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Abstract

Background: Carnitine is a conditionally essential amino acid that is primarily obtained through dietary intake, and is synthesized 
endogenously in the liver, kidneys, and brain. It plays a crucial role in fatty acid metabolism, particularly in skeletal and cardiac muscles. 
Objective: In this study, we retrospectively evaluated the clinical features and therapeutic responses of pediatric patients diagnosed as 
having secondary carnitine deficiency at our institution. Methods: Medical records of 213 pediatric patients who underwent carnitine 
level testing between January 2017 and December 2021 were reviewed. Of these, 77 patients were identified as having either carnitine 
deficiency (free carnitine < 20 μmol/L) or being at high risk of developing carnitine deficiency (free carnitine 20–36 μmol/L, with an 
acylcarnitine-to-free carnitine [AC/FC] ratio > 0.4). Pre-supplementation and post-supplementation  FC levels and AC/FC ratios were 
analyzed. Statistical significance was assessed using the Mann–Whitney U test. Results: Substantial improvements in both FC levels 
and AC/FC ratios were observed following carnitine supplementation, particularly among patients with ketotic hypoglycemia and 
metabolic disorders. In addition, those with a history of pivalate-conjugated antibiotic use demonstrated notably low FC levels and 
favorable responses to carnitine supplementation. Conclusion: The monitoring of FC levels and AC/FC ratios is essential for pediatric 
patients at high risk of developing secondary carnitine deficiency. Early carnitine supplementation, tailored to the underlying condition 
and its severity, is particularly beneficial for patients with ketotic hypoglycemia and those receiving pivalate-conjugated antibiotics.
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Abbreviations

FC: Free carnitine

AC: Acil carnitine

AC/FC:  Acylcarnitine-to-Free carnitine ratio

RSV: Respiratory Syncytial Virus 

Introduction

Carnitine plays a central role in energy production, by transporting 
long-chain fatty acids into mitochondria for β-oxidation [1]. 
Approximately 75% of the body’s carnitine comes from dietary 

sources, whereas the remainder is synthesized endogenously. The 
vast majority is stored in skeletal and cardiac muscle [2]. Carnitine 
deficiency, particularly in pediatric patients, can lead to severe 
clinical manifestations, such as hypoglycemia, muscle weakness, 
encephalopathy, and delayed development [1,3]. The 2018 
Japanese Clinical Practice Guidelines highlighted the importance 
of early recognition and treatment of carnitine deficiency, 
particularly in children with risk factors, such as valproic acid use, 
long-term enteral nutrition, and antibiotics use [4,5]. Although 
carnitine plays an important role in fatty acid metabolism, there 
is still some ambiguity regarding the pathogenesis of carnitine 
deficiency, particularly secondary carnitine deficiency. Therefore, 
we conducted a clinical study on carnitine deficiency in pediatric 
patients at our hospital.
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Methods

This was a retrospective observational study. A total of 213 
pediatric patients who underwent carnitine profiling at our 
institution between January 2017 and December 2021 were 
reviewed. Among them, 77 met the criteria for carnitine deficiency 
or were at high risk of developing carnitine deficiency. KDK-1201, 
the carnitine measurement reagent based on the principle of the 
enzyme cycling method [6], was used to measure serum carnitine 
levels. Patients with free carnitine (FC) levels of less than 20 
μmol/L were defined as having “carnitine deficiency”, and those 
with FC levels between 20 to 36 μmol/L and acylcarnitine-to-free 
carnitine (AC/FC) ratios of greater than 0.4 were defined as having 
a “high risk of deficiency”.

The patients’ diagnoses, nutritional status, medication histories, 
and laboratory findings were collected. Pre-treatment and post-
treatment carnitine levels were compared using the Mann–Whitney 
U test (cutoff of statistical significance: p < 0.05).

Results

Based on the 2018 Japanese Clinical Practice Guidelines, 77 cases 
are devided into the following groups: Long-term oral valproic 

acid treatment (32 cases), Long-term tube feeding, central venous 
feeding, milk allergy, and fasting (10 cases), Encephalopathy, 
cerebral hemorrhage, and corpus callosum hypoplasia (10 cases), 
Metabolic diseases (glycogen storage disease Ⅸa, dicarboxylic 
aciduria, glutaric acidemia type I, and citrin deficiency and 
idiopathic ketotic hypoglycemia) (17 cases), Internal use of pivalate-
conjugated antibiotics (4 cases), and Others (4cases). Idiopathic 
ketotic hypoglycemia (10 cases) includes severe hypoglycemia 
causing convulsive seizures or impaired consciousness, or patients 
diagnosed by exclusion after a thorough examination of the cause 
of repeated hypoglycemia. 

The incidence of hypocarnitinemia (FC < 20 μmol/L) in the 
various groups of patients analyzed in the present study was as 
follows: those with long-term oral valproic acid use, 3 out of 32 
patients (9%); those undergoing long-term tube feeding, central 
venous nutrition, or fasting, 3 out of 10 patients (30%); those 
with idiopathic ketotic hypoglycemia, 3 out of 10 patients (30%); 
those with metabolic diseases, including glutaric acidemia type 1, 
glycogenic disease IXa, citrin deficiency, type 1 citrullinemia, 2 out 
of 7 patients (29%); and those treated with antibiotics containing a 
pivoxyl group, 3 out of 4 patients (75%) (Table 1).

Condition Hypocarnitinemia (FC＜20 μmol/L)
Long-term oral valproic acid treatment 3/32 patients (9%)

Long-term tube feeding, central venous feeding, milk allergy, and 
fasting 3/10 patients (30%)

Encephalopathy, cerebral hemorrhage, and corpus callosum hypoplasia 2/10 patients (20%)

Ketotic hypoglycemia 3/10 patients (30%)

Metabolic diseases (glycogen storage disease Ⅸa, dicarboxylic aciduria, 
glutaric acidemia type I, and citrin deficiency)

2/7 patients (29%) (glycogen storage disease and glutaric acidemia 
type I)

Internal use of pivalate-conjugated antibiotics 3/4 patients (75%)

Others (neutropenia, Angelman syndrome, and severe soft tissue 
infection) 0/4 patients (0%)

Table 1: Hypocarnitinemia in children with various conditions.

Of the 77 patients with or at high risk of carnitine deficiency, 40 patients received carnitine supplementation (Table 2), and among those, 
31 patients subsequently underwent carnitine analysis.  
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Group Number of cases 
(%)

Treatment period 
(Range)

Median supplement amount 
(mg/kg/day) (IQR)

Long-term oral valproate treatment 18/32 (56%) 5 days – 5 years 31.5 (20–50)

Long-term enteral nutrition, central venous nutrition, milk allergy, 
fasting, and other types of malnutrition 4/10 (50%) 3 weeks – 1.5 years 14.3 (7.2–53)

Encephalopathy, hypoplasia, and cerebral hemorrhage 6/10 (60%) 5 days – 10 years 34 (23.8–41)

Ketotic hypoglycemia 4/10 (40%) 5 days – 1 year 26 (24.3–36.8)

Metabolic disorders 2/4 (50%) 5 years, 10 years 3.3, 10 

Oral pivalate-conjugated antibiotics treatment 4/4 (100%) 1 month – 1 year 37.5 (30–48.8)

Others (neutropenia, Angelman syndrome, and severe soft tissue 
infection) 2/4 (60%) 1 month – 1 year 100 (55–118)

Table 2: Summary of the treatment groups in this study; IQR; Interquartile Range.

Carnitine administration improved both FC levels (Figure 1) and AC/FC ratios (Figure 2) in all 31 patients. The group of patients 
with poor oral intake was excluded, because all of these patients had underlying diseases, making an accurate evaluation difficult. The 
remaining 27 patients were classified by group, and FC levels and AC/FC ratios before and after supplementation were summarized for 
each group. The patients with idiopathic ketotic hypoglycemia had the highest median AC/FC ratio of 1.39 (IQR, interquartile range: 
0.57–1.58), and these patients were classified in the same group as patients with metabolic disorders.

Figure 1: Free carnitine (FC) levels of the patients before and after carnitine supplementation.
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Comparison of free carnitine levels before and after carnitine supplementation in each treatment group. Statistically significant increases 
were observed except for the group of Encephalopathy, hypoplasia, and cerebral hemorrhage. 

(All p values < 0.05 were considered statistically significant).

Figure 2: AC/FC ratios of the patients before and after carnitine supplementation.

Acylcarnitine-to-free carnitine ratios before and after carnitine supplementation. Significant reductions were observed in the group of 
Idiopathic ketotic hypoglycemia and metabolic diseases.  

(All p values < 0.05 were considered statistically significant).

Significant increases in FC levels and improvements in AC/FC ratios were observed post-supplementation in patients with idiopathic 
ketotic hypoglycemia (p < 0.001) and metabolic disorders, such as glutaric acidemia and citrullinemia. Patients treated with pivalate-
conjugated antibiotics for recurrent otitis media (duration > 7 days) showed marked carnitine depletion and increased risk of hypoglycemia 
and consciousness disturbances. These patients responded well to carnitine supplementation (p = 0.01 for FC).

Discussion

Secondary carnitine deficiency remains an underdiagnosed yet clinically important metabolic disturbance in pediatric patients, 
particularly in those with chronic illnesses, nutritional compromise, or taking specific medications. Our retrospective analysis adds to 
the growing body of literature highlighting the clinical importance of identifying and treating carnitine deficiency in children at risk, 
particularly those with ketotic hypoglycemia, metabolic disorders, and pivalate-conjugated antibiotics use [7-9].

The pathophysiology of secondary carnitine deficiency is multifactorial. Regarding pivalate exposure, the ester binds to carnitine and 
is excreted via urine, resulting in molar-equivalent carnitine loss. Our findings support previous reports that even short-term pivalate-
conjugated antibiotics administration can cause substantial carnitine deficiency.
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Patients on elemental diets or parenteral nutrition demonstrated 
markedly reduced FC levels, likely owing to insufficient dietary 
intake of carnitine. This is consistent with prior studies indicating 
that insufficient carnitine availability compromises mitochondrial 
β-oxidation and energy production, potentially leading to metabolic 
decompensation [10, 11].

Inadequate dietary intake can also cause ketotic hypoglycemia. 
Although carnitine deficiency causes hypoketotic hypoglycemia 
owing to impaired β-oxidation, there has been one case report 
of ketotic hypoglycemia caused by the oral administration of 
antibiotics containing a pivoxyl group [12]. In our cohort, patients 
with ketotic hypoglycemia had the highest AC/FC ratios, and their 
FC levels and AC/FC ratios improved with the use of carnitine. 
The roles of carnitine include buffering of the acyl coenzyme A 
(CoA)-CoA ratio, branched-chain amino acid metabolism, removal 
of excess acyl groups, and peroxisomal fatty acid oxidation. 
Disorders of fatty acid oxidation and metabolism associated with 
carnitine deficiency include increased lipid breakdown, increased 
lipid peroxidation, accumulation of acylcarnitine, and abnormal 
membrane permeability [13]. We considered the possibility 
that severe ketotic hypoglycemia may involve an increase in 
acylcarnitine associated with increased fatty acid metabolism.

Based on these considerations, AC/FC ratios and FC levels 
may indicate the following:

A high AC/FC ratio indicates an increased demand for carnitine, as 
observed in patients with metabolic conditions and during energy 
stress. A low FC level indicates a decreased supply of carnitine, 
as seen in patients with low oral carnitine intake or medication-
associated carnitine loss.

Importantly, our findings are supported by prior observations in 
patients with CHARGE syndrome who developed metabolic 
encephalopathy during respiratory syncytial virus (RSV) 
infection [14]. In one such patient, profound carnitine deficiency 
accompanied by rhabdomyolysis and hepatic dysfunction 
was observed. Mitochondrial pathology, as evidenced by 
lipid droplet accumulation and loss of mitochondrial cristae, 
suggested that carnitine depletion substantially exacerbated 
RSV-associated metabolic stress. In contrast, another CHARGE 
syndrome patient receiving ongoing L-carnitine supplementation 
recovered uneventfully from RSV infection despite similar 
hepatic involvement. These cases underscore the protective role 
of L-carnitine, likely through the stabilization of mitochondrial 
function and mitigation of the effects of reactive oxygen species 
[14,15].

The therapeutic benefits of carnitine supplementation are 
further substantiated by studies demonstrating improvements 

in mitochondrial respiration, hepatic enzyme normalization, 
and neurological outcomes in patients with various metabolic 
conditions [10,14]. In our study, FC levels and AC/FC ratios 
significantly improved after carnitine supplementation. The 
prompt clinical response observed in patients receiving pivalate-
conjugated antibiotics highlights the need for heightened awareness 
among physicians prescribing such medications, particularly when 
treating infants and children with limited carnitine reserves [7].

In conclusion, the early recognition and treatment of secondary 
carnitine deficiency is essential in pediatric patients at risk 
of metabolic decompensation. Our findings, together with 
corroborative evidence from encephalopathy cases, highlight the 
potential benefits of proactive carnitine monitoring and targeted 
supplementation. These interventions may be particularly 
important in preserving organ function and improving patient 
outcomes during periods of metabolic stress, such as acute 
infections and surgical disease [8,9,16].

Conclusions

In pediatric patients with risk factors of secondary carnitine 
deficiency, proactive monitoring of their FC levels and AC/
FC ratios is essential. Dose adjustment of carnitine based on 
the clinical severity and background of their disease is crucial. 
In the future, the contribution of carnitine deficiency to clinical 
symptoms should be further clarified through the accumulation of 
additional cases and prospective analyses.
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