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Terminal competencies

At the end of the lecture,  the student should be able to know and understand the following:

1. What are inborn errors of metabolism (IEM)
2. General Principles of IEM
3. Patterns of inheritance including genetic clues 
4. Clinical clues in IEM
5. Classification of IEM and some examples  
6. Laboratory clues
7. Treatment modalities
Background:

Genetic metabolic disorders are individually rare but collectively exist at around 1 per 5000 individuals.  Recognition of these  disorders is challenging as signs and symptoms are non specific and they share many features with the more common disorders. Since treatment is available for some of these disorders, recognition is important.  This lecture will tackle on  genetic metabolic diseases and emphasize  on certain clinical clues (i.e. most common presentations) and laboratory clues (i.e. interpretation of laboratory parameters) that will help one reach a diagnosis of a genetic metabolic disorder.  Various forms of currently available treatment (i.e. diet manipulation, increasing enzyme activity, etc ) for specific disorders will also be presented.  

Inborn errors of metabolism

· genetic disorders  that disrupt normal metabolic function
· individually rare but collectively numerous
· account for significant morbidity and mortality
· frequently present with life threatening crises that require immediate treatment
· provide significant diagnostic and therapeutic load
· number of known disorders with an underlying biochemical genetic aetiology is increasing 
· early and accurate diagnosis is important for treatment and genetic counselling
· most crucial step in making a diagnosis of IEM is considering the possibility that the patient may have a metabolic disorder
Metabolism is the sum total of all chemical reactions that occur in the body as part of  the continuing process of breakdown and renewal , and growth and energy are maintained 
· Enzymes play an important role in metabolism by serving as catalysts in the conversion of one chemical to another
· Transport proteins facilitate transport of metabolites across cellular and subcellular membranes
Inborn errors of metabolism may result from: 
· not enough enzyme ie defect in enzyme production or rapid breakdown of enzyme produced
· impaired activity of enzyme
· not enough specific transport protein 
· impaired activity  of specific transport protein
Biochemical pathogenesis
· Accumulation of substrate ( ex ammonia in urea cycle defects)
· Deficiency of product (ex ATP in mitochondrial respiratory chain disorders)
· Inhibition of a secondary pathway (ex MMA secondarily inhibits the first enzyme in the urea cycle)
When should a genetic metabolic disorder be suspected?

I. Genetic clues
Consanguinity increases the risk for an IEM since most are inherited in an autosomal recessive manner.  Miscarriages, death of a sibling and a sibling with similar  symptoms can heighten the suspicion of a possible inborn error of metabolism.

II. Clinical clues:

The 5 most common presentations of IEM include acute encephalopathy, chronic encephalopathy,  diffuse liver disease, myopathy  and renal disease. 

Classification:

· According to size of accumulating toxic compounds
· According to intracellular site
Classification according to SIZE

Small molecule diseases

· amino acidopathies      
 (eg maple syrup urine disease)
· organic acidoses      
(eg methylmalonic acidaemia)
· hypoglycemia
           (eg fatty acid oxidation disorders)
· hyperammonemia     
(eg ornithine transcarbamylase 
deficiency)


· lactic acidosis     

 (eg mitochondrial respiratory 
chain disorders)


Acute metabolic encephalopathy 
Classical presentation
· full term baby, normal pregnancy & delivery 
· initial symptom free period 
· deteriorates relentlessly
· does not respond to symptomatic therapy
· relationship to feeding
· interval between birth and clinical symptoms maybe hours, days, weeks, months or years
Disorders presenting with acute encephalopathy :

1. Maple syrup urine disease (MSUD)

MSUD is an amino acid disorder which involves a defect in the branched chain ketoacid dehydrogenase  (BCKAD) enzyme responsible for the degradation of branched chain amino acids – leucine, isoleucine , valine and their ketoacids.  Accumulation of the latter amino acids will result in life threatening encephalopathy if not adequately treated. Clinical symptoms involves a time frame wherein the first few days are usually characterized by poor suck, poor cry, lethargy and burnt sugar odor in the urine.  After a few days, the affected child may present with limpness or even rigidity, seizures, coma and then death.  Ketosis is very prominent in the urine.  For acute decompensation, it is treated by dialysis to quickly get rid off the offending toxins in the form of the branched chain amino acids and their keto acids.  Protein intake is also ceased and the patient is bombarded with calories in the form of carbohydrates and lipids.  Long term management includes dietary manipulation which involves supplementation of a special formula that does not contain the  amino acids leucine, valine and isoleucine. A low protein diet and monitoring of growth and development are essential parts of the management.

2. Methylmalonic aciduria 

Methylmalonic aciduria (MMA) is an organic acid disorder caused by a deficiency in  methylmalonyl CoA mutase, an enzyme involved in the catabolism of several essential amino acids including valine, isoleucine and  methionine, odd chain fatty acids and cholesterol.  Accumulation of these organic acids  lead to life threatening encephalopathy, metabolic acidosis with high anion gap, ketosis, hyperammonaemia and pancytopenia among others.   Patients present with poor feeding, vomiting, lethargy, tachypnea, hypotonia and coma.  Treatment  involves dialysis for acute decompensation together with cessation of protein and provision of calories. Long term management  includes a special formula that does not include valine, isoleucine  and methionine, vitamin B12 supplementation and carnitine which allows propionylcarnitine excretion. 

3. Urea cycle defects

Urea cycle disorders are a group of inborn errors of metabolism that will present with hyperammonemia.  The urea cycle is the final step for the detoxification of ammonia and any enzyme deficiency in this cycle may lead to elevated levels of ammonia.  Ammonia is toxic to the brain and its effects are disastrous. Patients present with vomiting, lethargy, drowsiness, hepatomegaly, hypoventilation or apnea that may eventually lead to coma.  In ornithine transcarbamylase deficiency which is the most common urea cycle defect and inherited in an X linked manner,  orotic acid will usually be high and arginine and citrulline in plasma are low. The first line of treatment is dialysis to rapidly excrete the excess ammonia.  Cessation of protein is also done. Supplementation with arginine and sodium benzoate  and or phenylbutyrate are also given to eliminate further the excess ammonia in the urine. 
4. Fatty acid oxidation disorders 

The most common is medium chain acyl Co-A dehydrogenase enzyme deficiency which usually presents with fasting hypoglycemia, seizures, vomiting, liver dysfunction and and sudden death.  Some disorders of long chain beta oxidation defects and carnitine cycle also present with  muscle weakness, cardiomyopathy or rhabdomyolysis. Laboratory investigations may reveal hypoketosis and hypoglycemia plus characteristic markers on acylcarnitine profile and organic acids.  Treatment involves avoidance of fasting, high dose glucose and or carbohydrate feeding during night time  and carnitine supplementation for some.

Disorders presenting with chronic encephalopathy

General characteristics 
· psychomotor retardation usually progressive and tends to be global
· usually associated with neurological abnormalities eg movement disorder, seizures,
· may be associated with behavioural problems
1. Phenylketonuria

Phenylketonuria (PKU) is a disorder of amino acid metabolism caused by a deficiency of the enzyme phenylalanine hydroxylase or its co-factor, tetrahydrobiopterin. .  A deficiency of the enzyme phenylalanine hydroxylase also leads to low tyrosine which is the precursor of neurotransmitters . Symptoms are mainly neurological which include seizures, behavioral and developmental abnormalities, microcephaly and spasticity They are also fair skinned and may have a mousy odor.   PKU can be easily diagnosed by newborn screening.  Treatment involves a special milk formula that contains no phenylalanine, low protein diet and regular monitoring of phenylalanine levels and growth and development.  For those patients whose defects involve the co-factor, tetrahydrobiopterin, supplementation of this co-factor together with neurotransmitter provision.
2. Organelle Diseases

Classification according to SITE:
· Mitochondrial disorders
· Peroxisomal disorders
· Lysosomal diseases
· Disorders of the Trans-Golgi apparatus (CDG)
· Membrane transport defects (Lysinuric protein intolerance, Wilson, Glucose-galactose malabsorption, Carnitine transport defect)
· Others
Lysosomal disorders

Mucopolysaccharidosis

· Deficiency of an enzyme that breaks down mucopolysaccharides or glycosaminoglycans (GAGs)

· GAGs are long repeating chains of complex sugar molecules that are normal chemical components of the extracellular matrix

· accumulation leads to cell death, pathology restricted to tissues in which molecules normally degraded
· “storage” - coarse facial features, thickened skin, decreased joint mobility, hepatosplenomegaly, dysostosis multiplex, dementia, deafness, seizures, macrocephaly 
· progressive course
Types of GAGS

	GAG
	Location in the body

	Hyaluronic acid
	Connective tissue, skin, cartilage, synovial fluid

	Chondroitin sulfate
	Cartilage, bone, cornea, skin, arteries

	Dermatan sulfate
	Skin, blood vessels, heart, heart valves

	Heparan sulfate
	Lung, arteries, cell surfaces

	Heparin
	Lung, liver, certain immune cells

	Keratin sulfate
	Cartilage, cornea, intervertebral disks


Types of MPS

· Hurler (MPS I), Hurler-Scheie (MPS IHS), Scheie (MPS IS)

· Hunter (MPS II)

· Sanfilippo (MPS III types A-D)

· Morquio (MPS IV types A&B)

· Maroteaux-Lamy (MPS VI)

· Sly (MPS VII)

Gaucher disease

· A genetic disorder caused by a deficiency of the enzyme glucocerebrosidase 

· This deficiency causes a fatty substance to accumulate in certain body tissues such as the liver, spleen and bone marrow which are rich in macrophages.
· Features include hepatosplenomegaly, anemia, fatigue, easy bruising, impaired blood clotting, bone pain and fractures

Mitochondrial disorders

What does the mitochondria do?

· Detoxification
· Urea Cycle – Excrete Ammonia
· Metabolize some drugs
· Energy Production
· Mobilise Energy from fat – β-oxidation

· Mobilize energy from sugar – Kreb’s cycle

· Final step of energy production

· ELECTRON TRANSPORT CHAIN 
Clinical Features (any organ, any symptom, any age!)
· neonatal  lactic acidemia 
· unexplained multiorgan failure
· skeletal myopathy 
· cardiomyopathy 
· encephalopathy (Leigh, MELAS, MERRF, KSS)
· liver failure
· renal tubulopathy 
· retinitis pigmentosa/optic hypoplasia 
· sensorineural deafness
· pancreatic insufficiency or other endocrinopathies 
· sideroblastic anemia 
Peroxisomal disorders
Functions: 
Unique anabolic processes – bile acid and plasmalogen biosynthesis
Oxidation of very long chain fatty acids and pipecolic acid
Three main groups of  Peroxisomal disorders
· defects of peroxisome biogenesis eg Zellweger syndrome
· loss of some peroxisomes eg Rhizomelic chondrodysplasia punctata 
· loss of single enzyme within peroxisome eg X linked ALD
III. Laboratory clues:

There are some basic investigations one can do that will help in the diagnosis of  IEM.  These include blood gas with anion gap, urine ketones, plasma ammonia and blood glucose. There are specialized metabolic investigations that can further confirm a diagnosis.  These include urine amino and organic acid screen, plasma amino acids and many more.

Metabolic derangements
· Metabolic acidosis:         organic acidopathies ( plus hyperammonemia and ketosis)
· Ketosis: 

          maple syrup urine disease 
· Lactic acidosis:  
          mitochondrial respiratory   chain disorders 
· Hypoglycemia:                 fatty acid oxidation disorders (plus hypoketosis)
· Hyperammonaemia:        urea cycle defects (plus respiratory alkalosis)
For metabolic acidosis, one has to compute for the anion gap [Na- (K+HCO3)].  If the anion gap is >20 and diabetic ketoacidosis and tissue hypoxia are excluded,  then think of organic acidurias and electron transport chain defects.

Numerous rare disorders will not be diagnosed by initial screening tests and needs the special metabolic tests like urine amino acid screening,  urine organic acid screening, plasma amino acid analysis, etc
Minimum investigation for a possible organelle disease

· Plasma lactate

· Urinary MPS screening test

· Urine oligosaccharide screening test

· Bone marrow aspirate for identification of storage cells (i.e. Gaucher, NPC)

· Plasma VLCFA

· Imaging studies including MRI

· Tissue biopsies for histology, immunohistochemistry, electron microscopy and enzyme analysis (for mitochondrial disorders)

Treatment modalities in IEM

· Decrease substrate availability (diet, prevention of catabolism, diversion of metabolites, chelation)
Diet

· Low protein in disorders of protein metabolism
· Low fat in (some) disorders of fatty acid oxidation
· (relatively) Low carbohydrate in mitochondrial disorders
Prevention of catabolism

· Provision of sufficient calories to stop/ prevent/ overcome catabolism
· >100% of daily needs 
Diversion of metabolites
· A major advance in the field of urea cycle defects has been the development of compounds that are conjugated to amino acids and rapidly excreted.  The effect of the administration of these substances is that nitrogen is excreted in compounds other then urea, hence the load of the urea cycle is reduced. The first compound introduced is sodium benzoate.  Benzoate is conjugated with glycine to form hippurate which is rapidly excreted.  For each mole of benzoate given, if conjugation is complete, 1 mol of nitrogen is lost. If phenylbutyrate is given,  glutamine will be excreted as phenylacetate.
· Provide deficient metabolites  ( glucose in GSD, citrulline/ arginine in UCD, tyrosine in PKU))
Ex: Arginine is normally a nonessential amino acid because it is synthesized within the urea cycle.  For this reason, all patients with urea cycle disorders are likely to need a supplement of arginine to replace that which is not synthesized.
· Increase enzyme activity (co factor supplementation, ERT, pharmacologic gene therapy, organ transplantation)
Ex: About half of the patients with cystathione b synthase deficiency leading to homocystinuria respond to large doses of pyridoxine.  Response to this vitamin is also influenced by folate depletion which may be due to pyridoxine administration itself, therefore folic acid should also be added to the treatment. 

Organ transplantation- liver transplant in urea cycle defects

Enzyme replacement therapy are now available for some Lysosomal Storage Disorders

· Gaucher disease (Cerezyme)-effective

· Fabry disease (Fabrazyme)-clears pathology

· MPS I ( Aldurazyme)-improves function 

· MPS II (Elaprase)- improves function 

· MPS VI ( Naglazyme)- improves function
· Pompe disease (Myozyme)- some infants survive

· Increase disposal of toxic metabolites  (carnitine and glycine in organic acidemias)
Ex: In Methylmalonic and Propionic Acidemia, chronic oral administration of L carnitine appears to be effective not only in preventing carnitine depletion but also in allowing urinary propionylcarnitine excretion and by reducing propionate toxicity
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