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Chapter

Vitamin D and Inborn Errors of
Metabolism

Maria Florencia Salazar Silva, Maria Jesiis Leal-Witt,
Valerie Hamilton and Veronica Cornejo

Abstract

Inborn errors of metabolism are produced by an enzymatic alteration that can
be fatal or leave serious neurological sequelae. Some of these conditions require
specific nutritional treatment to reverse the clinical symptoms. For phenylketonuria,
patients must restrict the intake of phenylalanine; for glucose transporter deficiency
syndrome type 1, the treatment is a ketogenic diet; and for classic galactosemia,
galactose must be eliminated from the diet. Due to nutritional restrictions, there is
an increased risk of deficiency of vitamin D and calcium, which could have an effect
on plasma vitamin D levels and cause alterations in bone mineral density (BMD)
among children and long-term treated patients. According to scientific evidence, the
risks of vitamin D deficiency among these patients are similar to those among healthy
persons. While the etiology of lower BMD is not entirely clear, it is attributed to a
joint effect of underlying pathology and metabolic changes generated by diet therapy.
Long-term follow-up is suggested, in addition to verifying that recommendations o
critical nutrients are covered. Timely evaluation of plasmatic levels of vitamin D and
BMD is suggested to avoid deficiencies or excesses and to grant a better quality of life
to persons with these pathologies.

Keywords: inborn errors of metabolism, phenylketonuria, glucose transporter type 1
deficiency syndrome, classical galactosemia, vitamin D, osteopenia, osteoporosis

1. Introduction

Inborn errors of metabolism (IEMs) are monogenic diseases, most of which
are inherited autosomal recessive conditions. There is an enzymatic alteration that
triggers biochemical alterations of each metabolic disease [1]. To date, 1450 inherited
metabolic diseases or IEMs have been described [2].

These metabolic-genetic conditions can manifest at any time in life but are more
frequent in the pediatric period. Clinical signs and symptoms are similar to other
pathologies, which is why they should always be suspected in parallel in order to start
a timely treatment and avoid irreversible sequelae that will affect the individual who
suffers from it [1].

Of the total classified IEMs, approximately 15% require nutritional therapy. The
main objective of therapy is to restrict the intake of the toxic metabolite precursor,
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Disease Substrate restriction End product supplementation
Amino acid diseases

Phenylketonuria (PKU) Phenylalanine L-Tyrosine

Tyrosinemia type 1-a Tyrosine L-Phenylalanine

Maple syrup urine disease Leucine L-Valine, L-Isoleucine

(MSUD)

Vitamin B6 unresponsive:
Classical Homocystinuria

Methionine and
cysteine

Folic acid: 5 mg/day

Betaine: 100 mg/kg/day(<3 years), 6 g/day
(> 3 years)

Pyridoxine: 100-200 mg/day

B12: 1 mg (intramuscular) per month

Propionic acidemia (PA)
and

Methylmalonic acidemia
(MMA)

Methionine, isoleucine,
threonine, valine

Biotin: 5-10 mg/day (PA)

B12: 1 mg (intramuscular), 10-20 mg/day(oral)
(MMA)

L-Carnitine: 100-300 mg/kg/day

Urea cycle disorders

High biological value
protein intake

L-Arginine: 100-200 mg/kg/day (< 20 kg) and
2.5-6 g/m?/day (> 20 kg) (CPS, OTC) 450-600 mg/
kg/day(<20 kg) and 9.9-13 g/m*/day (>20 kg)
(ASS, ASL)

L-Citrulline: 100-200 mg/kg/day (CPS, OTC)
Sodium benzoate: 450-600 mg/kg/day (< 20 kg)
and 9.9-13 g/mz/day (>20kg)

Carbohydrates

Galactosemia

Galactose (lactose)

Soy milk
Elemental calcium

Glycogenosis type I-a

Sucrose, galactose,
fructose, sorbitol,
mannitol

Complex carbohydrates
Raw starch (according to protocol)
Diet fractionation

Calcium, vitamin D, and vitamin C

Note: CPS: carbamoyl phosphate synthetase deficiency; OTC: ornithine transcarbamylase deficiency; ASS:
argininosuccinate synthetase; and ASL: argininosuccinate lyase.

Table 1.
Examples of inborn errors of metabolism that vespond to substrate restriction and supplementation of a final
product.

reduce or reverse clinical advancement, prevent deficiencies or excesses of critical
nutrients, and supplement with a special formula free of toxic substrate. Some IEMs
require the supplementation of a vitamin as a sole or complementary treatment to
nutritional therapy, and in others, the delivery of a drug that stabilizes the enzyme or
prevents the synthesis of the toxic substrate is necessary (Table1) [1, 3].

1.1 Vitamin D and bone health in IEMs

Vitamin D status is assessed through the 25-hydroxy-vitamin D (250HD) metabo-
lite, given its abundance and stability in the body. The Endocrinology Society defines
severe deficiency as 250HD values <12 ng/mL; deficiency as <20 ng/mL; insuf-
ficiency 21-29 ng/mL and sufficiency >30 ng/mL. Levels are evaluated by radioim-
munoassay or liquid chromatography with tandem mass spectrometry in the case of
clinical investigation [4].
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Osteoporosis is a generalized disease of the skeletal system characterized by the
loss of bone mass and by the deterioration of the microarchitecture of bone tissue.
Bone resistance is compromised and, as a consequence, leads to greater bone fragility
and susceptibility to fractures [5]. The World Health Organization defines osteopo-
rosis based on bone mineral density (BMD); when values are between —1 and —2.5,
adults are diagnosed with osteopenia and with osteoporosis when values are below
—2.5. In all persons, the BMD z-score can be used for diagnostic purposes, except in
men older than 50 years and postmenopausal women [6].

Vitamin D deficiency and bone diseases have been described in children and adults
with IEMs, which is partly due to the restricted intake of vitamin D and calcium. This
is possible to observe in amino acid disorders, in which the intake of proteins or a
specific amino acid must be limited for life. Nutritional treatments eliminate foods of
animal origin that are the main sources of these nutrients. Also, in some cases, there is
low sun exposure, while in other cases, the use of medications could interact with the
absorption of vitamin D and calcium. Inflammatory and genetic factors also play an
important role in some patients [7].

Due to the prohibition or restriction of natural foods of the different diet therapies
for IEMs, special formulas have been created according to pathology, which contains
the macro and micronutrients necessary according to age and sex requirements.
Formulas are fortified with vitamin D3 and, thus, contain a greater amount of this
vitamin and calcium when compared with traditional infant formulas or breast milk
[7]. On average, they contain 18 ug (720 IU) of vitamin D3 in 100 g (Table 2).

It has been reported that, among healthy children, vitamin D deficiency varies
between 30 to 50% and an insufficient level between 15 and 20% of the population.
Among subjects with IEMs, the prevalence is similar. A retrospective study compared
the serum level of 250HD and lumbar and femoral BMD by dual-energy X-ray
absorptiometry (DEXA) between IEM patients (n = 115, mean age of 5.6 + 4.47 years)
and control subjects. Among IEM patients, 83 had amino acid disorders and received
a protein-restricted diet (36 phenylketonuria, 27 organic aciduria, 10 urea cycle

Inborn errors of Name of special formula ug Vitamin D3 Calcium (mg)per
metabolism (Company) (IU) per100 gr 100 gr
Phenylketonuria PKU anamix infant® (Nutricia) 11.2 (448) 410
(PKU) PKU start® (Vitaflo) 11.5(460) 400
PKU express® (Yitaflo) 13.2 (528) 1192
PKU anamix Junior® (Nutricia) 26.3 (1052) 1348
Urea cycle disorder UCD anamix infant® (Nutricia) 11.8 (472) 670
Dialamine® (Nutricia) 0 <20
Essential amino acid mix® (Nutricia) 0 0
EAA supplement® (Vitaflo) 27 (1080) 2400
Glucose Transporter Ketocal 3:1® (Nutricia) 17(680) 810
g;’fgrtzzﬁdemy Ketocal 4:1® (Nutricia) 10.5 (420) 780
(GLUT1DS)

Note: Information available from each company website.

Table 2.
Examples of vitamin D3 and calcium intake in special formulas for different inborn ervors of metabolism.
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disorders, 5 tyrosinemia, 2 alkaptonuria, and 3 homocystinuria) and 32 patients with
impaired metabolism of carbohydrates (16 glycogenosis type 1 and 16 galactosemia).
A mean 250HD level of 28.1 + 14.9 ng/mL was observed in IEM subjects, with 26.8%
of patients having 250HD deficiency and 34% having insufficient 250HD. On the
other hand, control subjects had an average 250HD level (23.27 + 12.1 ng/mL), with
25.4% and 35.6% with 250HD deficiency and insufficiency, respectively. BMD was
also assessed, and mean z-score was —1.1 for the low-protein diet group, —0.25 for
the galactose-free diet group, and —0.75 for the control group, with no significant
difference between groups. Of the patients with osteopenia (n = 18), 38% presented
delayed growth. In addition, osteopenia was more frequent in patients with low
250HD levels, which was observed in 13 of 37 patients; however, this relationship was
not statistically significant. The authors concluded that it is possible to find low BMD
in IEM patients, regardless of vitamin D levels [7].

A cross-sectional study compared 88 IEM patients to control subjects. [IEM
patients had an average age of 12.4 + 3.5 years; 81 had amino acid disorders,
and 7 with galactosemia. The authors reported a mean serum 250HD level of
271 +10.9 ng/mL in the IEM group and 23% with 250HD deficient levels. The
control group had an average level of 27.6 + 11.2 ng/mL of 250HD. Only 3 of 19
patients with PKU had a low BMD assessed by DEXA (< —2 z-score): 2 of the spine
and 1 of the hip. These authors observed a positive correlation between lumbar
BMD and the dietary intake of calcium and the special formula. They concluded
that the special formula allows for normal vitamin D and BMD values in patients
with IEM and that the risk of vitamin D deficiency is similar to that of the general
population [8].

The pathophysiology of a decrease in BMD is not entirely clear, although its etiol-
ogy is multifactorial in nature. Determinants such as vitamin D and calcium intake,
physical activity, and genetic, environmental, and endocrine factors stand out. One
study has reported that a primary determinant for low BMD in patients who consume
special formulas is the low intake of essential nutrients [7]. Thus, it is important to
monitor that the diet reaches the recommended daily intake for calcium, magnesium,
and zinc.

Next, a bibliographic review of 3 IEMs will be carried out: phenylketonuria
(PKU), glucose transporter type 1 deficiency syndrome (GLUT1DS), and classic
galactosemia (GALT).

2. Phenylketonuria (PKU)
2.1 Definition

Classic PKU is one of the hyperphenylalaninemia (HPA) and is the most severe
form of presentation. HPAs are produced by an alteration in phenylalanine (Phe)
metabolism due to the deficiency or absence of the enzyme phenylalanine hydroxy-
lase, encoded in the 12q22-q24.1 gene (Figure 1) [9, 10].

2.2 Incidence and inheritance

PKU has an incidence of 1:10,000 live newborns worldwide and is an autosomal
recessive condition [10]. In Chile, the incidence of PKU is 1:18,916 newborns and
1:10,198 newborns for HPA [9, 11].

4



Vitamin D and Inborn Errors of Metabolism
DOI: http://dx.doi.org/10.5772/intechopen.112027

2.3 Physiopathology

A high level of Phe maintained over time causes severe neurological alterations.
Alterations are due to the competitive inhibition of the transport of neutral amino
acids through the blood-brain barrier, which limits the synthesis of proteins, sero-
tonin, dopamine, and catecholaminergic neurotransmitters to the brain, causing
irreversible intellectual disability (Figure1) [9, 10].

2.4 Diagnosis

HPA is suspected when a Phe value in blood is above 2.0 mg/dL (120 pM), and
diagnosis is confirmed with a Phe to tyrosine ratio greater than 3.0 [9, 10].

2.5 Treatment

To avoid neurological sequelae, treatment should be started before 1 month of life.
Treatment consists of a Phe-restricted diet, for example, a special formula without
Phe and adaptation of macro and micronutrient requirements according to age and
growth. The diet prohibits all foods of animal origin such as meat of all kinds, dairy
products and derivatives, eggs, fish and shellfish, and legumes. In foods such as
cereals, fruits, and vegetables, the Phe contribution must be calculated. Due to this
nutritional restriction, the delivery of a special formula without Phe, enriched with
tyrosine, vitamins, and minerals, is mandatory. The exclusion of food could cause
deficiencies of some trace minerals, including vitamin B12, essential fatty acids
(docosahexaenoic acid), calcium and vitamin D, which is why levels must be moni-
tored. Nutritional treatment is for life, and a blood Phe level between 2.0 and 6.0 mg/
dL (120-360 uM) must be maintained. Different alternative treatments have been
proposed, such as the use of tetrahydrobiopterin (BH4), supplementation with neutral

Phenylalanine Metabolism
GTP

l GTP- cyclohydrolase NAD+ NADH+ “H
Dihydroneopterin triphosphate

\C!)\ 4a-Hydroxy-tetrahydrobiopterin

Tetrahydrobiopterin

Melanin

Phenylalanine Tyrosine Epinephrine

@ Thyroxin

H.O

Phenylpyruvic acid

S

Phenyllactate acid Phenylacetate acid

\»

Phenylethylamine

Phenylacetylglutamine

Figure 1.
Phenylalanine metabolism. 1: Phenylalanine hydroxylase, 2: Dihydropteridine reductase, and 3: 6-pyruvol-
tetrahydropterin synthase and Sepiapterin reductase.
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amino acids, the use of glycomacropeptide (GMP) or Pegvaliase. According to scien-
tific evidence, there is still no treatment that can replace the Phe-restricted diet [10].

2.6 Vitamin D and bone health in PKU

A retrospective study including 90 PKU subjects (62 identified with neonatal
screening and 28 with a late diagnosis) with a mean age of 29 years (50% < 30 years)
evaluated 250HD levels and BMD of the lumbar spine and/or femoral neck. The
authors observed obesity, according to body mass index, in 29% of the sample
and 88% had a sedentary lifestyle. In addition, 30.6% had vitamin D deficiency,
41.2% had osteopenia, and 10.3% had osteoporosis. It was observed that 38.8% and
10.4% had osteopenia and osteoporosis of the lumbar spine, respectively, while 32.3%
and 3.2% had osteopenia and osteoporosis of the femoral neck, respectively. The
authors propose that PKU should be considered as a secondary cause of osteoporosis
and that consensus is required for a treatment algorithm by age at which treatment
initiation should be optimized [12].

A systematic review that included 16 studies, of which a meta-analysis was per-
formed with 3 studies, found that spine BMD was 0.1 g/cm? lower in 67 subjects with
PKU compared to 161 controls. It was also observed that 20% (53 of 263) of subjects
with PKU experienced clinical fractures. Only one study, which included a control
group, observed a 2.6-fold higher fracture rate after 8 years in subjects with PKU. Ina
total of 12 studies (n = 412 subjects), the majority (75%) of the studies, representing
71% of subjects, reported no association between Phe levels and BMD. The authors
concluded that further research was needed to determine the etiology and health con-
sequences among PKU patients with lower BMD and suggested the need to improve
study methodologies [13].

Another systematic review included 13 studies on BMD in PKU subjects. Of these
studies, 5 were conducted with children and adolescents, 5 mixed the pediatric and
adult populations, and 1 study was exclusively in adults. In 10 of the 11 studies, a
lower BMD in PKU subjects compared with control subjects was found. Some analyses
have evaluated differences in BMD between adherent and nondiet subjects, with
lower BMD observed in the group with less adherence to specific diet therapy. Of the
included cohort studies, a prevalence of osteopenia between 28 and 46% and osteo-
porosis between 5 and 14% was reported. In addition, 6 studies evaluated vitamin D
levels, observing different results. One study did not detect differences between PKU
and control subjects; in the study of adults, all PKU patients had normal vitamin D
values; and another study observed lower vitamin D levels. The authors report that
individual studies have reported lower BMD, which indicates a greater risk of osteo-
porosis; however, when BMD results of the entire group were evaluated, this finding
had no clinical significance. Therefore, there is a need to use standard definitions
when evaluating BMD, since this interferes with analyses and comparisons between
studies [14].

It was believed that the pathophysiology of osteopenia was the result of a low
intake of vitamin D and calcium; however, it was later determined that the spe-
cial formulas provided for IEM patients contained amounts that often exceeded
established requirements. Thus, a positive correlation between BMD, calcium, and
adequate consumption of the special formula was found. Therefore, another pos-
sible etiology was raised, which relates to low adherence to nutritional treatment
and increased Phe level, which could cause bone demineralization and be associated
with the existence of a bone disruption. In PKU patients with poor metabolic control,
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levels of parathyroid hormone and alkaline phosphatase activity are increased, and
both are related to vitamin D and calcium deficiency, producing hypercalciuria.
Another factor that should be mentioned is a possible inadequate intake of key
nutrients such as docosahexaenoic acid (DHA), creating a deficiency that has been
associated with osteopenia in PKU patients [10].

2.7 Situation in Chile

The national health survey for 20162017 evaluated serum levels of vitamin D
in women of childbearing age, in which an average of 20 ng/mL was observed, with
52.7% of women being classified as deficient and 34.3% with insufficiency [4].

In Chile, since the 1990s, a public policy of supplementing infants with vitamin
D has been implemented. The policy started with the administration of a single dose
of vitamin D and now recommends 400 IU daily for the first year of life. In addition,
in July 2022, a new modification to the food health regulations was published that
establishes the fortification of foods with vitamin D3. Therefore, liquid milk will have
to be fortified with 1 ug/100 ml, powdered milk with 10 pg/100 g, and flour with
2.25 pg/100 g. The food industry has 12 months to comply with this requirement,
which is intended to improve the deficiency figures in the population as a whole [4].

The first study in the Chilean PKU population on this topic was conducted in 2014,
in which PKU subjects (n = 16, mean age 14 years) were compared with subjects with
HPA who did not require nutritional treatment without Phe (n = 16, mean age 12 years)
and a control group (n = 16, mean age 16 years). The following were evaluated: serum
levels of 250HD, BMD of the femur, lumbar and total body were measured by DEXA.
With respect to vitamin D levels (Figure 2), the PKU group had an average serum

25-OHD (ng/ml)

20 —— | -

104

G1-PKU G2-HPA G3-C

Figure 2.
Plasma 250HD (ng/mL) concentration in each group. Plasma 250HD concentration in three groups of patients:
Group 1: PKU, Group 2: HPA, and Group 3: Control.
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250HD level of 38.9 ng/mL and 2 of the 16 had deficient values, while 10 of the 16 sub-
jects with HPA, and 6 of the 16 controls were deficient in vitamin D. No difference was
observed in the BMD z-score of the lumbar spine, femur, or total body. Therefore, it was
concluded that the PKU subjects in treatment and with good adherence to diet therapy
did not present 250HD deficiency and also did not show differences in BMD [15].
Another more recent study in Chilean subjects compared 10 PKU subjects on
nutritional treatment (mean age 23.6 years) with 16 PKU without treatment (mean age
22.6 years) and 26 control subjects without PKU (mean age 23.1 years). In this study,
it was observed that the control group presented a higher spine BMD (1.28 + 0.16 g/
cm”) compared to the other two groups with PKU: PKU with treatment = 1.14 + 0.16 g/
cm’” and PKU without treatment = 1.14 + 0.16 g/cm?) and the PKU group without
treatment had a lower femoral neck BMD (1.0 + 0.19 g/cm®) compared to the control
group (1.15 £ 0.19 g/cmz). Among PKU patients in treatment, vitamin D deficiency
was not observed, but 30% presented insufficient values. While 33% of the PKU group
without treatment had deficiency and 47% insufficiency, and in the control group, it
was observed that 12% had deficiency and 46% insufficiency. In addition, a negative
correlation was observed between serum vitamin D values and blood Phe levels [16].

3. Glucose transporter type 1 deficiency syndrome (GLUT1DS)
3.1 Definition

D-glucose is the primary fuel for cellular metabolism, intestinal and cellular
absorption. Glucose transporter type 1 (GLUT-1) is found in erythrocytes, fibro-
blasts, and the blood-brain barrier, and its purpose is to deliver glucose to tissues in
the absence of insulin. As this is the only transporter that delivers glucose from the
blood to the brain, deficiency leads to a decrease in brain glucose. Cellular metabolism
is regulated by glycoprotein systems for each tissue, specifically those that maintain
glucose homeostasis in the body. In 1991, Glucose Transporter Type 1 Deficiency
Syndrome (GLUT1DS) (OMIM 606777) was described in two patients who presented
epileptic encephalopathy that evolved with psychomotor development delay, cranial
growth arrest, microcephaly, incoordination, and spasticity. In addition, a decrease in
glucose and lactate levels in cerebrospinal fluid (CSF) was detected, but hypoglyce-
mia was not observed [17, 18]. The gene encoding the GLUT1 transporter (SLC2A1) is
located on chromosome 1p34.2 [17].

3.2 Incidence and inheritance

Most patients with GLUT1DS have a new heterozygous variant in the SLC2A1
gene, and around 10% have one parent who carries the variant; it has been described
as having autosomal dominant inheritance; however, there are some cases described
with autosomal recessive inheritance [19]. Its general incidence has not been deter-
mined; only a prevalence based on generalized epilepsy of 1.65-4.3 per 100,000 live
births has been reported [20].

3.3 Pathophysiology

GLUT1DS is a neurological disorder with broad phenotypic variability. The classic
or most severe presentation involves early epileptic encephalopathy, associated with
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developmental delay, acquired microcephaly, lack of motor coordination, and spastic-
ity. Seizures appear within the first 4 months of life, usually characterized by episodes
of apnea, cyanotic spasms, akinetic crisis, and characteristic eye movements. Seizures
are more frequent are myoclonic or atonic or absences of early appearance. Other
findings include intermittent paroxysmal ataxia, confusion, lethargy, sleep distur-
bances, and headaches. Many more cases with this syndrome have been described,
extending the phenotype to individuals with ataxia and intellectual delay but no
seizures, individuals with dystonia and choreoathetosis, and individuals without
seizures and no movement disorder [21].

3.4 Diagnosis

Laboratory tests show persistent hypoglycorrhachia below 40 mg/dL in the most
severe forms and between 41 and 52 mg/dL in mild forms [21]. In addition, CSF lac-
tate may or may not be decreased (<1.4 mmol/L), and glycemia is normal. Diagnostic
suspicion is established when the ratio between CSF and plasma glucose is less than
0.4. Confirmation of the diagnosis is made by determining a variant in the SLC2A1
gene. In 81-89% of patients, sequence analysis identifies heterozygous pathogenic
variants (or, rarely, biallelic pathogenic variants), and in 11-14%, diagnosis is con-
tirmed by deletion/duplication analysis. However, the absence of a variant in SLC2A1
does not exclude GLUT1DS [22].

3.5 Treatment

A ketogenic diet therapy (KDT) should be started as soon as possible, to provide
the developing brain with an additional supply of metabolic fuel through ketone
bodies. After beginning KDT, one study found that in 83% of cases, seizures were
stopped, a reduction in 82% of movement disorders, and 59% had an improvement
in their cognition [23]. KDT consists of maintaining a 3:1 fat/carbohydrate + protein
ratio, with an intake of 85-87% fat, 5-10% protein, and 3-5% carbohydrate (CHO)
[24]. Ketogenesis is considered when fasting ketonemia (beta-hydroxybutyrate acid)
is greater than 2.0 mmol/L and should be kept below 5.0 mmol/L. It is recommended
to maintain KDT throughout life due to its benefits of the KDT and because there is no
evidence on effective alternative treatments nor deleterious results that would point
to stopping this nutritional therapy [23]. Despite the fact that KDT is highly effective
in seizure control, as it is a diet that eliminates various natural foods, there is some
risk of not meeting the requirements of critical nutrients such as calcium, vitamin D,
and iron, among others. Several adverse effects associated with the long-term use of
KDT have been described, such as slower weight gain, osteopenia, and dyslipidemia,
which is why close surveillance and long-term follow-up are recommended to prevent
associated adverse effects of KDT [25, 26].

3.6 Vitamin D and bone health in GLUT1DS

Various hypotheses have been proposed as to why KDT might have a deleterious
effect on bone health, but scientific evidence to support these hypotheses is scant.
Findings related to changes in bone health have been mixed and performed mainly
in adults with refractory epilepsy practicing KDT for short periods. Further, another
variable that has a great weight on the deleterious effect on bone integrity must be
considered, namely, the prolonged use of antiepileptic drugs (AEDs), which have
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been shown to produce a decrease in BMD [27, 28]. A recent review of the literature
indicates that various AEDs accelerate vitamin D catabolism, causing a decrease in the
plasmatic level of 250HD, inducing hypocalcemia associated with other secondary
mechanisms such as: calcitonin, vitamin K, and carnitine deficiency [29, 30].

KDT is used as an alternative therapeutic intervention to control seizures among
people with refractory epilepsy. However, it should be noted that KDT, by decreas-
ing the intake of carbohydrates and proteins, and increasing the intake of lipids,
increases the production of ketone bodies. This hyperketosis induces chronic keto-
acidosis, increasing urinary calcium excretion, without increasing intestinal absorp-
tion of this mineral, resulting in a greater loss of bone calcium, increasing bone
resorption, and decreasing renal conversion of 250HD by 1.25-dihydroxyvitamin D3
(1,25(0OH)2D3) [31, 32].

Most studies on bone health and KDT have been carried out in people with refrac-
tory epilepsy, but not in GLUT1DS, and agree that there is a close correlation between
metabolic acidosis, a low calcium intake, and deficient 250HD levels (<20 ng/mL).
These factors predispose a person to bone demineralization [33]. It is important to
note that demineralization is greater in patients with low mobility and those with a
body mass index greater than 25. For this reason, it is recommended to perform bone
densitometry annually or every 2 years, to detect bone alterations early (e.g., osteope-
nia and osteoporosis). It is also recommended to measure 250HD level and determine
if the KDT covers the requirements of both calcium and vitamin D. In the event that
these nutrients are not in accordance with recommendations established by age and
sex, pharmacological supplementation is necessary [34].

A systematic review of persons using KDT included 7 papers (6 conducted in
children and 1 in adults) and evaluated levels of 250HD pre and posttreatment,
showed that the values of this vitamin at the beginning of the KDT were below what
is recommended (8% had insufficient level of 250HD). During the diet, persons were
supplemented according to the doses recommended for children, and 250HD values
increased after 3 months of receiving the supplementation. Levels later stabilized
or decreased. In cases where 250HD was low, it was attributed to a decrease in
1,25(0OH)2D3, suggesting that KDT interacts with hydroxylases. Regarding changes
in BMD, or mineral content, only three studies indicated that there was a decrease in
BMD posttreatment [35, 36].

It is important to point out that one of the complications in KDT is the risk of hyper-
calciuria and urolithiasis, which is why vitamin D supplementation in this diet has
not been determined, since this could exacerbate this alteration. However, one study
showed an inverse relationship between urinary calcium and creatinine excretion and
250HD level, indicating that vitamin D supplementation would be useful in preventing
hypercalciuria. Thus, it is recommended to maintain a 250HD level above 40 ng/mL,
which would be achieved with a vitamin D3 supplementation of 50 IU/kg/day [37].

A study carried out in adult patients with refractory epilepsy, and the Modified
Atkins diet (MAD) showed that after 12 weeks of being on this diet, bone densitom-
etry showed significant changes in bone and calcium metabolism, with a possible
negative effect on bone health. The authors concluded that it is important to maintain
frequent monitoring to prevent changes in bone structure [35].

It has been proposed that the chronic use of KDT in children could be associated
with a decrease in bone mass and thereby increase the risk of fractures. One study
showed a 0.16 standard deviation decrease in BMD for each year a child maintained
the KDT [32]. Another study observed that 20% of children (over 6 years of age)
in KDT and in treatment with antiepileptic drugs had a higher incidence of bone
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fractures and a lower BMD. The authors proposed that this negative effect could be
due to the metabolic acidosis it causes the lower intake of vitamin D, reduced physical
activity, and the concomitant effect caused by AEDs [37].

Considering that KDT is the treatment for GLUT1DS, it is important to determine
the state of bone health among persons with this condition [22]. However, to date,
there have been very few studies that evaluate the effect of KDT on bone health and
the level of 250HD in people with GLUT1DS. In addition, most published stud-
ies have been carried out in adults. One study was conducted in three adults with
GLUT1DS using KDT for more than 5 years. These adults had a normal BMD at the
start of the diet and, after 5 years of the KDT, experienced no changes in BMD or
bone mineral content [38]. However, it should be mentioned that these results cannot
be extrapolated to children, since, in the adult stage, bone turnover is almost noth-
ing, unlike what occurs in pediatrics, where the rate of skeletal turnover is very high
due to the period of growth and the need to accumulate bone mass [24]. In another
study carried out in 139 adults with refractory epilepsy who started a KDT and were
followed up for a period of 5 years, osteopenia or osteoporosis was diagnosed in 8 of
11 cases. The authors noted that 6 cases had a previous history of alterations in BMD,
and only 2 cases were diagnosed throughout the period of study. The authors associ-
ated these alterations with KDT and the use of AEDs [39].

In summary, we conclude that KDT adversely affects bone health and the plas-
matic value of 250HD. This is in accordance with international recommendations
that state that KDT should be started as early as possible and that patients should be
closely monitored to evaluate all parameters that could be altered with this nutritional
treatment, for example, the prevention of nutritional deficiencies or excesses. At
present, KDT is the only treatment available to eliminate or reduce seizures in more
than 80% of cases of GLUT1DS [22].

4, Galactosemia
4.1 Definition

Classic galactosemia (GALT) is a deficiency of the galactose-1-phosphate-uridyl-
transferase (GALT) enzyme and belongs to the galactose metabolic pathway
(Figure 3) [24].

4.2 Incidence and inheritance

GALT has an incidence of 1:30,000 to 1:60,000 live births and 1:47,000 in the
Caucasian population [40]. Galactosemia has an autosomal recessive inheritance,
which is classified as severe or variant depending on the phenotype, genotype, and
long-term complications. GALT mortality decreased considerably since the begin-
ning of neonatal screening; however, a large percentage of cases manifest symptoms
during the first days of life, and long-term complications such as infertility and
dyspraxia, among others, persist [41].

4.3 Pathophysiology

Due to the failure of this enzyme, the conversion of alpha-D-galactose-1-phos-
phate to alpha-D-glucose-1-phosphate does not happen, leading to an accumulation
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Galactose Metabolism
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Figure 3.

Galactose Metabolism. 1: Galactose dehydrogenase, 2: Galactokinase (GALK), 3: Galactose-1-phosphate-
uridyl-transferase (GALT), 4: UDP-galactose-4-epimerase (GALE), 5: Aldose reductase, and 6: UDP-glucose
pyrophosphorylase and UDP-galactose pyrophosphorylase.

of galactose-1-phosphate, galactitol, and galactonate [42, 43]. Without diagnosis in
the first days of life, liver failure, sepsis, and potential neonatal death can occur [44].
Despite early treatment, individuals affected by this condition may experience long-
term complications, such as cognitive deficits, language problems, growth retarda-
tion, prepubertal developmental delay, low bone mineral density, persistent cataracts,
and, in women, primary ovarian deficiency [42].

4.4 Diagnosis

To confirm the diagnosis is necessary to measure galactose-1-phosphate and GALT
activity in red blood cells. In many countries, this condition is considered in neonatal
screening, measuring both galactose and GALT activity. Also, you can request GALT
gene analysis [40].

4.5 Treatment

Dietary galactose restriction has been the standard treatment since the 1950s,
as it improves acute symptoms. Restriction should start from the suspicion of the
pathology, even if the diagnosis is not confirmed [40]. The latest GALT guidelines
recommend the elimination of galactose and lactose from all dairy products. Thus,
breast milk and infant formulas should be eliminated, and nutritional recommenda-
tions should be covered with elemental or soy-based formulas [43]. In addition, the
minimum contribution of galactose from other food sources such as fruits, vegetables,
legumes, soybeans, mature cheeses that contain <25 mg galactose/100 gr, and foods
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that contain additives such as calcium and sodium caseinate are allowed [40, 43].
Recommendations are based on various studies that have demonstrated that the
intake of 200-600 mg galactose from fruits, vegetables, and cereals does not have a
significant impact on urinary galactitol or galactose-1-phosphate levels (Gal-1-P),

in erythrocytes, nor in physical or ophthalmological alterations [42]. Monitoring of
nutritional treatment requires measurement of Gal-1-P levels at 3 and 9 months after
the initiation of galactose restriction [43]. Periodic monitoring of long-term com-
plications is relevant, such as cognitive and neurological alterations, language delay,
infertility, decreased bone mineralization and cataracts [41, 43].

4.6 Vitamin D and bone health in GALT

Due to restricted galactose nutrition, foods with a higher calcium and vitamin D
content are affected, such as dairy products and derivatives. Thus, treatment includes
optimizing calcium and vitamin D3 intake, including supplementation and monitor-
ing. Annual evaluation of BMD during periods of growth and every 5 years of postpu-
berty is recommended [40].

In different cohorts, it has been observed that BMD is affected in 26% of cases of
GALT [45]. In 2006, 40 subjects (68% women) with GALT were evaluated during 2
years of intervention that included supplementation with vitamin D3, vitamin K1,
and calcium and compared to a placebo group [46]. After the evaluation period, the
supplemented group improved bone mineral content and osteocalcin carboxylation,
a biomarker in vitamin K metabolism that also participates in improving bone
structural organization and architecture [46]. In 2014, after reviewing the existing
evidence, a proposal was drafted to prevent low BMD [47]. It was observed that
although complications appear in the adult stage, a BMD deficiency can be observed
in the prepubertal stage. One of the key points of the proposal is the measurement
and control of vitamin D status, through the total serum concentration of 250HD,
which should be above 30 ng/mL. Table 3 shows daily recommendations for calcium
and vitamin D. Based on the proposal, current guidelines for the GALT population
include the monitoring of vitamin D and calcium intake, in addition to measurement
of serum 250HD, to determine if supplementation is necessary and, if needed, to
evaluate its effect.

Ageinyears Calcium (mg/day) Vitamin D (IU/day)
<1 200-260° 400-1000
1-3 700 600-1000
4-8 1000 600-1000
9-13 1300 600-1000
14-18 1300 600-1000
19-70 1000 (men); 1200 (women) 1500-2000
>70 1200 1500-2000

‘Reflects adequate intake, since a daily dietary recommendation has not yet been established for this group.
Adapted from Erven et al. [47].

Table 3.
Dietary recommendations for calcium in mg/day and vitamin D in IU/day for different age groups at visk of low
bone mass.
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In 2016, a descriptive review regarding vitamin D status in subjects with GALT was
published [48]. Six studies that measured the status of 250HD were analyzed, and 4
of them included child cohorts [49-52]. In these cohorts, serum levels of this vitamin
were in the adequate range and among adults, levels were below reference values
[53, 54]. Therefore, the recommendation is to constantly monitor serum level with
250HD, optimize dietary intake, and assess the need for supplementation with serum
levels less than 30 ng/mL.

5. Conclusions

IEMs are genetic conditions that affect an enzyme of a metabolic pathway. Toxins
that cause clinical manifestations accumulate, and, in some of these cases, a specific
treatment should be initiated that consists of diets without the toxic metabolite,
vitamin supplementation, and/or the use of detoxifying drugs.

Studies in which persons with IEMs were compared with control subjects, no
differences were observed in terms of 250HD levels or BMD. Vitamin D deficiency is
similar to the healthy population, which may be due to the fact that special formulas,
for the most part, are fortified in large quantities with vitamin D3.

Among persons with PKU, lower BMD has been observed but is not necessarily
related to low levels of vitamin D. Therefore, the cause is likely multifactorial, pos-
sibly associated with poor adherence to diet therapy and an increase in Phe level in
blood, which would produce alterations in bone metabolism.

KDT is used in the management of refractory epilepsy and GLUT1DS. This diet
has been associated with greater vitamin D deficiency and lower BMD compared to
control subjects or patients prior to starting KDT. This is likely due to a lower intake
of vitamin D and calcium, use of AEDs, hyperketosis, and chronic metabolic acidosis
that would affect bone metabolism.

In GALT, vitamin D deficiency has been reported to be related to the restrictive
diet, for which bone alterations have also been detected.

For patients with IEMs who must follow these strict diets, it is important to peri-
odically evaluate that they are meeting dietary recommendations for critical macro
and micronutrients, determine vitamin D levels, and plan an early and timely check
of BMD to prevent bone alterations and grant a better quality of life.
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Appendices and nomenclature

IEM Inborn errors of metabolism
250HD 25-hydroxy-vitamin D

BMD Bone mineral density

PKU Phenylketonuria

MSUD Maple syrup urine disease
PA Propionic acidemia

MMA Methylmalonic acidemia
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CPS

OTC
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Phe
LNAA
GMP
DHA
GLUT1DS
CSF

KDT
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