [37,38].
Some of these patients have been mistaken for having
mitochondrial disorders [39]. CDG-Ib (OMIM 602579)
[18–20] results from mutations in the MPI1 gene encoding phosphomannose isomerase (PMI) (fructose-6-P →
Man-6-P). The clinical pictures of CDG-Ib and CDG-Ia
patients are quite different (see below). CDG-Ic (OMIM
603147) is caused by mutations in ALG6 which encodes an
α-1,3glucosyltransferase used to add the first Glc to the
immature LLO precursor [21,24,40]. Most of the other
types of CDG are rare with only a few patients and will
not be discussed in detail. The reader is referred to more
extensive reviews [41–43].

Laboratory Diagnosis of CDG
Glycosylation of serum Tf is the most commonly used
biochemical indicator of CDG [15]. Normal Tf has

2 N-linked sugar chains, and each usually carries two negatively charged sialic acids (Sia). The great majority of
normal serum Tf is tetrasialylated, but Tf molecules lacking one or both sugar chains, or those having incomplete
chains will have fewer Sia. Those differences are easily
resolved by isoelectric focusing. Electrospray ionizationmass spectrometry [44,45] is a more precise and effective
method since it can differentiate molecules that lack 1 or
more sugar units from those that lack entire sugar chains.
This information can provide clues to the possible defect. Neither method indicates the genetic defect; since
several defects all generate identical abnormal patterns.
Severity of the abnormal pattern does not correlate with
disease severity. The serum Tf analysis remains the best
way to detect nearly all CDG cases [15,46]. False positives arise in cases of uncontrolled fructosemia, galactosemia, heavy alcohol consumption and various causes
of liver disease, which need to be excluded when considering CDG [47–51]. Prospective CDG patients should be
tested for altered Tf glycosylation. False negatives also occur, so a normal pattern does not exclude CDG [52–54].
Electrospray mass spectrometric analysis is available at
Mayo Medical Laboratories and the University of California San Diego Biochemical Genetics Laboratory. Tf IEF
can also be done at the Laboratory for Molecular Diagnosis, University Hospital Leuven-Gasthuisberg, Belgium.
Adaptation of DNA sequencing technology hardware and
detection offers another way to detect altered glycosylation of total serum proteins. This approach is in early
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developmental stages, but is likely to become an important diagnostic tool in the future [55].

also observed in this child probably due to the more stable
clinical status.

Limited Therapy Options for CDG

Common Clinical Features of CDG

The only effective therapy is oral mannose for CDG-Ib.
Mannose entering the cell is converted to Man-6-P via hexokinase, effectively bypassing the impaired fructose-6-P
→ Man-6-P pathway and replenishing the depleted GDPMan pools [20,37]. Mannose reverses hypoglycemia and
deficient AT-III within a few weeks, and within 1-2 months
plasma protein levels are normal and protein-losing enteropathy disappears [20,56,57]. None of the adult patients
with proven CDG-Ib is currently taking mannose. They
appear to be doing well, suggesting that mannose therapy
will not be required for life. CDG-Ib patients and families
are cautioned not to substitute commercial “neutraceutical
mannose” for authentic mannose.
Short [58,59] and longer term [60] mannose therapy studies on CDG-Ia patients showed no verifiable
improvement in the clinical condition or biochemical
markers. Another therapeutic alternative in early exploratory stages is the creation of a hydrophobic “prodrug” derivative of Man-1-P that can freely enter cells,
where it meets cytosolic esterases that generate the active
compound.
One CDG-IIc patient responded to fucose therapy [61]
and immediately normalized neutrophil levels, and over
time partially regained some fucosylated oligosaccharides. Fevers and recurrent infections disappeared, prophylactic antibiotics were discontinued, and the patient
gained weight. Significant psychomotor improvement was

The most common clinical features in various types of
CDG [41,43,62–64] are shown in Table 2. There is considerable clinical heterogeneity [65–68]. Psychomotor retardation ranging from mild to severe and hypotonia are
consistent features in all patients except Type-Ib. Other
neurological findings include ataxia (Ia and Ic), seizures
and stroke-like episodes. CT and MRI are recommended
in patients with psychomotor retardation since they have
revealed cerebellar hypoplasia (Ia, Ic), delayed myelination (Ie, IIa, IIb), microcephaly and atrophy of the
cerebrum (Ia, Ic, Id, Ie). Sometimes the cognitive deficiency can be mild [66,67]. Nearly all patients have
feeding problems and fail to thrive. Strabismus is common and cortical blindness, retinal degeneration and reduction in retinal vascularization are seen. Cutaneous
and subcutaneous abnormalities include peau d’orange
of the skin, abnormal fat distribution, and retracted
nipples.
Mortality in CDG-Ia children is about 20% during the
first few years [63]. Throughout childhood CDG-Ia patients may be severely delayed in achieving developmental milestones, but then stabilize after childhood. Adolescents and adults have stable intellectual status [69,70], but
there is progressive motor neuron weakness and atrophy
of lower limbs. Since CDG-Ia patients tend to survive and
stabilize after childhood, it is very likely that many adult
CDG patients remain undiagnosed.

Table 2. Clinical features seen in different types of CDG
Type
Ia

Ib
Ic
Id
Ie
If
Ig
IIa
IIb
IIc
IId

Variable psychomotor retardation, hypotonia, peripheral neuropathy, stroke-like episodes, seizures, cerebellar hypoplasia,
internal strabismus, abnormal eye movements, subcutaneous fat distribution, inverted nipples, cardiomyopathy, proteinuria,
cryptorchidism, hypoglycemia, hypogonadism, hypocholesterolemia, growth retardation, abnormal thyroid function, tests ±
hypothyroidism, osteopenia
Normal development, hypoglycemia, coagulopathy, hepatomegaly, protein-losing enteropathy, hepatic fibrosis, cyclic vomiting,
diarrhea, growth retardation
Hypotonia, psychomotor retardation, internal strabismus, feeding problems, coagulopathy, seizures, normal cerebellar development,
hypocortisolism
Hypotonia, intractable seizures, severe psychomotor retardation, microcephaly, reduced responsiveness, optic atrophy, adducted thumbs,
high-arched palate
Hypotonia, intractable seizures, delayed myelination, cortical blindness, severe psychomotor retardation, high-arched palate
Hypotonia, frequent seizures, blindness, dry skin, severe psychomotor retardation, severe failure to thrive, decreased food intake,
frequent vomiting
Hypotonia, severe psychomotor retardation, feeding difficulties, facial dysmorphy, coagulopathy
Hypotonia, severe psychomotor retardation, frequent infections, normal cerebellum, coarse facies, widely spaced nipples, low set ears,
ventricular septal defect
Hypotonia, generalized edema, hypoventilation, apnea, hepatomegaly, demyelinating polyneuropathy
Hypotonia, elevated peripheral leukocytes, failure to thrive, psychomotor retardation, short arms and legs
Hypotonia, hydrocephalus, Dandy-Walker malformation, myopathy, coagulation abnormalities
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Specific Endocrine Dysfunctions in CDG
Endocrine effects of CDG on sexual development
Hypergonadotropic hypogonadism. The original twin
girls with CDG described by Dr. Jaeken had fluctuating
levels of FSH and failed to have pubertal development
[71]. Most other females with CDG of pubertal age have
been described as having an absence of secondary sexual
characteristics [70]. Studies of these children have demonstrated hypergonadotropic hypogonadism with elevated
FSH and LH and low estradiol [72,73]. Normal pubertal development has been described in four women, one
with CDG 1b [74], one with CDG 1f [64] and two with
untyped CDG [75,76]. The young woman with CDG1b
delivered three healthy children after uncomplicated pregnancies [74]. Males with CDG have been described to have
normal or delayed puberty with normal virilization, small
or normal testes, and testosterone values in the low to normal range [72,73].
The lack of pubertal development and primary ovarian failure in females with CDG resembles the phenotype
in galactosemia [77]. In galactosemia, males have normal pubertal development and sexual function. Females
have a high rate of pubertal delay or failure and primary
or secondary amenorrhea with elevated gonadotropin levels suggestive of primary ovarian failure. The bioactivity
of urinary gonadotropins from female galactosemics was
normal suggesting ovarian resistance. However, there is
some evidence in galactosemic women for residual ovarian function. In one of two patients, Kaufman et al. found
a normal estrogen response to short term therapy with human menopausal gonadotropin (HMG, mostly FSH) [78].
A similar response to HMG has been found in patients
with CDG [72,79]. However, the biological activity of
FSH in CDG women was in the low normal range using
a rat granulosa aromatase bioassay [72]. In addition, the
half-life of FSH was low to normal in CDG consistent
with previous data showing increased clearance of desialylated FSH [80,81]. The electrophoretic mobility of FSH
in females with CDG was more consistent with that obtained from menopausal women and did not resemble the
FSH pattern characteristic of the follicular phase of the
menstrual cycle [73]. These findings suggest that reduced
FSH bioactivity and bioavailability, due to inappropriate
or insufficient glycosylation, is responsible for delayed or
absent sexual maturation in girls with CDG.
Hypogonadism in CDG also resembles the phenotype
of an inherited FSH receptor defect. In this condition, a
mutation occurs in a region of the FSH receptor gene adjacent to a glycosylation site necessary for FSH binding.
Males homozygous for this mutation undergo normal puberty followed by hypogonadism in adulthood character-
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ized by low testosterone levels, small testicles and elevated
FSH levels [82]. In the female, there is primary amenorrhea and variable degrees of pubertal development [83].
The glycosylation status of the FSH receptor has been
shown to affect it’s production and may affect it’s ligand
binding affinity [84]. In contrast, the unglycosylated LH
receptor had normal ligand binding and signal transduction activity [85]. It is likely that sexual development in
children with CDG is affected by hypoglycosylation of
both FSH and its receptor.
Another potential negative effect of hypogonadism is
incomplete bone mineralization. The sex steroids play a
very important role in promoting bone mineralization. Inadequate levels of testosterone and estradiol in patients
with hypogonadism could lead to low peak bone mineral
density. Osteopenia has been reported in multiple patients
with CDG [86,87]. This effect on bone mineralization
could lead to increased fractures over the long-term.

Cryptorchidism. Cryptorchidism is present at birth in
3% of full-term and 17% of premature males and less
than 1% of males by 9 months of age [88]. The incidence
of cryptorchidism is elevated in a number of genetic diseases [89]. It is also an early manifestation of hypogonadotropic hypogonadism. Numerous males with CDG
and cryptorchidism have been previously reported [90]
[91–93]. A retrospective review of patients with CDG 1a
enrolled in a recent U.S. open-label study of oral mannose therapy revealed that cryptorchidism was present in
at least 56% of participating males (unpublished results).
This would suggest that cryptorchidism should be one of
the defining features of this condition and along with other
features of CDG should warrant diagnostic evaluation.
Finally, as with many processes in children with CDG,
it is likely that hypoglycosylation affects hormonal regulation at multiple steps along the pathway. Sexual development in children with CDG is likely affected by hypoglycosylation of both FSH and its receptor. The lack of affect
of hypoglycosylation on LH receptor function may help
to explain the near normal sexual development in CDG
males. It is the combination of these effects that leads to
the ultimate phenotypes of sexual development in males
and females with CDG.
Endocrine effects of CDG on adrenal function
Serum cortisol levels in CDG have been found to be
low or normal [72,94]. A patient with CDG 1c developed hypocortisolism requiring cortisol replacement in
the setting of severe hypoproteinemia secondary to a
protein-losing enteropathy [94]. Twin sisters with CDG
1a were found to have normal free cortisol levels with low
transcortin values [72]. Cortisol is heavily protein bound
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in serum, chiefly to albumin and transcortin. Studies of
transcortin suggest that glycosylation is required for its
normal intra-cellular processing and secretion, but not for
its ability to bind cortisol [95,96]. These findings suggest
that the hypocortisolism seen in the patient with CDG
1c and a protein-losing enteropathy is likely due to both
the combination of low transcortin and generalized hypoproteinemia. Review of the literature shows few cases
of hypocortisolism in the setting of hypoproteinemia. One
involved congenital nephrotic syndrome and associated
hypothyroidism [97]. Another was an 8 week old infant
with untyped CDG found to have a low random cortisol
in the setting of nephrotic syndrome [98].

Endocrine effects of CDG on thyroid function
Thyroid function tests are frequently abnormal in children
with CDG. Thyrotropin (TSH) is a glycoprotein secreted
by the pituitary which regulates production of thyroxine
(T4) and triiodothyronine (T3) by the thyroid. The effects
of glycosylation on function of TSH and its receptor were
recently reviewed [99]. Glycosylation has been shown to
affect TSH bioactivity and receptor affinity [100–102].
Thyroid binding globulin (TBG) is the primary serum carrier glycoprotein for T4 and T3. The most common laboratory abnormality in thyroid function of CDG patients is
a low total T4 reflective of partial TBG deficiency.
The initial characterization of CDG in identical twins
included partial deficiency of thyroid binding globulin
(TBG) which is present in approximately 75% of patients
with CDG [62,103]. Patients with CDG showed an increase in hypoglycosylated TBG [15]. TBG hypoglycosylation reduces its half-life by 15% [62,103]. However,
TBG isolated from patients with CDG has normal immunoreactivity and affinity for T4, T3, and rT3 [104]. Abnormalities in thyroid binding capacity have been found
in CDG 1a, 1b and 1x (unpublished data) and CDG II
[105]. Since the degree of TBG deficiency does not appear to be sufficient to explain the reduction of thyroid
binding capacity, Macchia et al. speculated the presence
of an interfering substance [104]. In general, the partial
TBG deficiency does not appear to affect thyroidfunction.
A diagnosis of chemical hypothyroidism is made on
the basis of low free thyroxine and elevated TSH. TSH
values have previously been shown to be age-dependent
with a slight elevation in infancy normalizing in late childhood [72]. However, TSH in CDG contain an abundance
of poorly processed carbohydrates [91]. The analysis of
free thyroxine has been in the low to normal range [72].
Free thyroxine analyzed by equilibrium dialysis, the most
accurate method, has been reported as normal in a group
of seven patients with CDG [104]. Diagnosis of hypothyroidism and L-thyroxine supplementation should be reserved for those children with elevated TSH and low free

thyroxine measured by equilibrium dialysis. In general,
children with CDG are chemically euthyroid.

Endocrine effects of CDG on growth
Children with CDG exhibit growth failure that may be
nutritional and/or a result of dysregulated hormone signaling. Somatic growth in children is regulated by growth
hormone. Growth hormone exerts its effects on somatic
growth by activation of the insulin-like growth factor cascade. Growth Hormone Binding Protein, a soluble form
of the external domain of growth hormone receptor, is decreased in poor nutrition and in some patients with primary
growth hormone resistance and poor nutrition. Circulating
Insulin-like Growth Factors (IGFs) are produced primarily
in the liver in a growth hormone-dependent fashion [106].
Free IGF acts through cell-surface receptors to stimulate
growth in numerous end organs. The levels of free IGF
in tissues and serum are regulated by the formation of
complexes with IGF binding proteins, IGFBPs [107]. In
the serum, greater than 90% of IGF is found in a ternary
complex comprised of IGF, IGFBP-3 and an acid-labile
subunit (ALS) [108]. The formation of the ternary complex is important in determining the stability of IGFs in
serum [109] and their delivery to the target tissues. The
degree of ALS glycosylation has been shown to affect
its ability to form a complex with IGFBP-3 [110,111].
Glycosylation of IGFBP-3 does not affect its ability to
bind IGF, but may increase its susceptibility to proteolysis
[112,113].
Previous studies of the GH/IGF cascade in children
with CDG have shown that random levels of GH are low
in males and high to very high in females. Serum IGF-1
concentrations were low in infants and children and low to
normal in adolescents independent of gender [72] GHBP,
IGFBP-3 and ALS values have not been reported in children with both CDG and failure to thrive. IGFBP-3 and
ALS values are lower in children with CDG than in agematched controls [114]. There has been one report of a
young lady with normal levels of IGF-1, IGFBP-3 and
GHBP [75]. However, except for patients with CDG 1b
and CDG 1f, this young woman is the only reported patient with CDG 1 to have experienced normal puberty.
The patient with CDG 1f was investigated because of
growth retardation at 2 years and found to have growth
hormone deficiency and dwarfism as an adult [64]. One
girl with an untyped CDG-x had documented growth hormone deficiency found in the setting of hypoglycemic
episodes and proven by growth hormone stimulation testing with insulin-induced hypoglycemia and arginine [91].
She had also been diagnosed with hypothyroidism nine
months earlier and had been receiving L-thyroxine supplementation. The combination of L-thyroxine and growth
hormone therapy resulted in a significant growth
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response with improvement from <3 percentile to the
50th percentile.
The importance of normal glycosylation to the growth
of children, and potentially to the components of the
GH/IGF cascade, is illustrated by the normalization of
growth seen in a girl with CDG1b following institution
of mannose therapy. At 30 months of age, she was <3
percentile for height and >97 percentile for weight. At 3
years, following 6 months of mannose therapy, her height
was 43 percentile and weight was unchanged but now
89 percentile. This represents an extraordinary annualized height velocity of 23 cm/yr with normal for her age
being 8 cm/yr. Subsequently, she continued to grow along
the 40 percentile (unpublished results of patient in [57]).
This extraordinary growth response to mannose in a child
who was either normal or overweight suggests that glycosylation of growth factors, carrier proteins and receptors
played an important role in the growth. In addition, this
finding downplays the role of poor nutrition as a factor in
the short stature of children with CDG.
It is likely that the growth of children with CDG is affected both by nutritional factors and by the effects of
hypoglycosylation on the function and stability of the
components of the GH/IGF cascade. Further studies are
necessary to determine the extent to which protein hypoglycosylation negatively impacts growth in children with
CDG.

Endocrine effects of CDG on glucose metabolism
The association of hypoglycemia with CDG was first described in patients with CDG 1b [19,57,115]. Hyperinsulinism was documented in three cases and the patients
responded to treatment with diazoxide. In one report, initiation of mannose therapy allowed rapid tapering of diazoxide therapy without recurrent hypoglycemia [115].
In another patient, hyperinsulinism was not proven as the
cause of hypoglycemia [57]. The patient was treated with
a combination of diazoxide and frequent meals. Initiation
of mannose therapy rapidly improved fasting tolerance.
There have been several cases of hypoglycemia in patients with other types of CDG. In one report, a girl with
untyped CDG had frequent episodes of hypoglycemia associated with growth retardation at 2 years of age. Investigations demonstrated growth hormone deficiency and the
patient received growth hormone with resulting improvement in growth and hypoglycemia [91]. In a recent case
series of patients with CDG 1a, three patients had episodes
of hypoglycemia. One was reported as having hyperinsulinemic hypoglycemia [92].
The mechanism by which hypoglycosylation can cause
hyperinsulinism in patients with CDG is unknown. However, the rapid resolution of hypoglycemia following initiation of mannose in two patients with CDG 1b, suggests
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a role of glycosylation in maintenance of normoglycemia.
Due to the presence of documented hyperinsulinism in
several patients, one could speculate that glycosylation is
important in the regulation of insulin secretion, possibly
of the sulfonylurea receptor.
Endocrine effects of CDG on lipid metabolism
Hypocholesterolemia has been described in a number of
patients with CDG [87]. It is well known that glycation
of LDL in the setting of hyperglycemia due to diabetes
mellitus leads to impaired uptake of LDL by the liver
LDL receptor resulting in elevated LDL and triglycerides.
It has been speculated that underglycosylation of LDL
improves uptake of the lipid rich particles by the liver
leading to hypocholesterolemia. In addition, stability of
the apolipoproteins may be affected by their degree of
glycosylation.
Summary of endocrine and metabolic effects in CDG
The endocrine system involves glycoproteins at many
steps in multiple different hormonal pathways, including
polypeptide hormones, hormone transport proteins, and
hormone receptors. There is a significant amount of literature devoted to the analysis of the effects of the glycosylation status of these components of the hormonal cascades
in vitro. The hormonal abnormalities in patients with CDG
give us a glimpse of the impact of altered glycosylation on
the endocrine system in vivo. Further studies of the hormonal milieu in patients with CDG will help us to better
understand both CDG and the endocrine system.

Identification of More Patients
and New Defects
Estimates suggest that 100–200 CDG-Ia patients are born
every year in the United States and a similar or higher number in Europe [116]. This means that the expanding spectrum of these disorders is quite underdiagnosed. Heightened awareness of glycosylation as a cause of metabolic
and endocrine malfunctions, appreciation of the diversity
of CDG patients, and broader-based testing for these disorders will probably lead to the identification of new and
previously overlooked patients.
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