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Abstract

Purpose Valproic acid (VPA) is regarded as not only an antiepileptic drug but also a mood
stabilizer in bipolar disorder. Long-term VPA therapy can cause carnitine deficiency,
which may result in an increase in the blood ammonia level in patients with epilepsy.
However, there is little information about this effect in bipolar disorder patients. The aim
of this study is to investigate the associations between serum VPA levels and carnitine
and ammonia levels in psychiatric patients other than child patients with epilepsy.
Methods The subjects were 182 consecutive Japanese adult patients (mean age 54.3+19.5
years) diagnosed with bipolar disorder and treated with VPA. The serum VPA level,
carnitine fraction, and plasma ammonia level were measured. The free carnitine and
acylcarnitine fractions were measured using an enzyme cycling method.

Results Sixty-nine patients (38%) had low free carnitine levels. There were significant
differences in sex, height, VPA dose, serum VPA levels, total carnitine, acyl carnitine, and
the acyl/free carnitine ratio between patients with low free carnitine levels and those with
values in the normal range. Simple and multiple regression analyses revealed that the VPA
dose and serum VPA level were inversely and significantly correlated with free carnitine
levels. Plasma ammonia levels were correlated with the VPA dose, serum VPA level and
acyl carnitine level but not the free carnitine level.

Conclusion These findings suggest that carnitine deficiency is associated with VPA dose
and serum VPA level in patients with bipolar disorder. However, it is unlikely that

carnitine deficiency is associated with hyperammonemia in bipolar disorder patients.
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Introduction

The World Federation of Societies of Biological Psychiatry (WFSBP) guidelines
recommend valproic acid (VPA) as the only first-line mood-stabilizing medication,
possibly reflecting concerns regarding the safety of lithium.! Overall, VPA is well
tolerated with regard to weight gain, fatigue, cognitive function, gastrointestinal
disturbances, tremors, hair loss, thrombocytopenia, and teratogenicity, although
pancreatitis, hepatotoxicity, and hyperammonemia are infrequent adverse events.” VPA is,
therefore, widely used in patients with not only epilepsy but also bipolar disorder.

VPA is extensively metabolized by the liver via glucuronic acid conjugation and
mitochondrial beta- and cytosolic omega-oxidation, producing multiple metabolites,
some of which may be toxic.** Metabolites of VPA, such as valproyl-CoA and 2-propyl-
4-pentenoate and propionate, inhibit enzymes in the urea cycle, leading to elevation of
the blood ammonia level.’® Some studies have shown elevated ammonia levels in a large
percentage of asymptomatic patients on VPA.”!! However, these findings mentioned
above were based on data in epileptic patients, not bipolar patients.

In addition, carnitine is a carrier-type molecule required for the transport and
oxidation of fatty acids in the mitochondria.'> VPA inhibits the biosynthesis of carnitine
by decreasing the concentration of alpha-ketoglutarate and may cause carnitine deficiency.
The total and free plasma carnitine concentrations were significantly lower in patients
taking VPA than in those not taking VPA."> Carnitine deficiency can cause several
disorders by impairing fatty acid oxidation. In addition, carnitine deficiency may result
in hyperammonaemia.'*!” These findings were also based on data in epileptic patients,
not bipolar patients.

However, there is little information on carnitine levels associated with VPA in patients



with psychiatric disorders, such as bipolar disorder. Generally, children have lower
amounts of muscle than adults, indicating that they have a tendency for carnitine
deficiency. Previous studies investigated an association between biochemical parameters
and VPA in epilepsy patients, almost all of who were children.’!” The bipolar disorder
patients evaluated in the present study were adults. A previous study reported that patients
with various psychiatric conditions treated with polypharmacy including VPA had lower
plasma carnitine levels than would be expected in their healthy counterparts,18 although
that study did not examine the effect of free carnitine levels on hyperammonemia. In
addition, the association between carnitine deficiency and hyperammonemia in patients
with bipolar disorder remains unclear. The aim of this study is to investigate the
associations between serum VPA levels and carnitine and ammonia levels in psychiatric
patients other than child patients with epilepsy. Therefore, we examined the effects of
serum VPA levels on carnitine and ammonia levels in a large sample of patients with

bipolar disorder.

Methods
Subjects

This was a retrospective study conducted in 6 psychiatric hospitals and a psychiatric
outpatient clinic from August 2018 to July 2019. The subjects were 211 consecutive
bipolar disorder patients receiving sustained-release formulation of VPA monotherapy
who all underwent examinations of VPA levels, ammonia levels and carnitine fractions.
Twenty-nine patients diagnosed with conditions other than only bipolar disorder
(comorbidity with epilepsy in 21 and moderate to severe intellectual disorders in 8) were

excluded from the study, and 182 bipolar patients (24 inpatients and 158 outpatients) were



included in the study. They received benzodiazepine hypnotics in 125, benzodiazepine
anxiolytics in 52, and laxatives in 36. Neither mood stabilizers nor antiepileptic drugs
were administered. No patients suffered from poor nutritional condition. This
observational study was conducted in accordance with the principles of the Declaration
of Helsinki, and the study protocol was approved by the ethics committee of each hospital.
The need for informed consent was waived via the opt-out method on each hospital
website. In Japan, we were able to quantify not only VPA concentration and ammonia
level but also serum carnitine fraction and total and free carnitine levels using the
Japanese health insurance service.

Venous blood samples were obtained from the patients 2-6 h after a meal (9AM-1PM)
before morning dosing of VPA. For the determination of the ammonia level, VPA level
and carnitine fraction, a blood sample was withdrawn by arm venipuncture and collected
into a tube containing EDTA and a plain tube. To ensure sample stability, the EDTA tubes
were immediately taken by refrigerated transport to the laboratory for immediate
determination of the ammonia level (within 30 minutes after the blood sample was taken).
For the determination of VPA level and the carnitine fraction, blood samples were
centrifuged, and the serum was stored at -20°C until analysis. The measurements of the
plasma ammonia level, serum VPA level, and serum free and acyl carnitine levels were
performed in the SRL Laboratory (Hachiohji city, Japan).

The serum VPA levels were quantified by enzyme immunoassay (EIA) (EMIT2000
Valproic acid assay, Siemens Healthcare Diagnostics Co. Japan). The detection limit for
VPA levels was 1ug/ml. The inter- and intra-assay coefficient of variation (CV) values
for VPA levels were less than 5.0%. Total and free carnitine levels were measured using

the enzyme cycling method (KDK-1201, KAINOS Co, Tokyo). The detection limits of



total and free carnitine levels were 1umol/ml. The inter- and intra-assay CV values for
total and free carnitine were less than 5.0%. The acyl carnitine levels were calculated
from the total minus the free carnitine levels. The ammonia levels were quantified by a
modified Fiji-Okuda method (Ammonia Test Wako, Fujifilm Wako Chemical Co.
Japan).!” The inter- and intra-assay CV values for ammonia levels were 2.51 and 1.43%.
At our hospitals, the normal ranges of plasma ammonia and total, free and acyl carnitine
are 30-80 pg/dl, 45-91 pumol/L, 36-74 pumol/L, and 6-23 pumol/L, respectively. The
characteristics of the subjects are shown in Table 1. The data are presented as the means

+ standard deviations (Table 1).

Statistics

In the present study, comparisons of several factors between patients with and without
low levels of free carnitine were performed using t-tests and chi-square tests. The data are
presented as the means + standard deviations. A p-value <0.05 indicated statistical
significance. Univariate regression analyses were performed, and a single-tailed p-value
<0.025 indicated statistical significance. The factors associated with serum levels of
carnitine were examined using multiple regression analyses with forced entry; they
included age, sex, body weight, serum VPA level and duration of VPA use. The factors
associated with ammonia levels were examined using multiple regression analyses with
forced entry; they included age, sex, body weight, serum VPA level, duration of VPA use,
the free carnitine level, the acyl carnitine level and the acyl/free carnitine ratio. The
dummy variables used were as follows: male=1, female=0. A p-value <0.05 indicated
statistical significance. The SPSS Statistics software program for Windows, version 25.0

(IBM SPSS, Tokyo), was used for all analyses.



Results

The average (standard deviation) serum VPA level was 52.24+33.3 pg/ml. No adverse
symptoms caused by VPA were observed in any patients. The clinical symptoms of
bipolar disorder in all patients were stable.

The average (standard deviation) free carnitine level was 39.4+11.5 umol/ml. Of the
182 patients, 69 (37.9%) had low levels of free carnitine: i.e. < 36 pmol/l. There were
significant differences in sex, height, VPA dose, serum VPA levels, total carnitine levels,
free carnitine levels, acyl carnitine levels, and the acyl/free carnitine ratio between
patients with low levels of free carnitine and those with levels in the normal range (Table
1). Simple regression analyses showed that the free carnitine level was directly correlated
with sex and weight and inversely correlated with serum VPA level, and multiple
regression analysis found that the free carnitine level was directly correlated with sex and
weight and inversely correlated with serum VPA level (Table 2).

The average (standard deviation) acyl carnitine level was 9.4+3.6 pmol/ml. Of the 182
patients, 26 (14.3%) had low levels of acyl carnitine: i.e. < 6 pmol/l. Simple regression
analyses showed that the acyl carnitine level was directly correlated with age, weight and
duration of VPA use (Table 2). Multiple regression analyses showed that the acyl carnitine
level was directly correlated with age and weight (Table 2). Of the 182 patients, 16 (8.8%)
had low acyl carnitine/free carnitine ratios. Simple and multiple regression analyses
showed that the acyl carnitine/free carnitine ratio was directly correlated with age
(beta=0.185, p=0.024) and inversely correlated with sex (beta=-0.183, p=0.015).

The average (standard deviation) ammonium level was 45.1+27.5 pmol/ml. Of the

182 patients, 14 (7.7%) had high ammonium levels, and 54 (30%) had low ammonium



levels. Simple regression analyses showed that the ammonium level was directly
correlated with serum VPA and acyl carnitine levels, and multiple regression analyses

revealed that the ammonium level was inversely correlated with the acyl carnitine level

(Table 3).

Discussion

The results of this study showed that serum VPA levels were inversely correlated with
free carnitine levels but not acyl carnitine levels. In addition, the serum VPA level was
correlated with the ammonia level, although the significance disappeared with
confounding factors. Therefore, VPA exposure led to carnitine deficiency and
hyperammonemia in a serum level-dependent manner. When carnitine deficiency and
hyperammonemia are present in patients treated with VPA, a dose reduction of VPA is
needed, even in patients with bipolar disorders.

Although several studies with epilepsy patients indicated a significant decrease in free
carnitine level and an inverse correlation between the VPA and free carnitine levels in
patients taking VPA, %1217 which is in line with our results, some reports failed to find an
association between VPA therapy and the free carnitine level in patients with epilepsy.
11.2021 Therefore, we conclude that VPA therapy may cause carnitine deficiency regardless
of the underlying disease. No significant difference was found in the total or free carnitine
levels between VPA-treated epileptic patients without neurological abnormalities or
nutritional problems and age-matched controls.'? It was suggested that VPA monotherapy
did not result in decreases in free carnitine levels or in the accumulation of long-chain
acylcarnitine.’ Thus, the relationship between the use of VPA and serum free carnitine

levels is complicated, and several factors influence the serum free carnitine levels in



patients treated with VPA, such as the use of other antiepileptic agents, nutritional state
and age. Pediatric patients, patients with poor nutritional states or patients taking
antiepileptic agents other than VPA were not included in our study. In addition, serum
levels of VPA in this study in patients with bipolar disorders were at the lower limit of the
therapeutic reference range for valproic acid, which is yet only established in epilepsy
(50-100 pg/ml). Therefore, the discrepancy between previous studies with epilepsy and
our study with bipolar disorders might be explained by this relatively lower than usual
clinical setting in epilepsy or other studies using patients with epilepsy.

In the present study, VPA dose and serum VPA level were correlated with the ammonia
level, although the significance disappeared in multiple regression analysis.
Hyperammonemia is common, affecting 27.8% of epileptic patients taking VPA.?
Although many patients are asymptomatic and the clinical significance of
hyperammonemia associated with VPA therapy is still inconclusive, it may also rarely
lead to hyperammonemia encephalopathy. The possible mechanisms might be related to
an imbalance between ammoniagenesis and ammonia disposal in the urea cycle.® VPA
inhibits the activity of carbamoyl phosphate synthetase I, the first enzymatic reaction in
the urea cycle, thereby hindering the excretion of ammonia and increasing the plasma
ammonia levels."

Contrary to our expectation, the ammonia level was not correlated with the free
carnitine level in this study. While some studies showed no association between free
carnitine and ammonia levels in patients with epilepsy?® and in patients with
schizophnirea,?* other studies found a negative correlation between serum ammonia and
free carnitine levels in children with epilepsy.'!"!*1620 In patients with bipolar disorders

with and without hyperammonemia, the former patients had significantly lower free
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carnitine and acyl carnitine levels.!”

In addition, it is postulated that carnitine supplementation may increase the beta-
oxidation of VPA, thereby limiting cytosolic omega-oxidation and the production of toxic
metabolites that are involved in liver toxicity and ammonia accumulation. Not only
carnitine deficiency but also hyperammonemia are improved by carnitine
supplementation.?> However, an observational study reported that the effect was observed
in only half of the patients, and no change was found in the others.?® Therefore, taking all
evidence into consideration, definite conclusions regarding the association between the
free carnitine and ammonia levels cannot be drawn. Disagreement regarding the
relationship may be explained by the differences in age, disease and body status among
sample populations in the existing studies.

This study has several notable limitations. First, it is limited by the determination of
only free carnitine and acyl carnitine, although there are several other carnitine fractions.'!
The second limitation of this study was the lack of a clinical evaluation of patients who
had hyperammonemia or carnitine deficiency in addition to their psychiatric symptoms.
In addition, most data were trough VPA concentrations. However, although fluctuation
of VPA concentration might be small due to sustained-release formulation,?”% the
possibility that data of peak VPA concentrations were included in the study in some
patients cannot be excluded because of real-world clinical setting. In addition, we have
not known which concentration is responsible for its effect on carnitine concentration, yet.
Finally, this study is limited by its cross-sectional design; as a result of this design, we
could not determine causal relationships between VPA therapy and carnitine deficiency
or hyperammonemia in our study population. A follow-up survey is needed to investigate

these associations.
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In conclusion, the results of this study suggest that carnitine deficiency is associated
with serum VPA levels in patients with bipolar disorders. However, it is unlikely that
carnitine deficiency is associated with hyperammonemia in bipolar disorder patients.

Further studies are needed to confirm these associations in bipolar patients.
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Table 1 Charateristics of subjects who had low and normal levels of free carnitine.

Factors Low FC Normal FC p

Age (yo) 54.7 + 20.5 53.3+17.8 0.682
Sex (male, female) 27,42 75, 38 >0.001
Height (cm) 159.3+ 8.3 161.9+8.5 0.045
Weight (kg) 60.6 £14.0 63.7+16.4 0.194
BMI (kg/m2) 23.9+5.2 243 +6.1 0.626
VPA dose (mg/day) 673 + 368 506 + 251 >0.001
Duration of VPA dosing (M) 78 + 54 82 + 87 0.600
VPA levels (ug/ml) 60.1+£21.8 46.9 £ 37.6 0.009
Total carnitine levels (umol/ml) 36.5+8.1 56.5+9.2 >0.001
Free carnitine levels (umol/ml) 28.2+6.4 46.4+7.9 >0.001
Acyl carnitine levels (umol/ml) 8.3+3.7 10.1+3.3 0.001
Acyl/free 0.31+0.15 0.22 +0.08 >0.001
Ammonia levels 46.2 £35.0 43.7+21.7 0.558

Data are meansztstandard deviations.

Abbreviations: FC, free carnitine; VPA, valproic acid; BMI, body mass index.

Table 2 Partial and multiple regression analyses of free carnitine and acyl carnitine levels in

patients treated with VPA.

acyl
Factors free carnitine N
carnitine
r beta r beta
Age (yo) -0.013 0.026 0.155* 0.243*
Sex (male 1, female 0) 0.312%** 0.279%** 0.072 0.023
Weight (kg) 0.189** 0.156* 0.161* 0.249**
VPA levels (pg/ml) -0.194** -0.170* -0.091 -0.057
Duration of VPA dosing (M) 0.074 0.040 0.135* 0.103
R 0.390%*** 0.312**

*p<0.05, **p<0.01, **p<0.001
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Abbreviations: r, coefficient correlation; beta, partial correlation coefficient; VPA, valproic

acid; R, multiple correlation coefficient

Table 3 Partial and multiple regression analyses of ammonia levels in patients treated with

VPA.

Factors r beta
Age (yo) -0.097 -0.033
Sex (male 1, female 0) 0.109 0.141
Weight (kg) 0.073 0.091
VPA levels (ug/ml) 0.149* 0.127
Free carnitine level (umol/ml) -0.097 -0.08
Acyl carnitine level (umol/ml) -0.183* -0.168*
Duration of VPA dosing (M) 0.016 0.022
R 0.288*
*P<0.05

Abbreviations: r, coefficient correlation; beta, partial correlation coefficient; VPA, valproic

acid; R, multiple correlation coefficient
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Legend to Figure 1

Figure 1

Relationship between serum valproic acid levels, free carnitine, acyl carnitine, and
ammonia levels. The thickness of the arrows is based on the effect size. Although previous
studies suggest that hyperammonemia is caused by FC deficiency, no correlation between
FC and ammonia levels was found in this study.

Abbreviations: VPA, valproic acid; FC, free carnitine; AC, acyl carnitine.

High VPA levels

2\

FC deficiency ———  Hyperammonemia

N/

AC deficiency
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