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Abstract
Background  Secondary carnitine deficiency in patients with anorexia nervosa has been rarely reported. This study 
aimed to investigate the occurrence of carnitine deficiency in severely malnourished patients with eating disorders 
during refeeding and assess its potential adverse effects on treatment outcomes.

Method  In a cohort study of 56 female inpatients with eating disorders at a single hospital from March 2010 to 
December 2020, we measured plasma free carnitine (FC) levels and compared to those of a healthy control group 
(n = 35). The patients were categorized into three groups based on FC levels: FC deficiency (FC< 20 µmol/L), FC pre-
deficiency (20 µmol/L ≤ FC< 36 µmol/L), and FC normal (36 µmol/L ≤ FC).

Results  Upon admission, the patients had a median age of 26 years (interquartile range [IQR]: 21–35) and a median 
body mass index (BMI) of 13.8 kg/m2 (IQR: 12.8–14.8). Carnitine deficiency or pre-deficiency was identified in 57% of 
the patients. Hypocarnitinemia was associated with a decline in hemoglobin levels during refeeding (odds ratio [OR]: 
0.445; 95% confidence interval [CI]: 0.214–0.926, p = 0.03), BMI at admission (OR: 0.478; 95% CI: 0.217–0.874, p = 0.014), 
and moderate or greater hepatic impairment at admission (OR: 6.385; 95% CI: 1.170–40.833, p = 0.032).

Conclusions  Hypocarnitinemia, particularly in cases of severe undernutrition (BMI< 13 kg/m2 at admission) 
was observed in severely malnourished patients with eating disorders during refeeding, a critical metabolic 
transition phase. Moderate or severe hepatic impairment at admission was considered a potential indicator of 
hypocarnitinemia. Although hypocarnitinemia was not associated with any apparent adverse events other than 
anemia during refeeding, the possibility that carnitine deficiency may be a risk factor for more serious complications 
during sudden increases in energy requirements associated with changes in physical status cannot be denied. Further 
research on the clinical significance of hypocarnitinemia in severely malnourished patients with eating disorders is 
warranted.
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Background
Eating disorders are serious psychiatric disorders char-
acterized by abnormal eating or weight-control behav-
iors that predominantly affect young women. Cognitive 
distortions related to weight, body shape, and eating play 
an important role in the development and maintenance 
of this disorder [1]. Among the various eating disorders, 
anorexia nervosa (AN) is often associated with severe 
physical risks due to medical comorbidities intrinsic to 
starvation and malnutrition, which are also associated 
with high mortality rates for this disease [2].

It has been reported that about 50% of patients are 
chronically affected with AN even after treatment [3], 
and this chronic starvation leads to medical compli-
cations affecting organ systems throughout the body. 
Starvation induces protein and fat catabolism, leading 
to adverse effects and atrophy of the heart, brain, liver, 
intestines, kidneys, and muscles [4].

Secondary carnitine deficiency is assumed in patients 
with AN in association with chronic starvation. Carnitine 
is an amino acid derivative that plays an important role 
in the promotion and regulation of fatty acid metabo-
lism. In the average adult diet, approximately 75% of the 
daily carnitine requirement is supplied by meat and dairy 
products, and the remaining 25% is synthesized endog-
enously in the liver, kidney, and brain from lysine and 
methionine [5, 6]. Furthermore, 98% of the carnitine in 
the human body is contained in muscle [6]. Fatty acid 
oxidation is an important source of energy production in 
mammals, and during fasting periods, fatty acids are the 
primary substrates for energy production in liver, heart 
muscle, and skeletal muscle. The brain does not directly 
utilize fatty acids for oxidative metabolism, but rather 
uses ketone bodies produced by β-oxidation of fatty acids 
in the liver [7]. The main function of carnitine is to act 
as a carrier in the process of transporting long-chain 
fatty acids into mitochondria and excreting them out of 
the body as acylcarnitines (ACs) to prevent the accumu-
lation of excess acyl compounds, which are cytotoxic in 

the mitochondria. Carnitine also regulates the acyl coen-
zyme A (CoA)/free CoA ratio in mitochondria and main-
tains the free CoA pool. This free CoA is used for energy 
production in the tricarboxylic acid circuit [8].

Carnitine deficiency can be classified into two main 
categories based on its underlying causes: “primary car-
nitine deficiency,” which is the result of genetic muta-
tions in carnitine transporters, and “secondary carnitine 
deficiency,” which occurs as a consequence of underlying 
disease. Secondary carnitine deficiency is characterized 
by decreased plasma and tissue carnitine levels. It can 
be further categorized by its etiology, which includes: 
1) congenital metabolic disorders, 2) acquired medical 
conditions (e.g., cirrhosis, renal failure, pregnancy and 
malnutrition, long-term total parenteral nutrition), or 
3) medical causes (e.g., long-term hemodialysis, use of 
valproic acid or pivoxil-containing antimicrobial agents) 
[9–11].

Carnitine deficiency causes nonketotic hypoglycemia, 
impaired consciousness, seizures, muscle weakness, car-
diomyopathy, and liver damage as a result of impaired 
energy production during starvation [6]. Some of these 
conditions are also common in patients with AN who 
are undernourished due to an inadequate diet, especially 
those with reduced muscle mass.

We searched risk factors for elevated liver enzyme (ala-
nine aminotransferase) levels that occur with renutrition 
therapy during the course of treatment for severely mal-
nourished patients with eating disorders, and found that 
early age of onset and a delay in the start of weight gain 
were associated with liver damage during refeeding [12]. 
Fat accumulation in hepatocytes (hepatic steatosis) due 
to excess glucose calories has been postulated as one of 
the etiologies of liver damage during refeeding, but the 
mechanism remains unclear. Other possible etiologies 
include the inhibition of fatty acid oxidation, which leads 
to the development of fatty liver due to carnitine defi-
ciency associated with total parenteral nutrition [13].

With regard to AN and other eating disorders involv-
ing low body weight, the relationships among carnitine 

Plain English summary
Carnitine is an amino acid derivative that plays an important role in the promotion and regulation of fatty 
acid metabolism, and carnitine deficiency is assumed in patients with anorexia nervosa associated with 
chronic starvation, but there are few reports on this issue. This study represents the inaugural documentation 
of hypocarnitinemia in severely malnourished patients with eating disorders, including anorexia nervosa. 
Hypocarnitinemia, particularly in cases of severe undernutrition (BMI < 13 kg/m2) was observed during refeeding, 
a critical metabolic transition phase. Moderate or severe hepatic impairment was considered a potential indicator 
of hypocarnitinemia. Although no apparent association with adverse events other than anemia during refeeding 
was identified, clinical manifestations of hypocarnitinemia may occur when a sudden increase in energy demand 
is added to a change in the physical condition of the patient group. Further investigation is required to determine 
the clinical significance of hypocarnitinemia.
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deficiency and liver damage [14, 15], myopathy [15, 16], 
and dilated cardiomyopathy [17] have been discussed in 
the literature. As for liver damage, some reports suggest 
an association with carnitine deficiency [14], while others 
do not [15]; however, no definitive conclusion has been 
reached. In addition, the number of reports is limited, 
and all have been in the form of case reports.

In the present study, we hypothesized that carnitine 
deficiency occurs in severely malnourished patients with 
eating disorders during refeeding and has adverse effects 
during the course of treatment, such as liver damage, 
hypoproteinemia, and poor weight gain. Given this back-
ground, the purpose of this study was to determine what 
events and symptomatology are associated with carnitine 
deficiency during the course of treatment.

Methods
Study population
The study participants were 56 patients with eating dis-
orders who had been admitted to the Psychiatry Depart-
ment of Nagoya University Hospital in Nagoya, Japan, 
between March 31, 2010 and December 31, 2020 for 
nutritional rehabilitation due to low body weight (patient 
group), and 35 healthy controls (control group). At the 
beginning of the study, 36 patients in the patient group 
and 20 healthy controls had already consented to partici-
pate and had specimens collected. The inclusion criteria 
were: 1) a diagnosis of AN-restricting type (AN-R), AN 
binge-eating/purging type (AN-BP), avoidant/restric-
tive food intake disorder, or another specified feeding 
or eating disorder based on the Diagnostic and Statisti-
cal Manual of Mental Disorders, Fifth Edition (DSM-
5) criteria [18], 2) age ≥ 17 years, 3) recovery to at least 
55% of standard body weight and no need for intensive 
medical management for high frequency medical com-
plications, 4) blood and biochemical data available from 
two different occasions (at admission and at the time of 
plasma carnitine level measurement), and 5) available 
clinical data obtained from electronic medical records. 
The exclusion criteria were: 1) those who did not meet 
the above inclusion criteria, 2) those with obvious renal 
disease or undergoing dialysis, and 3) males. Two experi-
enced psychiatrists (ST and MI) used the DSM-5 criteria 
to re-diagnose patients who had been diagnosed before 
2013 using the previous version of the DSM (4th Edition, 
Text Revision).

Refeeding protocol
Renutrition therapy at our hospital is generally per-
formed under a structured behavioral therapy proto-
col with oral intake under supervision. If oral intake is 
insufficient, high-calorie liquid dietary supplements are 
used to compensate for increased caloric needs. The tar-
get body weight is discussed with the patient at the time 

of admission and clearly set, and the patient generally 
aims to reach 70–75% of standard weight, which allows 
for outpatient treatment. If weight gain is insufficient or 
hypoglycemic symptoms are unavoidable with intermit-
tent nutrition, enteral refeeding via a nasogastric tube is 
additionally used. Nutritional rehabilitation is followed 
by a progressive increase of 200 kcal every 3 days, accord-
ing to the patient’s clinical status, with an objective of 
1 kg of weight gain per week. Fundamentally, renutrition 
therapy is based on the American Psychiatric Association 
guidelines [19]. The ratio of nutrients in a normal diet 
(1700–2300 kcal) is 15–17% protein, 23–25% lipids, and 
58–62% carbohydrates.

Study design
Plasma carnitine concentrations in both the patient and 
healthy groups were measured at any time after consent 
to participate in the study had been obtained. Blood 
samples were collected only once: early in the morning 
after fasting for the patient group during hospitalization, 
and at approximately 14:00 for the healthy group. We 
used frozen plasma samples stored at − 80  °C after cen-
trifugation. Plasma free carnitine (FC) and total carnitine 
(TC) concentrations were measured using the enzyme 
cycling method (blood carnitine two-fraction test) [20] 
with Kainos reagents (Kainos Laboratories, Inc., Tokyo, 
Japan) and an automated analyzer (JCA-BM9130; JEOL 
Ltd., Tokyo, Japan). Acylcarnitine (AC) concentrations 
were obtained from the difference between TC and FC 
concentrations. The diagnosis of carnitine deficiency was 
based on the Japanese guideline “Diagnosis and Treat-
ment of Carnitine Deficiency Using Diagnostic Reagents 
for the Blood Carnitine Bifractionation Test”, and the 
patient groups were then divided into three groups: A 
(FC < 20 µmol/L; carnitine deficiency), B (20 µmol/L ≤ 
FC < 36 µmol/L; very likely to develop carnitine defi-
ciency), and C (36 µmol/L ≤ FC ≤ 74 µmol/L; normal). 
Classification of these three groups was based on the ref-
erence values of the Blood Carnitine Bifractionation test 
using the guidelines published in 2018 by the Japan Pedi-
atric Society [21].

Basic patient information, including age at admis-
sion, age of illness onset, duration of illness, blood and 
biochemical data during hospitalization, and progress 
of nutritional therapy, were obtained retrospectively by 
electronic chart review. Blood and biochemical data were 
obtained twice: (1) at the time of admission (before the 
start of renutrition therapy), and (2) at the time of plasma 
carnitine level measurement (after the start of renutrition 
therapy), when the patients were above 55% of standard 
body weight and out of the acute phase during which 
medical physical management was given top priority. 
The clinical parameters analyzed included the duration 
of hospitalization, BMI at admission, BMI at discharge, 
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weight gain ratio (BMI at discharge / BMI at admission), 
nadir BMI during hospitalization, time to nadir BMI, 
time to carnitine measurement, initial prescribed calo-
ries, prescribed calories at plasma carnitine concentra-
tion measurement, maximum prescribed calories, total 
protein (TP), albumin, glucose, blood urea nitrogen, 
creatinine, aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), lactate dehydrogenase, alkaline 
phosphatase, gamma glutamyl transferase (GGT), white 
blood cell count, red blood cell (RBC) count, hemoglo-
bin, hematocrit, platelet, triglyceride, uric acid, sodium, 
potassium, chloride, and phosphate levels. This study was 
approved by the Ethics Review Committee of the Nagoya 
University Graduate School of Medicine (2009 − 0853) 
and conducted in accordance with all relevant guidelines.

Statistical analysis
Univariate analysis was used to describe the sample, 
including frequency (%), range, and median (interquar-
tile range [IQR]). We used the Mann–Whitney U test 
and the Steel–Dwass test to compare exploratively the 
median of continuous variables (such as age), and Fish-
er’s exact test to compare exploratively the proportions 
of categorical variables (such as disease type) between 
groups. The effect size was reported in r. Multivariate 
logistic regression analysis was performed with the pres-
ence of carnitine deficiency as the dependent variable. 
The independent variables included BMI (at admission 
or at the time of carnitine level measurement), the pres-
ence of hypoproteinemia and liver damage (which were 
considered clinically important), and factors identified in 
the univariate analysis. All p values < 0.05 were consid-
ered statistically significant. All analyses were performed 
using JMP Pro 16 software (SAS Institute, Cary, NC, 
USA).

Results
Comparison of the patients and healthy controls
Fifty-six patients and 35 healthy controls participated 
in the study. The distribution of FC levels in the two 
groups is shown below (Fig.  1). The median FC levels 
were significantly lower in the patient group than in the 
healthy controls (32.0 µmol/L vs. 37.8 µmol/L, respec-
tively; p = 0.0249, r = 0.24). The percentage of patients 
with FC concentrations below the lower reference limit 
(36 µmol/L) was 57% in the patient group, compared 
with 34% in the healthy controls. In addition to FC, BMI, 
AC, TC, and AC/FC were all significantly lower in the 
patients than in the healthy controls (Table 1).

Patients’ characteristics
The characteristics of the patient group are shown in 
Table  2. These patients had a median age of 26 years 
(IQR: 21–35), a median BMI at admission of 12.4 kg/m2 

(IQR: 11.1–14.2), a median minimum BMI during hos-
pitalization of 12 kg/m2 (IQR: 10.7–13.7), and a median 
BMI at discharge of 14.8  kg/m2 (IQR: 14–15.8). The 
median number of days to the date of plasma carnitine 
level measurement was 28, which is to say that the stud-
ies were conducted at around 1 month after admission. 
By disease type, AN-R and AN-BP accounted for about 
40%, respectively.

Hematological and biochemical findings at admission in 
the patient group
The hematological and biochemical findings of the 
patient group at admission are shown in Table 2. Hypo-
proteinemia and hypoalbuminemia were present in 
about half of the patients; 54% of the patients had hepatic 
involvement, of which, 13 of 56 (23%) had moderate or 
severe hepatic involvement (described later, Table 3).

Comparison of the A, B, and C groups
Patients were divided into three groups according to 
plasma FC concentration: A (n = 9; FC < 20 µmol/L; car-
nitine deficiency group), B (n = 23; 20 µmol/L ≤ FC < 36 
µmol/L; carnitine pre-deficiency group), and C (n = 24; 
36 µmol/L ≤ FC; normal group) (Tables 3 and 4). Of the 
56 patients, 32 (57%) showed decreased carnitine levels, 
including those with carnitine and pre-carnitine defi-
ciency. As for the patients’ characteristics (Table 3), BMI 
at admission and minimum BMI were significantly lower 
in group A than in group C. The duration of hospitaliza-
tion and weight gain ratio were significantly higher in 
group A than in group C. This may be related to the fact 
that the patients in group A were underweight at the time 
of admission compared with the other groups. No signifi-
cant differences in age, age of illness onset, duration of 
illness, time to nadir BMI, or amount of prescribed calo-
ries were observed among the three groups.

Blood biochemical findings at admission are shown in 
Table  3. TP, albumin, and phosphate were significantly 
lower in group A than in group C, suggesting that the 
patients in group A were more undernourished than 
those in the other groups. AST, ALT, and GGT were sig-
nificantly elevated in group A compared with group C, 
indicating that liver injury was more prominent in group 
A. Blood biochemical findings at the time of carnitine 
measurement are shown in Table  4. TP, albumin, RBC, 
hemoglobin, and hematocrit were significantly lower in 
group A than in group C, and the patients in group A 
remained more undernourished after the start of renu-
trition therapy than did those in the other groups; the 
patients in group A also developed anemia that was not 
present at admission. The decrease in BMI and increase 
in liver enzymes seen in group A at admission improved.
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Findings related to hypocarnitinemia
Findings related to hypocarnitinemia (FC < 20 µmol/L) 
during hospitalization are shown in Tables  3 and 4. 
Hypoproteinemia and hypoalbuminemia at admission 
were significantly associated with hypocarnitinemia 
(Table  3). We defined “moderately or greater elevated 

ALT levels” as an increase in ALT levels of more than 
three times the normal value (ALT ≥ 81 IU/L) in accor-
dance with a previous report [22]. Moderately or greater 
elevated ALT levels at admission were significantly asso-
ciated with hypocarnitinemia. No association between 
hypocarnitinemia and poor weight gain or delay in the 

Table 1  Comparison between the patient groups and controls
Controls (N = 35) Patients (N = 56)
Median (IQR) Range Median (IQR) Range p valuea r

Age (years) 24 (21–39) 20–49 26 (21–35) 17–53 0.7655 0.03
Height (m) 1.58 (1.546–1.611) 1.43–1.73 1.559 (1.528–1.597) 1.425–1.67 0.0976 0.17
Weight (kg) 49.5 (46.6–59) 42.2–85 30.1 (26.6–34.8) 18.9–44.5 < 0.0001 0.83
BMI at time of carnitine measurement (kg/m2) 20 (18.8–22.6) 16.6–34.2 13.8 (12.8–14.8) 10.8–18 < 0.0001 0.83
Free carnitine (36–74 µmol/L) 37.8 (34.7–40.5) 13.3–56.8 32.0 (23.2–41.5) 12.7–61.6 0.0249 0.24
Acylcarnitine (6–23 µmol/L) 7 (5.7–9.1) 3.0–11.3 3.8 (2.5–5.8) 0.7–9.9 < 0.0001 0.59
Total carnitine (45–91 µmol/L) 44.7 (41–48.9) 20.6–67.6 36.3 (26.1–46.2) 13.4–71.1 0.0012 0.34
Acylcarnitine/free carnitine (AC/FC) 0.19 (0.16–0.24) 0.07–0.55 0.12 (0.1–0.16) 0.04–0.27 < 0.0001 0.57
IQR, interquartile range; BMI, body mass index; aMann–Whitney U test

Fig. 1  Concentrations of free carnitine in plasma by group
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start of weight gain was observed (Table 3). Furthermore, 
both hypoalbuminemia and decreased hemoglobin levels 
at the time of carnitine measurement were significantly 
associated with hypocarnitinemia (Table 4).

Events involving carnitine deficiency
To identify the most important risk factors for hypocar-
nitinemia (FC < 20 µmol/L) during refeeding, multivari-
ate logistic regression analysis was performed using the 
following factors, which were significantly different in 
the univariate analysis after dividing the patients into 
three groups according to plasma FC levels (Table  5): 
(1) two variables at admission: BMI and the presence of 
elevated ALT (≥ 81 IU/L), and (2) three variables at the 
time of carnitine level measurement: BMI, the presence 
of low albumin, and hemoglobin level. Among the clini-
cal parameters, the presence of low albumin was selected 
as an indicator of nutritional status, and hemoglobin 
level, which was clinically easy to interpret, was selected 
as an indicator of anemia. The results showed that BMI at 
admission (odds ratio [OR]: 0.478; 95% confidence inter-
val [CI]: 0.217–0.874; p = 0.014), increased ALT level at 
admission (≥ 81 IU/L; OR: 6.385; 95%CI: 1.170–40.833; 
p = 0.032), and hemoglobin level at carnitine measure-
ment (OR: 0.445; 95%CI: 0.214–0.926; p = 0.03) were sig-
nificantly associated with the risk of hypocarnitinemia 
during refeeding.

Discussion
In the present study, we aimed to investigate the presence 
of secondary carnitine deficiency in severely malnour-
ished patients with eating disorders and to determine the 
associated events and symptomatology. The results indi-
cated that, as hypothesized, despite undergoing renutri-
tion therapy, the patient group had hypocarnitinemia, 
and this was associated with BMI at admission, moderate 
or greater hepatic impairment at admission, and anemia 
during refeeding. However, contrary to our hypothesis, 
no association was observed with hepatic impairment 
during refeeding, poor weight gain over the course of 
treatment, or delayed onset of weight gain.

To our knowledge, only a few case reports have focused 
on hypocarnitinemia in patients with AN or other eating 
disorders with malnutrition [14–16]. We believe that the 
present report is the first clinical research to identify and 
report hypocarnitinemia in such patients.

Hypocarnitinemia at metabolic transition
In the present study, 57% of underweight patients with 
eating disorders were found to be carnitine- or pre-car-
nitine-deficient at approximately 1 month (median) after 
the initiation of renutrition therapy. In a previous study, 
Okamoto et al. [15] also reported a case of hypocarni-
tinemia during the recovery phase in a patient with AN. 

Table 2  Patients’ characteristics and blood biochemical findings 
at the time of admission (N = 56)

Median (IQR) Range
Age (years) 26 (21–35) 17–53
Age of illness onset (years) 20 (15.3–21.8) 11–39
Duration of illness (years) 6.7 (2–11.8) 0.6–28
Duration of hospitalization (days) 50 (35–77) 19–123
BMI at admission (kg/m2) 12.4 (11.1–14.2) 8.9–17.2
BMI at discharge (kg/m2) 14.8 (14–15.8) 12.5–19.0
Ratio of BMI increasea 1.17 (1.1–1.3) 0.95–1.58
Minimum BMI during hospitalization 
(kg/m2)

12 (10.7–13.7) 8.9–17.0

Time to nadir BMI (days) 0 (0–7) 0–16
Time to measure carnitine level (days) 28 (16–41) 7–74
Initial prescribed calories (kcal/day) 980 (750–1480) 480–1700
Prescribed calories when measuring 
carnitine levels (kcal/day)

2,010 
(1,700–2,370)

1,000–
3,125

Maximum prescribed calories (kcal/day) 2,300 
(2,020–2,600)

1,600–
3,625

TP (6.7–8.3 g/dL)b 6.6 (6.1–7) 4.6–8.2
Albumin (4.1–5 g/dL) 4.1 (3.5–4.7) 2.1–5.5
Glucose (73–109 mg/dL) 77.5 (71–84) 48–132
BUN (8–22 mg/dL) 13.6 (10.1–18.6) 4.1–41.7
Creatinine (0.4–0.7 mg/dL) 0.63 (0.52–0.75) 0.29–3.04
AST (13–33 IU/L) 32.5 (23–54.8) 13–2881
ALT (6–27 IU/L) 27.5 (18–69) 9–2751
LDH (119–229 IU/L) 204 (172.2–284) 112–746
ALP (115–359 IU/L) 191 (135.8–298.5) 83–757
GGT (10–47 IU/L) 29 (19.3–73.3) 11–748
WBC (3.8–8.5×103/µL) 3.75 (2.9–5.18) 1.4–9.6
RBC (3.6–5.0×106/µL) 3.97 (3.35–4.38) 2.02–5.47
Hemoglobin (11–16 g/dL) 12.2 (10.5–13.7) 7.4–16.4
Hematocrit (32–48%) 36.1 (31.8–40) 22.3–47.3
Platelets (160–410×103/µL) 207.5 

(150.5–285.5)
49–472

Triglyceride (30–149 mg/dL) 78 (61.3–116.3) 17–310
Uric acid (2.3–7 mg/dL) 4 (3.5–5.4) 0.9–12.2
Sodium (138–146 mEq/L) 140 (138–142) 124–145
Potassium (3.6–4.9 mEq/L) 3.8 (3.3–4.3) 2.4–5.6
Chloride (99–109 mEq/L) 102.5 (99–108) 68–110
Phosphate (2.5–4.7 mEq/L) 3.65 (3.2–3.9) 0.6–5.1

Frequency (%)
AN-R 21 (38)
AN-BP 22 (39)
ARFID 7 (13)
OSFED 6 (10)
Low TP (< 6.7 g/dL) 30 (54)
Low albumin (< 4.1 g/dL) 25 (45)
Low glucose (< 73 mg/dL) 18 (32)
Elevated ALT (> 27 U/L) 30 (54)
IQR, interquartile range; BMI, body mass index; TP, total protein; BUN, blood 
urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase; 
LDH, lactate dehydrogenase; ALP, alkaline phosphatase; GGT, gamma glutamyl 
transferase; WBC, white blood cells; RBC, red blood cells; AN-R, anorexia 
nervosa-restricting type; AN-BP, anorexia nervosa-binge-eating/purging type; 
ARFID, avoidant/restrictive food intake disorder; OSFED, other specified feeding 
or eating disorder; aRate of BMI increase, BMI at discharge / BMI at admission; 
bReference range shown in parentheses
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Group A (N = 9) Group B (N = 23) Group C (N = 24)

FC < 20 (µmol/L) 20 ≤ FC < 36 (µmol/L) 36 ≤ FC (µmol/L)
Median (IQR) Range Median (IQR) Range Median (IQR) Range p valuea r

Age (years) 31 (22–46) 21–51 27 (22–34) 18–48 25 (20–36) 17–53 n.s.b

Age of illness onset (years) 19 (16–24) 15–30 20 (15–21) 11–39 20 (16–22) 14–38 n.s.
Duration of illness (years) 11 (4–23.7) 0.7–26 9 (2–11) 0.6–22 5.5 (1.3–11) 0.7–28 n.s.
Duration of hospitalization (days) 79 (60–107) 30–122 50 (37–70) 26–104 46 (28–71) 19–123 0.0473c 0.32

0.0444d 0.32
BMI at admission (kg/m2) 10.8 (10–12.1) 8.9–12.1 12 (11.5–13.5) 9.3–16.7 13.3 (11.8–14.6) 9.7–17.2 0.0049c 0.42

0.0398d 0.33
BMI at discharge (kg/m2) 14.3 (13.8–15.1) 13.3–15.4 14.7 (13.8–15.6) 12.8–17.2 15.3 (14.6–16.2) 12.8–19 n.s.
Ratio of BMI increasee 1.37 (1.2–1.46) 0.95–1.58 1.13 (1.09–1.25) 0.95–1.58 1.17 (1.06–1.31) 0.95–1.51 0.0467d 0.32
Minimum BMI during hospitalization 
(kg/m2)

10.5 (9.4–11.3) 8.9–12 12.4 (11–13.5) 9.1–15.7 13.2(11.7–14.4) 9.7–17 0.0026c 0.44
0.0147d 0.37

Time to nadir BMI (days) 3 (0–6.5) 0–10 2 (0–7) 0–16 4 (0.3–7) 0–13 n.s.
Initial prescribed calories (kcal/day) 500 (500–1,450) 480–1,700 960 (750–1,200) 500–1,700 1,175 (850–1,520) 750–

1,700
n.s.

Prescribed calories when measuring 
carnitine levels (kcal/day)

2,125 
(1,960–2,500)

1,520–
2,600

2,000 
(1,600–2,300)

1,440–
2,700

2,090 (1,800–2,394) 1,000–
3,125

n.s.

Maximum prescribed calories (kcal/
day)

2,400 
(2,275–2,525)

1,920–
2,600

2,300 
(2,000–2,600)

1,600–
3,625

2,300 (2,123–2,988) 1,600–
3,425

n.s.

TP (6.7–8.3 g/dL) 5.5 (4.8–6.3) 4.8–6.3 6.6 (5.8–7) 4.8–7.9 6.8 (6.3–7.3) 5.6–8.2 0.0032c 0.44
0.0266d 0.35

Albumin (4.1–5 g/dL) 3.3 (2.8–3.8) 2.7–3.9 4.1 (3.6–4.8) 2.2–5 4.5 (4–4.9) 2.1–5.5 0.0045c 0.42
0.0058d 0.41

Glucose (73–109 mg/dL) 72 (61–80) 51–85 77 (70–83) 48–102 81 (74–87) 57–132 n.s.
BUN (8–22 mg/dL) 15 (13–17.9) 10.9–24 12.3 (9.4–22) 4.1–36.9 13.3 (9.6–16) 6–41.7 n.s.
Creatinine (0.4–0.7 mg/dL) 0.65 (0.35–0.76) 0.29–0.89 0.66 (0.57–0.81) 0.37–1.2 0.62 (0.56–0.71) 0.37–3.04 n.s.
AST (13–33 IU/L) 96 (45–150) 29–228 30 (20–39) 15–2881 31 (20–40) 13–137 0.0068c 0.41

0.0129d 0.38
ALT (6–27 IU/L) 96 (33–342) 22–455 29 (18–44) 9–2751 24 (15–44) 10–130 0.0145c 0.37
LDH (119–229 IU/L) 308 (200–521) 150–746 195 (156–265) 127–622 197 (173–251) 112–370 n.s.
ALP (115–359 IU/L) 299 (165–539) 104–757 178 (104–247) 83–490 182 (142–307) 113–506 n.s.
GGT (10–47 IU/L) 59 (32–122) 22–263 26 (17–39) 11–318 27 (18–90) 14–748 0.0494d 0.31
WBC (3.8–8.5×103/µL) 3.4 (2.2–5.5) 1.9–7.3 3.6 (2.9–5.2) 2.1–9.6 4 (2.9–5.3) 1.4–7.1 n.s.
RBC (3.6–5.0×106/µL) 3.6 (3–4.9) 2.6–5.2 4.1 (3.5–4.3) 2–5.5 4 (3.2–4.4) 2.5–5.1 n.s.
Hemoglobin (11–16 g/dL) 11.9 (9.8–15.9) 8.8–16.4 12.2 (10.5–13.6) 7.4–16.4 12.4 (10.5–13.6) 8.1–16 n.s.
Hematocrit (32–48%) 34 (29.6–45.6) 27.6–46.1 35.6 (32.7–39.4) 22.3–47.3 36.4 (31.8–40.8) 24.5–46.3 n.s.
Platelets (160–410×103/µL) 196 (94–348) 59–472 218 (159–304) 107–393 203 (160–269) 109–396 n.s.
Triglyceride (30–149 mg/dL) 61 (43–97) 34–120 76 (61–120) 17–188 91 (73–138) 41–310 n.s.
Uric acid (2.3–7 mg/dL) 3.9 (3–4.4) 0.9–7.1 4.2 (3.4–5.4) 1.3–10.6 4.1 (3.8–5.6) 3.8–5.6 n.s.
Sodium (138–146 mEq/L) 139 (135–142) 135–142 139 (137–142) 124–145 140 (139–142) 132–143 n.s.
Potassium (3.6–4.9 mEq/L) 3.7 (3.1–4.3) 2.4–5.4 3.8 (3.2–4.3) 2.8–5.6 3.9 (3.5–4.3) 2.4–5 n.s.
Chloride (99–109 mEq/L) 100 (98–107) 94–107 103 (98–107) 88–110 103 (100–105) 68–108 n.s
Phosphate (2.5–4.7 mEq/L) 3 (2.8–3.7) 1.9–3.9 3.8 (3.2–3.9) 0.6–5.1 3.6 (3.4–3.9) 2.9–5.1 0.0467c  0.25

Group A (N = 9) Group B + C (N = 47)

FC < 20 (µmol/L) 20 ≤ FC (µmol/L)
Frequency (%) p valuef

Poor weight gaing 0 (0) 31 (66) n.a.i

Delayed start of weight gainh 6 (67) 31 (66) n.a.
Low TP (< 6.7 g/dL) 8 (89) 22 (47) 0.0286
Low albumin (< 4.1 g/dL) 9 (100) 16 (34) < 0.0001
Low glucose (< 73 mg/dL) 5 (56) 13 (28) 0.1288

Table 3  Comparison of Groups A, B, and C by carnitine concentration (characteristics and blood biochemical findings at the time of 
admission)
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In the present study, the carnitine deficiency (group A) 
and pre-deficiency (group B) groups were severely under-
nourished patients with BMIs of 10.8  kg/m2 (median) 
and 12  kg/m2 (median), respectively, and both had a 

BMI < 13  kg/m2 at admission (Table  3). As reported by 
Kawai et al. [23], when BMI is < 13  kg/m2, protein, not 
fat, is the main source of energy, and protein catabo-
lism is considered to be increased. In the case of septic 

Table 4  Comparison of Groups A, B, and C by carnitine concentration (clinical and blood biochemical findings at the time of carnitine 
level measurement)

Group A (N = 9)
FC < 20 (µmol/L)

Group B (N = 23)
20 ≤ FC < 36 (µmol/L)

Group C (N = 24)
36 ≤ FC (µmol/L)

Median (IQR) Range Median (IQR) Range Median (IQR) Range p valuea r
Time to measure carnitine level (days) 49 (27–65) 16–74 28 (18–34) 7–66 21 (14–31) 10–71 0.0424b 0.32
BMI at time of carnitine measurement
(kg/m2)

13.1 (12.6–13.9) 12.4–14.8 13.8 (12.6–14.8) 10.8–17.2 14.4 (13.1–15.3) 11.3–18 n.s.

TP (6.7–8.3 g/dL) 6 (5.4–6.3) 4.3–7.4 6.2 (5.6–6.5) 5.1–6.9 6.6 (6.2–7) 5.5–7.7 0.0258b 0.35
0.0177e 0.36

Albumin (4.1–5 g/dL) 3.4 (2.8–3.7) 2.3–4.3 3.8 (3.4–4.2) 2.9–4.5 4.1 (3.8–4.5) 2.1–5 0.0104b 0.39
Glucose (73–109 mg/dL) 76 (69–79) 65–82 77 (73–80) 60–85 80 (74–95) 64–132 n.s.d

BUN (8–22 mg/dL) 14.4 (10.9–18.5) 8–21.9 11 (9–18) 4–41.1 12.6 (10.4–15.9) 7.3–33.6 n.s.
Creatinine (0.4–0.7 mg/dL) 0.46 (0.3–0.62) 0.22–0.86 0.56 (0.48–0.64) 0.39–0.79 0.57 (0.5–0.7) 0.41–1.12 n.s.
AST (13–33 IU/L) 24 (19–35) 16–133 30 (19–38) 14–61 26 (21–34) 17–50 n.s.
ALT (6–27 IU/L) 27 (15–47) 12–170 30 (20–68) 9–2751 28 (20–44) 12–91 n.s.
LDH (119–229 IU/L) 243 (203–306) 146–309 177 (158–237) 127–622 193 (160–235) 123–310 n.s.
ALP (115–359 IU/L) 295 (133–384) 107–597 165 (125–247) 94–452 182 (144–276) 94–387 n.s.
GGT (10–47 IU/L) 29 (20–38) 13–75 25 (19–58) 13–86 29 (17–57) 13–216 n.s.
WBC (3.8–8.5×103/µL) 4.2 (3.4–5) 1.9–5.6 3.6 (2.8–4.3) 1.8–6.9 4.2 (3.7–5.3) 1.4–7.1 n.s.
RBC (3.6–5.0×106/µL) 3.21 (2.84–3.52) 2.4–3.76 3.67 (3.2–4.1) 2.5–4.8 3.86 (3.5–4.1) 2.55–4.64 0.0101b 0.39
Hemoglobin (11–16 g/dL) 10.3 (8.6–10.7) 8.1–11.1 11.1 (10–12.2) 8.5–13.2 12.1 (10.9–12.9) 8.5–14.5 0.0021b 0.45
Hematocrit (32–48%) 31.4 (27.9–33.3) 23–35 34.3 (30.6–37.7) 27.1–39.4 36.5 (32.7–39.2) 26.4–41.8 0.0078b 0.4
Platelets (160–410×103/µL) 310 (99–399) 160–566 222 (146–254) 106–301 222 (177–272) 145–516 0.0357c 0.33
Triglyceride (30–149 mg/dL) 80 (48–101) 35–135 69 (48–82) 38–153 64 (49–120) 36–310 n.s.
Uric acid (2.3–7 mg/dL) 4.1 (3.6–5.2) 2.8–5.5 3.3 (2.8–4.2) 1.5–6.7 4.5 (3.8–5.4) 3.2–11.4 0.0021e 0.45
Sodium (138–146 mEq/L) 142 (140–143) 135–144 142 (141–144) 128–145 141 (140–142) 135–143 n.s.
Potassium (3.6–4.9 mEq/L) 4.3 (4.1–4.4) 3.8–4.7 4.3 (4–4.5) 3–4.9 4.2 (4–4.6) 3.5–5.2 n.s.
Chloride (99–109 mEq/L) 106 (104–108) 100–109 106 (105–107) 95–116 101 (103–107) 99–110 n.s.
Phosphate (2.5–4.7 mEq/L) 4.6 (3.9–5.2) 3.6–5.3 4.1 (3.6–4.6) 2.5–5.6 4.4 (4–4.6) 3.5–5.6 n.s.

Group A (N = 9) Group B + C (N = 47)

FC < 20 (µmol/L) 20 ≤ FC (µmol/L)
Frequency (%) p valuef

Low albumin (< 4.1 g/dL) 8 (89) 22 (47) 0.0307
Elevated ALT (> 27 U/L) 4 (44) 27 (57) 0.4928
Low hemoglobin (< 11 g/dL) 9 (100) 24 (51) 0.0073
FC, free carnitine; IQR, interquartile range; BMI, body mass index; TP, total protein; BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; GGT, gamma glutamyl transferase; WBC, white blood cells; RBC, red blood cells; aSteel–
Dwass test; bsignificant difference between groups A and C; csignificant difference between groups A and B; dn.s. not significant; esignificant difference between 
groups B and C; fFisher’s exact test

Group A (N = 9) Group B + C (N = 47)

FC < 20 (µmol/L) 20 ≤ FC (µmol/L)
Frequency (%) p valuef

ALT ≥ 81 (IU/L)j 6 (67) 7 (15) 0.003
Low phosphate (< 2.5 mEq/L) 1 (11) 2 (4) 0.415
FC, free carnitine; IQR, interquartile range; BMI, body mass index; TP, total protein; BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; GGT, gamma glutamyl transferase; WBC, white blood cells; RBC, red blood cells; aSteel–
Dwass test; bn.s., not significant; cdifference between groups A and C; dsignificant difference between groups A and B; eRate of BMI increase, BMI at discharge / BMI 
at admission; fFisher’s exact test; gRate of BMI increase (BMI at discharge / BMI at admission) < 1; hTime to nadir BMI ≥ 1 (days); in.a. not assessable; jMore than three 
times the reference value

Table 3  (continued) 
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patients, in addition to a relative lack of carnitine due to 
high hypermetabolism, protein catabolism may reduce 
carnitine production, resulting in carnitine deficiency [9]. 
Although the patients in the present study were recov-
ering from starvation and had different diseases and 
pathologies, they shared the same hypermetabolic state 
in addition to increased protein catabolism, and it is pos-
sible that a similar mechanism may be responsible for 
carnitine deficiency.

During refeeding, the body undergoes a metabolic 
transition from catabolism to anabolism [24]. In addition, 
during the period of weight gain in AN, basal metabolism 
is suppressed and lean body mass synthesis predomi-
nates, so it is important to manage the body leading to 
the synthesis of lean tissue during this period [23]. In the 
present study, carnitine deficiency was observed in more 
than half of the patients with eating disorders who were 
underweight, even at around 1 month after the start of 
renutrition therapy. This may suggest that it takes more 
than a month for protein anabolism to stabilize, and with 
it, carnitine levels.

Furthermore, in AN, caloric requirements increase 
dramatically as renutrition therapy progresses, i.e., 
as the metabolism recovers from starvation [24]. The 
patients with eating disorders in the present study were 
accompanied by severe emaciation, with a BMI < 13  kg/
m2 (median 12.4) at admission, suggesting that they had 
considerably reduced muscle mass and depleted carni-
tine stores. Considering that the measurement of carni-
tine levels during the renutrition treatment process was 
performed at a time of increased metabolism due to 
improved nutritional status, it is possible that an imbal-
ance between carnitine biosynthesis, carnitine intake, 
and carnitine demand may have caused the carnitine 
decline.

Association with anemia during refeeding
In the present investigation, an association was observed 
between hypocarnitinemia and anemia during refeed-
ing. With regard to the connection between hypocarni-
tinemia and anemia, it has been reported that carnitine 
deficiency is one of the factors involved in the develop-
ment of erythropoietin-resistant anemia in patients 

undergoing dialysis [25]. Carnitine is involved in stabiliz-
ing erythrocyte membranes, and its deficiency increases 
erythrocyte membrane fragility and shortens the eryth-
rocyte life-span [26, 27]. In addition, l-carnitine supple-
mentation has been reported to improve anemia and 
reduce the requirement for erythropoiesis-stimulating 
agents [28].

In the case of AN, it has been reported that hyper-
lipidemia occurs during refeeding and that l-carnitine 
administration improves the rapid decline in hemato-
crit [29]. Although we did not observe apparent refeed-
ing syndrome (Crook, 2014) or hyperlipidemia in group 
A (carnitine deficiency group) in the present study, the 
clinical picture of abnormal fatty acid metabolism and 
the consequent development of anemia is similar to pre-
vious reports, suggesting the involvement of a common 
etiology in terms of carnitine deficiency (relative defi-
ciency in the previous report and absolute deficiency in 
our cohort).

Association with BMI at admission
In the present study, hypocarnitinemia during refeed-
ing was associated with BMI at admission. On the other 
hand, no association with BMI was observed at the time 
carnitine levels were measured. In other words, hypo-
carnitinemia was associated with BMI at admission, the 
period of highest undernutrition.

It has been reported that undernutrition is a factor in 
secondary carnitine deficiency [10]. Reduced plasma 
carnitine levels have been reported in children with low 
protein-calorie nutrition, such as those with kwashiorkor 
and marasmus [30, 31], as has a decrease in serum carni-
tine levels in undernourished patients with impaired oral 
intake [32].

As mentioned earlier, 9 patients in group A (carnitine 
deficiency) and 23 patients in group B (carnitine pre-
deficiency) were in a state of carnitine decline (57%), and 
the median BMI at admission was < 13  kg/m2 in both 
groups. In other words, the results of this study indi-
cate that more than half of the severely malnourished 
patients with a BMI < 13  kg/m2 had carnitine deficiency 
or pre-deficiency. Therefore, the possibility of carnitine 
deficiency should be considered in cases of low BMI at 
admission.

Association with liver damage at admission
The present study revealed that hypocarnitinemia dur-
ing refeeding was associated with moderate or greater 
hepatic impairment at admission. On the other hand, no 
significant difference in liver function was found between 
the three groups at the time of hypocarnitinemia, that 
is, after the start of refeeding, and liver function was 
almost normalized. In other words, no association was 
found between hypocarnitinemia and liver damage. It is 

Table 5  Odds ratios (95% confidence intervals) for determinants 
of hypocarnitinemia (free carnitine level < 20 mol/L)
Variable (at the time of admission) p value
BMI (kg/m2) 0.478 (0.217–0.874) 0.014
ALT (≥ 81 IU/L)a 6.385 (1.170–40.833) 0.032
Variable (at the time of carnitine level measurement)
BMI (kg/m2) 0.942 (0.496–1.790) 0.855
Low albumin (< 4.1 g/dL) 2.201 (0.187–25.948) 0.531
Hemoglobin (g/dL) 0.445 (0.214–0.926) 0.03
BMI, body mass index; ALT, alanine aminotransferase; aMore than three times 
the reference value
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thought that moderate or severe hepatic impairment at 
admission predicts hypocarnitinemia during refeeding in 
the subsequent course of the disease.

The liver is one of the organs capable of biosynthesiz-
ing carnitine. The association between hypocarnitinemia 
and liver damage in AN has been reported by Fukusako 
et al. [14], and assumes a carnitine deficiency secondary 
to impaired carnitine production due to liver damage 
associated with undernutrition. Similarly, based on our 
results, we hypothesize that liver biosynthesis of carni-
tine may have been decreased due to liver injury at the 
time of admission, resulting in hypocarnitinemia during 
refeeding.

Patients with AN often show liver damage associ-
ated with undernutrition, and a multifactorial etiology 
has been hypothesized: nutritional hepatitis with fatty 
changes [33], ischemic hepatitis associated with dehy-
dration and circulatory failure [34, 35], and starvation-
induced autophagy [36, 37]. Low body weight is a risk 
factor for all of these etiologies [38–42]. Although liver 
damage is often mild to moderate and gradually resolves 
with weight gain, the course of such an injury should be 
carefully monitored because, as shown in the present 
study, moderate or severe liver damage at admission may 
predict hypocarnitinemia during refeeding.

Clinical significance of hypocarnitinemia in severely 
malnourished patients with eating disorders
The present study revealed a large percentage of poten-
tial secondary carnitine deficiency during refeeding in 
severely malnourished patients with eating disorders. 
Carnitine deficiency was associated with anemia, but 
not with liver damage, poor weight gain, or other appar-
ent adverse events. The bioavailability of carnitine is also 
said to be increased in vegetarians [5, 43]. Therefore, in 
vegetarians, it is possible that low carnitine levels are 
compensated for and homeostasis is maintained to some 
extent. On the other hand, there have been reports of an 
association between secondary carnitine deficiency and 
cardiomyopathy [44]. It is possible that when a highly 
undernourished patient with AN suddenly reduces his 
or her caloric intake or has a sudden increase in energy 
demand due to complications such as infection or diar-
rhea, carnitine homeostasis may be disrupted and clinical 
signs of masked hypocarnitinemia may develop, and this 
may be associated with the high mortality rate of patients 
with AN.

Limitations
This study has some limitations. First, as this was a ret-
rospective study, causality could not be proven. Sec-
ond, the sample size was small, the study was limited to 
women only, and to severe or hospitalized cases, so the 
results cannot be generalized to outpatient or community 

samples. Moreover, we cannot rule out the effect of car-
nitine deficiency in nutritional supplements. During 
refeeding, especially during the initial period of signifi-
cant low body weight, 36 (64%) of 56 patients were found 
to have used non-carnitine-containing nutritional sup-
plements (alone or in combination with meals). There-
fore, the extent to which insufficient carnitine intake 
affected the development of hypocarnitinemia in indi-
vidual cases remains unclear. Moreover, several drugs 
may contribute to increased renal carnitine excretion 
and hypocarnitinemia. Among the 56 patients, three 
were taking sodium valproate (400 mg/day). No statisti-
cal association with hypocarnitinemia was found, but it 
is conceivable that this could have affected the laboratory 
values. There was no concomitant use of pivoxil-contain-
ing antimicrobials or other potentially causative agents.

Conclusions
In the present study, hypocarnitinemia was observed 
during refeeding, i.e., during a metabolic transition, 
among malnourished patients with eating disorders. 
This hypocarnitinemia was associated with anemia dur-
ing refeeding. Our findings suggest that patients severely 
undernourished with a BMI < 13 kg/m2 at admission and 
those with moderate or severe hepatic impairment at 
admission may be at risk of hypocarnitinemia. On the 
other hand, hypocarnitinemia was not associated with 
any apparent adverse events other than anemia. How-
ever, there have been reports of an association between 
hypocarnitinemia and cardiomyopathy, and the possibil-
ity that carnitine deficiency may be a risk factor for more 
serious complications during sudden increases in energy 
requirements associated with changes in physical sta-
tus cannot be denied. Thus, further investigation of the 
possible role of hypocarnitinemia in the pathogenesis 
of more severe cases and those with sudden changes in 
physical and medical status is warranted.

It is hoped that the results of this exploratory study will 
help to promote further research on the clinical signifi-
cance of hypocarnitinemia in patients with eating disor-
ders and the need for carnitine replacement therapy.
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