
“Primary” Carnitine Deficiencies in Children

Charles A. Stanley, MD
Endocrine Division

Children’s Hospital of Philadelphia



History of Concepts about Carnitine
Deficiency & Fatty Acid Oxidation

• 1960-70: hypoglycin A & 4-pentanoate toxicity
– postulated that these non-metabolizable fatty acids blocked ß-

oxidation by binding up free CoA
– carnitine proposed as a means to reverse this:

• restore free CoA
• remove toxic fatty acids
• restore ß-oxidation

• 1975: mechanism of hypoglycin A & 4-pentanoate
– Direct inhibition of ß-oxidation enzymes by acyl-CoAs
– Hypoglycin A product (methylenecyclopropaneacetyl-CoA) is a 

suicide substrate for acyl-CoA dehydrogenases



Carnitine Deficiency Disorders (1970-80)

• “Systemic Carnitine Deficiency” -- episodic life-
threatening coma with low carnitine in plasma & tissue  
– Some later shown to have ß-oxidation enzyme defects (MCAD, 

vLCAD) with “secondary carnitine deficiency”.  
– Some “carnitine responsive” cases probably had mutations of 

the OCTN2 carnitine transporter

• “Muscle Carnitine Deficiency” -- chronic weakness 
with low carnitine levels in muscle only
– underlying disorders undefined…?possible mitochondrial 

disorders
– response to carnitine treatment unclear



“Primary carnitine deficiency” 
criteria

1. Tissue carnitine levels low enough to impair 
mitochondrial fatty acid oxidation 

2. Evidence that fatty acid oxidation is impaired

3. Evidence that carnitine treatment normalizes 
fatty acid oxidation

4. Identify the mechanism of carnitine deficiency



Carnitine Deficiency Disorders in 
Children

• Good evidence that carnitine deficiency causes 
pathology
– Muscle-Kidney plasma membrane carnitine transporter 

deficiency (recessive OCTN2 mutations)
– Chronic pivalate-conjugated antibiotic administration

• No evidence that carnitine deficiency causes pathology
– “Secondary carnitine deficiency” (genetic defects in acyl-CoA

oxidation)
– Nutritional carnitine deficiency (vegetarian diet, 

hyperalimentation, soy formula)



Muscle-Kidney Plasma Membrane 
Carnitine Transporter Deficiency

(“primary carnitine deficiency”)

Recessive genetic defect 
~30-40 reported cases
OCTN2 Na-dependent transporter (SLC22A5, 5q)

Clinical presentations:
1. Cardiac: progressive cardiomyopathy
2. Liver: acute life-threatening hypoglycemic coma
3. Muscle: progressive weakness

Profound tissue & plasma carnitine deficiency (<< 5% of 
normal)

Carnitine supplements effective (but tissue levels remain 5-
10% of normal)

















Pivalate-induced Carnitine Deficiency

• Pivalate esters used to enhance drug absorption and 
duration (used in Sweden for UTI prophylaxis)

• Pivalate excreted solely as pivaloyl-carnitine

• Chronically-treated patients develop very low plasma 
and tissue carnitine levels 

• Pivalate-induced carnitine deficiency appears to be 
well-tolerated, but potential threat (no documented 
symptomatic cases)











Is Pivalate-induced Carnitine Deficiency 
Sufficient to Impair Fatty Acid Oxidation?

• Fasting tests reveal impaired ketogenesis in 
2 of 6 patients on chronic pivalate therapy.

• No obvious symptoms in chronically-
treated patients

• Some parents described improved energy 
and well-being in children after carnitine
repletion



“Secondary Carnitine Deficiency” 
Disorders

• Associated with acyl-CoA oxidation disorders (vLCAD, LCHAD, 
MCAD, isovaleric acidemia)

• Decreased plasma and tissue total carnitine (50% of normal) 

• Increased plasma acyl-carnitines (e.g., isovaleryl-carnitine)

• Mechanism of deficiency? … competitive inhibition of the plasma 
membrane carnitine transporter by acyl-carnitines

• Benefits of oral carnitine not shown (fasting ketogenesis, 
cardiac/skeletal muscle function)











Nutritional Carnitine Deficiency??

• Adults on vegetarian diet (no carnitine)
– plasma carnitine normal
– urinary carnitine excretion reduced (25% of 

controls)

• Neonates & Infants
– Infants on soy-milk formulas before ~1985 (serum 

carnitine nearly normal)
– Neonates on hyperalimentation (serum carnitine

10-50% of normal)





Conclusions

• Carnitine supplementation clearly shown to correct 
impairments in hepatic, heart, muscle fatty acid 
oxidation in only 2 disorders:
1. Recessive mutations of the muscle-kidney 

plasma membrane carnitine carrier (OCTN2). 
2. Carnitine depletion due to chronic use of 

pivalate conjugated drugs.

• Benefits of carnitine in other forms of “carnitine
deficiency” remain unproven.



Perspectives for Futute Research

• Important to critically scrutinize studies of carnitine
supplements for adequate “power” from 
pathophysiologic, as well as, statistical viewpoints.

• Any benefits of carnitine supplements are likely to be 
subtle, requiring improved methods to demonstrate 
effects, in vivo (e.g., improved capacity for cardiac fatty 
acid oxidation).

• May be important to consider potential positive (or 
negative) effects of carnitine or acyl-carnitine ester 
supplementation on pathways other than fatty acid 
oxidation (e.g., regulation of gene transcription). 



the end
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Hopes for Carnitine Rx

• Correct primary carnitine deficiency (yes)

• Remove toxic fatty acyl-CoAs (no)

• Restore free-carnitine:acyl-carnitine ratio (no)

• Replete carnitine deficiency due to acyl-
carnitine wastage (yes & no)
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