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Inborn errors of metabolism comprise a wide array of diseases and complications in the pediatric patient.
The rarity of these disorders limits the ability to conduct and review robust literature regarding the disease
states, mechanisms of dysfunction, treatments, and outcomes. Often, treatment plans will be based on the
pathophysiology associated with the disorder and theoretical agents that may be involved in the metabolic
process. Medication therapies usually consist of natural or herbal products. Established efficacious pediatric
doses for these products are difficult to find in tertiary resources, and adverse effects are routinely limited to
single case reports. This review article attempts to summarize some of the more common inborn errors of

metabolism in a manner that is applicable to pharmacists who will provide care for these patients.
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Introduction

Inborn errors of metabolism (IEMs) were first de-
scribed in 1908 and have subsequently grown to
more than 1400 different diagnoses described in the
literature? As the means to identify these disorders has
improved, the number of patients receiving a diagnosis
of IEM has increased. Each individual disease state is
rare, but the combined risk for any form of IEM may
be as common as 1in 800 to 2500 patients.®* Inborn
errors of metabolism can occur in almost any meta-
bolic pathway, including carbohydrate, phospholipid,
or amino acid production or metabolism. Other energy
production pathways may be affected as well, includ-
ing the citric acid cycle, the electron transport chain,
or the production or use of various coenzymes and
vitamins. These errors result in substrate accumulation,
metabolite accumulation, enzyme deficiency, energy
steal, or molecular accumulation, which in turn results
in the symptoms associated with IEM.3

Metabolic errors may present with an array of symp-
toms. Signs and symptoms of IEM are often non-specific
and include a sepsis-like presentation, lethargy, vomit-
ing, acidosis, and developmental delay.* Acute and
chronic presentations may differ. Initial acute episodes
may be life-threatening if not adequately treated and
present with acute neurologic changes, metabolic crisis,
and death, whereas chronic symptoms, such as poor
growth and development, may be more manageable.
The non-specific nature of these sequelae results in
the treatment of several diagnoses at the same time.
Thus, multiple medications may be started around the
same time and the elucidation of which agent resulted in

benefitis difficult to determine. This may exacerbate the
condition of the patient. For example, the patient who
has been unable to receive adequate enteral nutrition
may be initiated on parenteral nutrition. Situations in
which the metabolic disorder lies within lipid or amino
acid metabolism can result in sequelae and contribute
to the complications the patient is experiencing. The
ability of the pharmacist to curtail the medication cock-
tail is limited until a diagnosis is established. An under-
standing of each disease state may help the pharmacist
to make appropriate recommendations and minimize
polypharmacy once a diagnosis has been established.

Diagnosis may be prolonged because a multitude of
laboratory assessments will need to be evaluated. Most
institutions are unable to perform the specific labora-
tory analysis for IEM. This results in a delay in disease
identification as samples are sent for testing. Large
blood volumes are required to provide a complete
definitive diagnosis. The amount of blood necessary
will be dependent on the patient’s presentation and
differential diagnosis. However, in an effort to avoid
diagnostic phlebotomy, only a few lab tests may be
drawn each day. Depending on patient status, only
the most likely tests or those with lower blood volumes
may be sent. Some institutions may not have a genetic
specialist within the organization. Thus, additional time
may be needed to transmit the information to a genetic
specialist and receive a response. Genetic variation can
lead to a wide range of symptoms within a single IEM,
further complicating the ability to accurately diagnose
and to promptly treat.

Institutional policies may also result in a delay in
therapy. Medication therapy used in IEM often consists
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of nutritional or herbal supplements or medications that
an institution may not routinely carry. Such therapies
may be considered non-formulary, requiring further
efforts or time to obtain. Institutional policies may
label nutritional and herbal supplements as banned
substances because of the lack of primary evidence
or concern that the US Food and Drug Administration
oversight regarding these agents is not as robust as
that for prescription medications. Therefore, the likeli-
hood that a pharmacist will assist in caring for these
patients is expanding.

Understanding IEM can provide the pharmacist with
ample opportunities to impact the care of the patient
with a metabolic disorder. The pharmacist can play a
critical role in providing care for these patients. This
may range from counseling patients and families, pro-
viding dosing information to prescribers, assisting the
prescriber and family in brand or medication selection,
providing inpatient rounding services, and acquiring
the needed medications if not available because of
formulary restrictions or lack of availability via the
wholesaler. The purpose of this review is to provide
the pharmacist with an overview of several IEMs, the
rationale for using a particular medication, and impor-
tant pharmacotherapeutic information regarding each
agent. This review will not be all-encompassing but
should provide the reader with a better understanding
of IEM and its medication management. Figures of the
metabolic pathways are not provided, but a review
of them will greatly help the reader understand the
metabolic abnormality, potential symptoms of each
disorder, and the rationale for the use of herbal and
nutritional supplements.

Errors in Carbohydrate Metabolism

Carbohydrate Metabolism. Carbohydrate metabo-
lism via monosaccharides provides cells with a source
of energy as well as a methodology for energy stor-
age. Most organisms use glycolysis in some fashion
as a means of energy production.® The metabolism
of glucose, dextrose, fructose, or mannose initially
requires phosphorylation via a molecule of adenosine
triphosphate (ATP) and a hexokinase.® Phosphofructo-
kinase-1 then phosphorylates glucose once again in
preparation for cleavage by aldolase. Once cleaved, the
2 new molecules of glyceraldehyde-3-phosphate can
progress through carbohydrate metabolic processes.
The metabolic process results in a net gain of 2 mol-
ecules of ATP and 4 molecules of reduced nicotinamide
adenine dinucleotide (NADH). This process also gener-
ates acetyl-coenzyme A (acetyl-CoA) from pyruvate via
pyruvate dehydrogenase, which is a vital source for
energy production. The enzymatic reactions involved
in phosphorylation are irreversible; however, alterna-
tive enzymatic processes can recreate the metabolic
precursor and allow for gluconeogenesis.

Galactose metabolism begins with a phosphoryla-

tion step as well; however, the process results in the
formation of uridine diphosphate glucose. Uridine
diphosphate glucose can then be transformed in 2
ways. The first is conversion to glucose-1-phosphate,
which will then enter carbohydrate metabolism and
follow a pathway similar to that described above. The
second is via glycogen synthase, which results in the
creation of glycogen. Glycogen provides a means to
store glucose for future energy need during periods of
fasting. The overall process is regulated via substrates,
metabolites, and enzymes, along with hormones such
as insulin, to ensure that glycolysis, glycogenesis, and
glycogenolysis are being adequately maintained.

Carbohydrate Metabolism Dysfunction and Treat-
ment. Given the sheer number of reactions in the
metabolic pathways described above, the potential for
error is significant. Several IEMs have been identified
in carbohydrate metabolism and may affect the ability
to break down monosaccharides, such as fructose
and galactose, into pyruvate precursors. For example,
a patient with aldose B deficiency or hereditary fruc-
tose intolerance accumulates fructose-1-phosphate,
resulting in corresponding symptoms.” The patient may
present with vomiting, hypoglycemia, abdominal pain,
lethargy, convulsions, jaundice, and hepatomegaly.® If
the disease is not identified in a timely manner, the pa-
tient will continue to experience hypoglycemic events
and eventually progress to hepatic failure, renal failure,
and death. Symptoms and complications of hereditary
fructose intolerance can be avoided by restricting
dietary intake of fructose.”® Galactose-1-phosphate
uridyl transferase deficiency, or galactosemia, will
cause accumulation of galactose-1-phosphate, which
may result in symptoms similar to those of hereditary
fructose deficiency. In addition, patients with galactose-
mia may develop cataracts, intellectual disability, verbal
dyspraxia, hypergonadic hypogonadism, increased
risk for Escherichia coli sepsis, and coagulopathies*"
Avoidance of lactose and galactose is the mainstay of
treatment. Rapid identification and dietary restrictions
for galactosemia can reverse some of the complications
and prevent intellectual disability.

A defect in the pyruvate dehydrogenase complex
can result in a wide spectrum of dysfunctions ranging
from ataxia to death.” Neonates may present more
severely, with a profound lactic acidosis and eventual
progression to encephalopathy and/or death. Those
who present within the first few months of life may have
psychomotor retardation and significant lactic acidosis.
Patients who present at an older age may retain some
enzymatic activity and have less severe complications.
In rare cases, pyruvate dehydrogenase complex de-
ficiency may be caused by a mutation that alters the
affinity for thiamine phyrophosphate, a coenzyme in
the metabolic process that may help facilitate normal
function and minimize toxic metabolites.* Because of
this, thiamine is routinely supplemented when pyruvate
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dehydrogenase complex deficiency is part of the dif-
ferential diagnosis. Thiamine may be initiated at a dose
of 5 to 50 mg/kg/day based on response, physician
preference, and adverse effects (Table 1).4®

Alternatively, dysfunction in the pyruvate carboxylase
enzyme may be due to defects in the metabolic pro-
cesses that create biotin, a necessary coenzyme for
the reaction. A dysfunction in biotin production results
in multiple carboxylase deficiency and poor function in
all carboxylation reactions. Pyruvate carboxylase defi-
ciency and multiple carboxylase deficiency can range
from mild to severe and can include lactic acidosis,
ketoacidosis, hyperammonemia, organic acidurias,
ataxia, motor deficits, neurologic deficits, and death.®®
Biotin stores can be depleted over time by inadequate
consumption and absorption. Subsequent supplemen-
tation with biotin can be initiated and is generally well
tolerated. More information regarding biotin pharma-
cotherapy can be found in Table 1.

Metabolic errors can impair pathways for energy stor-
age or glucose regeneration. Twelve different glycogen
storage diseases have been identified that prevent
glycogenolysis and affect glycogen quality, quantity, or
both.®® One of these storage diseases, type Il glycogen
storage disease, or Pompe disease, is caused by a
defectin the lysosomal a-1,4-glucosidase, thus prevent-
ing the release of glucose-1-phosphate from glycogen
macromolecules in the lysosomes. This disease state
results in glycogen accumulation in muscle tissues,
and subsequently hypotonia similar to that of muscular
dystrophies.”® Additional complications include feeding
difficulties, hypertrophic cardiomyopathy, hepatomeg-
aly, and cardiorespiratory failure. Interestingly, Pompe
disease does not present with hypoglycemia, because
cytoplasmic glycogen metabolism remains unaffected.”

Recently, increased research and drug develop-
ment for novel therapies has resulted in the creation
of several recombinant enzymes for patients with an
IEM. A recombinant enzyme has been engineered
for Pompe disease. Recombinant therapy may help
stabilize the deterioration associated with Pompe
disease by improving motor function and preventing
pulmonary dysfunction.”? Other recombinant enzymes
have been developed for Fabry disease, Gaucher
disease, and various mucopolysaccharidoses. Most
of the recombinant enzymes are derived from a Chi-
nese hamster ovary cell line. Thus, the most common
adverse medication events are infusion related, such
as tachypnea, rash, flushing, urticaria, agitation, rigors,
and tachycardia. Antibody development is quite com-
mon, and many patients will develop immunoglobin G
to these enzymes. This may result in anaphylaxis or
a decreased therapeutic response to these agents.””
Table 2 lists several recombinant enzymes that are
used to treat various IEMs, along with each enzyme’s
indication, dose, and common adverse events. These
products are all given via intravenous infusion every 1

to 2 weeks. Given the concern for anaphylactic reac-
tions, the patient must make routine trips to an acute
care center or outpatient infusion center to receive
their therapy. The method of obtaining the enzymes
will depend on the insurer and may require that the
product be obtained from the manufacturer. Initiation
of enzyme replacement therapy may be delayed while
issues around documentation, medication transport,
and insurance coverage are addressed.

Errors in Lipid Metabolism

Fatty Acid Metabolism. Fatty acids provide a vital
and efficient source of energy for cells. Most fatty acids
are obtained through the diet and used for energy or
phospholipid production, stored for later use, or con-
verted into bile acids. As with carbohydrate metabolism,
hormones and catecholamines play integral roles in
determining the ultimate fate of the fatty acid.

A wide variety of fatty acids exist, and fatty acid
composition is dependent on carbon chain length, the
number of double bonds, and the position of the double
bonds in the chain. Despite this, the metabolic process-
es that fatty acids undergo follow a similar pathway. All
fatty acid metabolism begins by activation via acyl CoA
synthetase in the outer mitochondrial membrane. The
fatty acid molecule binds with CoA to form an acyl CoA
molecule. The acyl CoA then combines with carnitine
to enter into the inner mitochondrial membrane for
metabolism. Carnitine acyltransferase-| facilitates the
binding of acyl CoA in the outer mitochondrial mem-
brane, whereas carnitine acyltransferase-ll frees the
carnitine molecule in the inner mitochondrial membrane
for further acyl CoA metabolism. Various subtypes of
carnitine acyltransferase exist, and the type used is
dependent on the type of the fatty acid.

The acyl CoA molecule is then oxidized to generate
acetyl-CoA for energy production. A major enzyme re-
sponsible for this reaction is acyl-CoA dehydrogenase.
Much like acyltransferase, there are several subtypes,
and the structure of the fatty acid determines which
enzyme will continue the metabolic process. After this
step, further metabolism results in the release of 1 mol-
ecule of acetyl-CoA and an acyl CoA shortened by 2
carbon groups. Eventually, only a 4- or 5-carbon chain
will remain. An additional cycle will produce either 2
molecules of acetyl-CoA or a molecule of acetyl-CoA
and propionyl-CoA, depending on the remaining length
of the carbon chain.®

This process results in the creation of an acetyl-CoA
which is a 2-carbon chain. This is known as 3-oxidation
because the last 2 carbon atoms are cleaved from the
fatty acid chain. Fatty acid metabolism can be accom-
plished via several different mechanisms, such as a-,
-, or w- oxidation. a-Oxidation results in the shortening
of the fatty acid chain via 1 carbon group. -Oxidation
as described is the primary mechanism of fatty acid
metabolism in humans. w-Oxidation results in the ter-
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minal carbon group’s conversion to succinate or adipic
acid. Although they are an infrequent method of fatty
acid metabolism, w-oxidation pathways may become
more prevalent in patients with disorders in 3-oxidation.

Lipid Metabolism Dysfunction and Treatment.
As with carbohydrate metabolism, errors in lipid me-
tabolism have been identified in several steps in the
process. Common modalities of dysfunction include
dysfunction or deficiency of the carnitine transferase
and acyl CoA dehydrogenase enzymes. Because enzy-
matic function is dependent on the fatty acid structure,
dysfunction could occur in any of the various carnitine
transferase or acyl CoA dehydrogenase enzymes. In
these cases, the most common presentation will be
life-threatening coma during periods of fasting and
hypoglycemia without ketosis, which is also known as
hypoketotic hypoglycemia.*”® Additional clinical mani-
festations will primarily affect cells in the liver, skeletal,
and cardiac muscle, where 3-oxidation is greatly used.

Two types of levocarnitine deficiencies exist. Primary
carnitine deficiency is due to an inability of acyl CoA
to effectively bind to levocarnitine and enter the in-
ner mitochondrial membrane. This disorder results in
lower carnitine levels. A secondary carnitine deficiency
occurs when an acyl CoA dehydrogenase enzyme
is dysfunctional, resulting in levocarnitine rebinding
with acyl CoA and lower levels of free levocarnitine
for transport of fatty acids into the inner mitochondrial
membrane. In either disorder, patients may present
with cardiomyopathy, skeletal muscle weakness, lower
carnitine levels, renal tubular acidosis, hyperammonia,
myoglobinuria, rhabdomyolysis, or hypoketotic hypo-
glycemia. Without levocarnitine supplementation, this
disease can progress to rhabdomyolysis or death.3%74
Levocarnitine supplementation is common in patients
with fatty acid metabolism disorders, although use is
controversial outside of primary carnitine deficiency.”
Depending on the severity of presentation, therapy
may be initiated with intravenous levocarnitine. Once
the patient has stabilized therapy can be transitioned
to enteral formulations. More information regarding
levocarnitine can be found in Table 1.

Acyl CoA enzymes comprise the small-, medium-,
long-, and very long—chain acyl CoA dehydrogenases,
and the acyl CoA enzyme used is dependent on the
size of the acyl CoA molecule. The most common fatty
acid 3-oxidation deficit is in the medium-chain acyl CoA
dehydrogenase enzyme.”® Medium-chain acyl CoA de-
hydrogenase (MCAD) facilitates the degradation of fatty
acids between 4 and 12 carbon units in length.”® Patients
with MCAD deficiency may present with vomiting, hypo-
ketotic hypoglycemia, and lethargy, which can progress
to seizures or coma.”® Secondary carnitine deficiency
will develop over time as further acyl CoA metabolismis
halted. Patients with very long—chain acyl CoA dehydro-
genase deficiency, which metabolizes fatty acids with 14
to 20 carbons, will have symptoms similar to those with

MCAD deficiency. However, they will have a greater
severity of disease and may also have cardiomyopathy,
a Reye-like disease, or rhabdomyolysis.”” Short-chain
acyl CoA dehydrogenase is often identified in patients
with elevated blood concentrations of ethylmalonic
acid.’® As with other metabolic disorders, there is a wide
range of disease severity, and this may be similar to the
other fatty acid oxidation disorders. Patients with any
form of acyl CoA dehydrogenase deficiency will most
likely be initiated on a 10% dextrose infusion to curtail
the acute event. Those with long- or very long—chain
acyl CoA dehydrogenase deficiency may eventually
be started on medium-chain triglyceride oil. This will
provide the patients with calories while avoiding the
toxic metabolic pathways.”*"”

Finally, defects have been identified in the processes
needed to convert propionyl CoA to substrates used
in aerobic metabolism. Dysfunction of propionyl CoA
carboxylase can be due to deficiency of the enzyme
itself or due to multiple carboxylase deficiency, as previ-
ously described. This will result in propionic acidemia.
Furthermore, methionine, threonine, isoleucine, and
valine produce propionyl CoA through the course of
their metabolism. Hypotonia, lethargy, dehydration,
and metabolic acidosis may be present. Over time this
disorder may lead to mental retardation and additional
neurologic complications.’*-®" Guidelines exist for the
treatment of propionic acidemia.t®82 As with other
forms of fatty acid dysfunction, initial support consists
of hydration, preferably with a dextrose infusion to halt
the use of lipids and amino acids for energy production.
Special formulas or parental nutrition may be required
to limit the amount of valine, isoleucine, threonine,
and methionine given during the crisis. Levocarnitine
supplementation may be necessary to help normalize
B-oxidation and improve acidosis.®' In the setting of
multiple carboxylase deficiency, biotin may be supple-
mented. Additionally, metronidazole may be used for
10 days to eradicate gastrointestinal flora that produce
branched chain amino acids and contribute to the
propionic acidemia.®

Errors in the Electron Transport Chain

The Citric Acid Cycle and Electron Transport Chain.
The citric acid cycle is a vital component to aerobic
metabolism and energy production through the elec-
tron transport chain. Acetyl-CoA, generated from either
carbohydrate, fatty acid, or amino acid metabolism, is
essential to this process. The process begins when
acetyl-CoA combines with oxaloacetate to form citrate.
During the course of the citric acid cycle approximately
1molecule of ATP, 1 molecule of reduced flavin adenine
dinucleotide, and 3 molecules of NADH are generated
and the oxaloacetate is regenerated for further use in
the cycle. The molecules of NADH and reduced flavin
adenine dinucleotide can then be used for additional
energy production in the electron transport chain.
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Figure. The electron transport chain.
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The electron transport chain comprises 4 complexes
and ATP synthase. These complexes facilitate the
transfer of hydrogen atoms out of the mitochondrial
matrix for the creation of an electron gradient. This
promotes the flow of hydrogen protons through ATP
synthase to generate a vast number of ATPs. Complex
| is the NADH dehydrogenase complex. This protein
facilitates the transfer of hydrogen atoms from NADH
to ubiquinone, or coenzyme Q,  (Figure). Ubiquinone
acts as a transport molecule, providing a mechanism
for the hydrogen ions to pass across the membrane
into the intermembrane space. This also restores the
oxidized NAD molecules for further use in carbohydrate
metabolism and in the citric acid cycle. Complex Il, or
the succinate dehydrogenase complex, transfers hy-
drogen atoms from succinate to reduced flavin adenine
dinucleotide, and finally to ubiquinone for transport into
the intermembrane space. The hydrogen-laden ubiqui-
none molecules from complexes | and Il then interact
with complex Ill, or the cytochrome bc, complex. This
protein uses the hydrogen molecules to expel hydrogen
from the mitochondrial matrix into the intermembrane

space and generate an electron gradient. Complex 1V,
or cytochrome oxidase, then maintains the hydrogen
gradient and facilitates the creation of water molecules
from O, and hydrogen. Finally, ATP synthase uses the
protons to spin a central shaft in the molecule and
generate molecules of ATP.

The recycling of hydrogen protons in the process re-
sults in the generation of around 2.5 and 1.5 molecules
of ATP for each molecule of NADH and reduced flavin
adenine dinucleotide, respectively.®> Overall, around
90% of cellular ATP is produced via the electron trans-
port chain and regenerates oxidized NAD without
producing lactic acid.®

Electron Transport Dysfunction and Treatment.
Defects have been discovered in the electron transport
chain and in flavoprotein processes necessary for the
transfer of electrons into the mitochondrial matrix. A
defect in complexes | through IV or in ATP synthase
can result in mitochondrial oxidation dysfunction.®
Because this methodology of energy production is
widespread in tissues, the disorder will present with a
broad array of complications, including lactic acidosis.
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One such disorder, Leigh disease, encompasses a
variety of metabolic dysfunctions that result in similar
characteristics and progressive encephalomyopa-
thies.®58¢ Leigh disease is most commonly associated
with defects in complex |, complex IV, or in the pyru-
vate dehydrogenase complex.® Patients with Leigh
disease will present with hypotonia, developmental
regression or arrest, demyelination, marked gliosis, and
necrotizing encephalomyopathy.®® Other dysfunctions
in the electron transport chain include mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-
like episodes otherwise known as MELAS; myoclonus
epilepsy with ragged red fibers, or MERFF; and external
ophthalmoplegia, myopathies, retinal degeneration,
and heart block or Kearns-Sayre syndrome. Coenzyme
Q,, may be started in any of these disorders. Coenzyme
Q,, plays an instrumental role in the transfer of hydro-
gen across the mitochondrial membrane as previously
described. When coenzyme Q,; is deficient, protons
will remain in the mitochondrial matrix, diminish the
electron gradient, and result in an overall decline in
ATP production.*® When a defect is suspected in the
electron transport chain, coenzyme Q,, will often be
administered. Additional information about coenzyme
Q,, can be found in Table 1. Levocarnitine supplemen-
tation may be initiated as well if there is concern that
stores have been depleted.

Complex Il contains electron transfer flavoproteins,
such as flavin mononucleotide and flavin adenine di-
nucleotide. Dysfunction in electron transfer flavoprotein
dehydrogenase or in the flavoprotein itself can result
in inability to transfer hydrogen atoms across the mem-
brane layer. This results in multiple acyl-CoA dehydroge-
nase deficiency or glutamic aciduria type 2.8788 Patients
with this disorder may present with acidosis, urinary
organic acidemia, hypoglycemia, coma, hypotonia, and
cardiomyopathy.?” Partial deficiencies may present in
a similar manner to MCAD deficiency and subsequent
levocarnitine depletion.®88° Riboflavin, or vitamin B2, is
the key component of flavin mononucleotide and flavin
adenine dinucleotide.#” Humans are unable to make
riboflavin and must rely on dietary intake to maintain
levels.®” Supplementation may be used in patients with
electron transfer flavoprotein defects or in combination
with coenzyme Q,jin Leigh disease.?®% Providing 100
mg of riboflavin per day in 2 to 3 divided doses to all
patients with electron transport flavoprotein defects
may limit clinical manifestations of the disease.*® Refer
to Table 1 for more information regarding riboflavin.

Errors in Amino Acid Metabolism

Amino acid synthesis and metabolism is an extremely
complex topic and much too broad to completely cover
in this overview. With 20 different amino acids, the
sheer potential for an IEM can be overwhelming. This
section will cover 4 of the more common |IEMs that oc-
curin amino acid metabolism, such as phenylketonuria,

tyrosinemia, homocystinuria, and maple syrup urine
disease.

Phenylalanine and Tyrosine. Phenylalanine is an
essential amino acid and is a precursor for tyrosine, do-
pamine, norepinephrine, and epinephrine in the body.
Once ingested, phenylalanine is converted to tyrosine
by phenylalanine hydroxylase. Tetrahydrobiopterin is
a vital cofactor that facilitates the conversion of phe-
nylalanine to tyrosine via phenylalanine hydroxylase.
Tyrosine can then progress along 2 different enzymatic
pathways. One pathway results in generation of the
neurotransmitters L-DOPA, dopamine, norepinephrine,
and epinephrine. When there are excessive levels of ty-
rosine, or the patientis in a catabolic state, tyrosine will
undergo enzymatic degradation via a second pathway.
This will result in the creation of fumarate and acetoac-
etate, which can then be used for energy production.

The most common IEM in amino acid metabolism
stems from dysfunction of the phenylalanine hydroxy-
lase enzyme or an inadequate supply of tetrahydrobi-
opterin.?®®' This disorder, known as phenylketonuria,
results in excessive amounts of phenylalanine and
subsequent shunting of the amino acid to second-
ary metabolic pathways. This secondary pathway
produces phenylpyruvate, a ketone that provides the
disease with its name. Phenylpyruvate is then me-
tabolized via unknown enzymes to phenyllactate and
phenylacetate, which has a distinctive, musty odor.92%
The metabolites are excreted in the urine; therefore,
patients with an acute bout of phenylketonuria com-
monly present with malodorous urine. The excessive
phenylalanine will negatively impact the ability of other
aromatic amino acids to cross the blood-brain barrier,
limiting the production of several neurotransmitters
and resulting in profound intellectual disability and
neurologic abnormalities.®®** Fortunately, a screening
test for phenylketonuria was one of the first neonatal
screenings developed for mass testing, and its relatively
inexpensive cost has allowed for early identification in
several countries.®®

Primary treatment for all of these disorders will in-
clude dietary restriction of the problematic amino acid
and metabolic precursors. By limiting dietary intake of
these amino acids and monitoring the amino acid in
the blood, disease progression may often be limited
or reversed. Warning labels have been added to some
food products, such as those with phenylalanine, to
alert patients and avoid potential inadvertent inges-
tion. However, complete avoidance of the problematic
amino acid, especially essential amino acids that are
not produced within the body, may result in complica-
tions as well. Therefore, amino acid level monitoring
and maintenance with a goal range is imperative. This
goal range for phenylketonuria is between 2 mg/dL
and 6 mg/dL. There is a potential for expanding the
range when patients enter adolescence; however,
dietary restriction should continue because there is
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concern for deterioration of intelligence and cognitive
performance even into adulthood. Supplementation
of cofactors in the errant enzyme may also help to
provide complete or partial function to the enzyme.
Those with a deficiency in tetrahydrobiopterin may
not respond to dietary phenylalanine restriction. These
patients will benefit from the initiation of sapropterin,
a synthetic form of tetrahydrobiopterin. Sapropterin
may be initiated at 20 mg/kg/day, although children
younger than 7 years may be at a greater risk for hy-
pophenylalaninemia with this dose.®*%¢ Also, tetrahy-
drobiopterin is regenerated via dihydrofolate reductase
and dihydropteridine reductase. Therefore, patients
with defects in tetrahydrobiopterin production should
avoid agents such as trimethoprim/sulfamethoxazole,
methotrexate, and other antileukemic agents that affect
the enzymes that regenerate tetrahydrobiopterin.®
Patients with phenylketonuria not related to a deficitin
tetrahydrobiopterin may also benefit from sapropterin
supplementation. In these patients, sapropterin may
help reduce phenylalanine levels, allowing the patient
with phenylketonuria to ingest more phenylalanine
while maintaining goal levels.54%¢

Tyrosinemia may result from a defect in 1 of 3 differ-
ent enzymes. Each form of tyrosinemia presents with
different manifestations and complications. Tyrosinemia
type | is caused by a defect in fumarylacetoacetate
hydrolase. This results in degradation to secondary
metabolites, including succinylacetone, which is be-
lieved to be the primary toxic metabolite.®®” Patients
with tyrosinemia type |, or hepatorenal tyrosinemia,
will present with an acute hepatic crisis, fever, irritabil-
ity, vomiting, hepatomegaly, jaundice, and elevated
transaminases. Patients may also experience peripheral
neuropathy, renal dysfunction, a Fanconi-like syndrome,
and hepatocellular carcinoma.52%-% Tyrosinemia
type Il results from dysfunction at the tyrosine ami-
notransferase enzyme. This disorder is referred to as
oculocutaneous tyrosinemia and produces sequelae
such as excessive ocular redness, tearing, and pain;
photophobia; herpetiform corneal ulcers; and, eventu-
ally, palmar and plantar hyperkeratosis.?’*° Tyrosinemia
type lll is the least common tyrosinemia and is due to a
deficiency in 4-hydroxyphenylpyruvate dioxygenase.*
Patients with tyrosinemia type Illl may be asymptomatic
or present with neurologic manifestations, such as
self-destructive behavior, intermittent ataxia, seizures,
and developmental delay.”*” Although 4-hydroxyphe-
nylpyruvate is found in liver and kidney tissue, a deficit
in the enzymatic function does not result in injury to
these organs.?

Treatment of all three types of tyrosinemia begins
with dietary restriction of tyrosine in addition to its pre-
cursor, phenylalanine. For type Il tyrosinemia, dietary
restriction may be the only therapy needed to avoid
disease-related complications.*® In other tyrosinemias,
additional therapies may be warranted. Nitisinone is

the drug of choice for tyrosinemia type I. Nitisinone
inhibits 4-hydroxyphenylpyruvate, essentially changing
those with type I tyrosinemia to type lll. This decreases
liver involvement and may negate the need for future
liver transplantation, but it does not eliminate the risk
for hepatocellular carcinoma.®® Given the conversion
from type | to type lll, side effects will be similar to
the symptoms of type lll tyrosinemia. Ascorbic acid
supplementation may be attempted for patients with
tyrosinemia type Ill. Ascorbic acid acts as a coenzyme
and electron donor in 4-hydroxyphenylpyruvate conver-
sion of 4-hydroxyphenylpyruvate to homogentisate.?*
Additional information about these therapies can be
found in Table 1.

Methionine. Methionine catabolism begins with the
generation of S-adenosylmethionine. S-adenosylme-
thionine plays an essential role in methylating more
than 115 different reactions, including those required
for phospholipid, neurotransmitter, and glutathione pro-
duction.® Once S-adenosylmethionine has performed
its function as a methyl donor, it is converted to homo-
cysteine, where methionine can be regenerated via N°-
methyl tetrahydrofolate.?® Alternatively, homocysteine
can be degraded in a catabolic state to create the amino
acid cysteine. Further metabolism of cysteine results
in propionyl-CoA production and eventually molecules
that will result in the generation of ATP.

Homocysteine is created in all cells but detoxified
in the kidney and liver.?® Dysfunction of homocysteine
metabolism results in homocystinuria as the excessive
quantities of homocysteine are eliminated in the urine.
There are 3 different dysfunctions that can lead to ho-
mocystinuria. Deficiency of cystathionine B-synthase
is the most common cause. Subluxation of the ocular
lens is a common presenting symptom and results in a
host of ocular dysfunctions.?” Additional effects include
neurodegenerative disorders, seizures, osteoporosis,
scoliosis, pectus excavatum, and thromboembolic
episodes.?’?® A second form of homocystinuria can oc-
cur due to a defect in methylcobalamin formation and
subsequent inability to regenerate methionine from
homocysteine. This may present with vomiting, poor
feeding, lethargy, hypotonia, seizures, poor growth,
ocular disorders, and peripheral neuropathy. Patients
can develop a pigmentary retinopathy despite appropri-
ate treatment.°® The third deficit occurs due to dysfunc-
tion in the N5°-methylenetetrahydrofolate reductase
preventing production of N°-methyltetrahydrofolate
and regeneration of methionine from homocysteine.
This is the most common metabolic defect of folate me-
tabolism®' Resultant sequelae include thromboembolic
defects, apnea, ataxia, seizure, developmental delay,
coma, and death.*2""

Methionine restriction may be warranted in homo-
cystinuria only after supplementation with pyridoxine
and folic acid has failed. An initial trial of pyridoxine in
this disease will result in dramatic improvement in the
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responsive patient. An initial dose of 100 mg may be
administered regardless of age or size.*?%! Pyridoxine
may decrease folic acid levels, and if pyridoxine seems
ineffective, concomitant folic acid may be initiated at
5 mg for all patients.?’2%42 Folic acid supplementation
is also warranted in homocystinuria secondary to N5°-
methylenetetrahydrofolate reductase deficiency. Both
folic acid and pyridoxine are hepatically metabolized to
active metabolites. Although the metabolic processes
involved in metabolism are unknown, literature sug-
gests that these agents may affect antiepileptic medica-
tion concentrations.**#* Additional monitoring may need
to be performed with medications that are significantly
cleared by the liver. If both pyridoxine and folic acid are
ineffective, dietary restriction may still be avoided if a
trial of betaine is successful. Betaine acts as a methyl
donor and can subsequently regenerate methionine
from homocysteine through an alternative metabolic
pathway. Methionine levels should be monitored close-
ly with betaine therapy to avoid the risk for cerebral
edema with elevated levels. Hydroxycobalamin may
also be used in homocystinuria if there is concern for
abnormalities with methylcobalamin formation. See
Table 1for further details regarding dosing, availability,
and adverse effects of these agents.

If homocystinuria is suspected, all 4 agents may be
initiated at the same time in an effort to resolve the
metabolic crisis. An exact knowledge of the metabolic
pathways of these medications is unknown, and subse-
quentinformation regarding drug interactions is limited.
This is not limited to just patients with homocystinuria.
Literature regarding many of the herbal and nutritional
supplements is sparse. Addition of these agents to a
medication regimen may result in drug interactions
that go unnoticed until complications arise and warrant
further investigation. The pharmacist should be vigilant
for drug interactions and monitor therapy appropriately.

Maple Syrup Urine Disease. Branched-chain amino
acids comprise valine, isoleucine, and leucine. These
amino acids are essential amino acids and play an im-
portant role in energy production, non-essential amino
acid production, and protein structure'°2 The catabolism
of these 3 molecules begins very similarly with the
creation of a ketone via branched-chain amino acid ami-
notransferase. The subsequent reaction results in the
production of NADH and is enabled by branched-chain
a-ketoacid dehydrogenase. Cofactors play an important
role in these enzymatic processes; pyridoxine is integral
in the first enzymatic step and thiamine in the second.
The enzymatic degradation of valine and isoleucine
begins to differ from leucine at this point. After several
metabolic steps, valine and isoleucine are eventually
metabolized to propionyl-CoA. Leucine will eventually
be metabolized to acetyl-CoA and acetoacetate.

Maple syrup urine disease is caused by a dysfunction
of the branched-chain a-ketoacid dehydrogenase or its
coenzyme, thiamine. Five different types of maple syrup

urine disease have been discovered, with variations in
symptom severity.°® However, all patients present with
the disease’s namesake, sweet-smelling urine similar
to that of maple syrup. Further complications may in-
clude poor feeding, irritability, vomiting, hypertonicity,
hypotonicity, convulsions, lethargy, mental retardation,
coma, and death.”®'% The final metabolic products of
valine and isoleucine include propionyl-CoA, which may
be of concern in patients with propionic acidemia and
has already been described.

Dietary restriction of leucine, valine, and isoleucine
is imperative in maple syrup urine disease. In an acute
crisis, initial therapy should consist of hydration and
cessation of the catabolic state. As with disorders of the
fatty acid pathway, this can be facilitated via an infusion
of 10% dextrose. Because thiamine is a cofactor in this
process, it may be initiated in those with a new diag-
nosis. Some patients may respond to thiamine supple-
mentation and continue on therapy indefinetly.*® More
information regarding thiamine can be found in Table 1.

Errors in the Urea Cycle

The Urea Cycle. Deamination of amino acids results
in the production of ammonia which can be extremely
toxic to neurologic function. The urea cycle is a 6-step
process that converts ammonia molecules to urea for
transport in the bloodstream and removal in the kid-
neys. The first step in the process prepares ammonia
for entrance into the urea cycle by combining ammonia
and bicarbonate, creating carbamate. Next, carbamoyl
phosphate synthetase and ATP convert carbamate to
carbamoyl phosphate. This enzymatic reaction is acti-
vated by N-acetyl glutamine, which is a metabolite of
the amino acid glutamine. The molecule of carbamoyl
phosphate will combine with ornithine and enter the
urea cycle. After a few intermediary steps, urea and
ornithine are produced. Urea is then transported in the
bloodstream to the kidneys, where it is removed. Orni-
thine will combine with another molecule of carbamoyl
phosphate and continue the process.

Urea Cycle Disorders and Treatment. Urea cycle dis-
orders can occur in any of the enzymatic processes in
the urea cycle except for ornithine a-aminotransferase.
Most of these disorders will result in hyperammonemia
and subsequent neurologic toxicity, including lethargy,
irritability, seizures, and coma.°* Additional general-
ized sequelae include poor feeding, vomiting, tachy-
pnea, hypothermia, ataxia, intellectual disability, and
increased intracranial pressure.?"°41% Each particular
disease state may present with additional manifesta-
tions. For example, carbamyl phosphate synthetase
and N-acetyl glutamine acid synthetase deficiencies
may present with headaches or migraines. Patients with
ornithine transcarbamylase deficiency may develop
gallstones. A defect in argininosuccinate synthetase or
lyase may resultin dry, brittle hair in addition to the usual
effects of hyperammonemia. These patients are more
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likely to have developmental delay and intellectual dis-
ability.°® Arginase deficiency may present with spastic
paraplegia, peripheral neuropathy, choreoathetotic
movements, and loss of developmental milestones. 17

Treatment for errors in the urea cycle primarily
revolves around stopping the catabolic state and am-
monia removal. Frequently, these patients will present
with hyperammonemic crisis secondary to an acute
process that limited oral intake and resulted in energy
production shifting from carbohydrate metabolism to
lipid and amino acid metabolism. Therefore, first-line
therapy generally consists of an infusion of dextrose.”®?!
Once intravenous access has been established and
adequate calories provided, attention can shift to the
removal of excess ammonia.

Several medications are used to remove excess
ammonia. In the acute setting, an intravenous mixture
of sodium phenylacetate and sodium benzoate are
combined with the 10% dextrose infusion. This provides
the patient with the calories to stop the metabolic
crisis, along with agents to remove the excess am-
monia. Phenylacetate binds to glutamine to create
phenylacetylglutamine, which contains 2 moles of
nitrogen; benzoate binds with glycine to form hippuric
acid, which contains 1 mole of nitrogen.” The molecular
products can then be excreted, eventually resulting in
resolution of the hyperammonemia state. When am-
monia levels have sufficiently declined, enteral sodium
phenylbutyrate, a prodrug for phenylacetate, can be
initiated. This may help the patient avoid subsequent
acute hyperammonemic crisis. Arginine may also be
used to help facilitate ammonia removal and is often
combined with sodium phenylacetate and sodium ben-
zoate in the 10% dextrose mixture during the initial crisis.
Supplementation with this therapy supplies the urea
cycle with ornithine and N-acetyl glutamine. Depend-
ing on the metabolic disorder, arginine can facilitate
the removal of 1 or 2 moles of ammonia.°® Arginine
should not be used in patients with arginase deficiency
because the arginine will not be metabolized, resulting
in worsening of the metabolic process.? In patients with
N-acetyl glutamine synthetase deficiency, carglumic
acid may be supplemented once the acute crisis is
controlled. This agent acts as a replacement for N-
acetyl glutamine and allows the urea cycle to function
normally. Additional agents for treatment or control of
hyperammonia include dietary modifications, lactulose,
and levocarnitine°® Levocarnitine can be used in the
acute crisis to help mitigate the hyperammonemia and
encephalopathy.®® More information regarding the
medication therapies used in urea cycle disorders can
be found in Table 1.

Overall, the treatment and mitigation of acute hyper-
ammonemic crisis in patients with urea cycle disorders
has led to a robust improvement in treatment outcomes.
Improvements in screening, standardization of treat-
ment protocols, and other factors have enhanced

patient outcomes. Specifically, mortality in the newborn
period has declined from 50% before 2002 to 24%.°°
Pharmacists can help maximize this benefit by familiar-
izing themselves with the medications used in an acute
crisis, providing children and family members with
education regarding their medications, and monitor-
ing for potential adverse effects and drug interactions.

Conclusions

Although a number of dietary supplements and
pharmacologic options have been discussed, this has
not been all-encompassing. Additional medication
therapies, active forms of medications, and metabolic
disorders have not been discussed. Hopefully, this
document has provided the reader with a baseline level
of knowledge necessary to understand the metabolic
process associated with IEMs and potential treatment
options. Review of the metabolic disorder, normal
metabolic processes, and any available literature will be
vital to the pharmacist providing care to these patients.

As has been shown, IEMs comprise a vast and
complex array of disorders. Literature is often limited
because of the rare nature of the diseases. Treatment
often comprises a working understanding of the meta-
bolic processes involved and speculation as to what
therapies may be beneficial. A pharmacologic cocktail
may be initiated to cover several potential metabolic
disorders. Because many of these agents are dietary
or nutritional supplements, literature regarding efficacy,
adverse events, and potential drug interventions is
lacking. Therefore, it is necessary that the pharmacist
understand the disease process when providing care
for patients with IEMs to ensure appropriate medication
therapy and minimize the potential risk to patients with
these rare disorders.
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