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A B S T R A C T   

Urea cycle disorders (UCDs), inborn errors of hepatocyte metabolism, cause hyperammonemia and lead to 
neurocognitive deficits, coma, and even death. Sodium 4-phenylbutyrate (NaPB), a standard adjunctive therapy 
for UCDs, generates an alternative pathway of nitrogen deposition through glutamine consumption. Adminis-
tration during or immediately after a meal is the approved usage of NaPB. However, we previously found that 
preprandial oral administration enhanced its potency in healthy adults and pediatric patients with intrahepatic 
cholestasis. The present study evaluated the effect of food on the pharmacokinetics and pharmacodynamics of 
NaPB in five patients with UCDs. Following an overnight fast, NaPB was administered orally at 75 mg/kg/dose 
(high dose, HD) or 25 mg/kg/dose (low dose, LD) either 15 min before or immediately after breakfast. Each 
patient was treated with these four treatment regimens with NaPB. With either dose, pre-breakfast adminis-
tration rather than post-breakfast administration significantly increased plasma PB levels and decreased plasma 
glutamine availability. Pre-breakfast LD administration resulted in a greater attenuation in plasma glutamine 
availability than post-breakfast HD administration. Plasma levels of branched-chain amino acids decreased to the 
same extent in all tested regimens. No severe adverse events occurred during this study. In conclusion, pre-
prandial oral administration of NaPB maximized systemic exposure of PB and thereby its efficacy on glutamine 
consumption in patients with UCDs.   

1. Introduction 

The urea cycle, a biochemical pathway that converts highly toxic 
ammonia to urea in mammals, eliminates waste nitrogen arising from 
the catabolism of dietary and endogenous proteins. A deficiency of one 
of six enzymes and two transporters involved in ureagenesis causes urea 
cycle disorders (UCDs), a group of inborn errors of urea synthesis and 
related metabolic pathways that results in multiorgan manifestations 

including systemic accumulation of ammonia to toxic levels [1]. 
Hyperammonemia can cause neurocognitive deficits that have a serious 
impact on a patient's intellectual ability and lead to coma and even death 
[2]. Therefore, treatment of UCDs must be prioritized to prevent 
hyperammonemia. 

4-Phenylbutyrate (PB) is converted to 4-phenylacetate (PA) by 
β-oxidation and then to 4-phenylacetylglutamine (PAG) by conjugation 
of PA with glutamine, the major reservoir of nitrogen [3]. As a result, PB 
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generates an alternative pathway of nitrogen deposition that replaces 
the urea cycle through urinary excretion of PAG and consequently re-
duces the systemic ammonia level in UCDs [4]. Sodium 4-phenylbuty-
rate (NaPB) therapy has been the standard adjunctive treatment for 
long-term management of UCDs for over 20 years. However, there is 
no clinical evidence for the approved regimen indicating whether NaPB 
should be taken with, or immediately after, a meal [5]. 

We have identified an interaction between NaPB and food in healthy 
adults [6] and in pediatric patients with progressive familial intra-
hepatic cholestasis (PFIC) [7], a rare inherited autosomal recessive liver 
disease [8,9]. Pre-breakfast, rather than post-breakfast, oral adminis-
tration markedly increased systemic exposure of PB and decreased 
plasma glutamine availability after breakfast in the healthy adults [6]. 
In the pediatric patients with PFIC, we found that food intake before oral 
administration of NaPB reduced plasma PB levels and diminished its 
therapeutic efficacy through a choleretic effect [7], another pharmaco-
logical action of NaPB [10–12]. Importantly, there were no severe 
adverse events attributable to preprandial oral administration of NaPB. 

Patients with UCDs have difficulty taking NaPB because of its un-
pleasant odor and taste, high sodium content, high pill burden, and high 
economic cost, which results in poor medication compliance and hence 
worsens the therapeutic outcome [13]. We hypothesized that in-
teractions with food may influence the pharmacokinetics (PK) and 
pharmacodynamics (PD) of NaPB, resulting in higher clinically effective 
doses of NaPB in patients with UCDs. To gain an insight into the optimal 
regimen of NaPB for treatment of UCDs, we evaluated the effect of meal 
timing on the PK and PD of NaPB in five patients with UCDs. The 
pharmacological action of NaPB was determined by measurement of 
plasma glutamine levels. Plasma levels of branched-chain amino acids 
(BCAAs) were monitored because of the increased risk of BCAA defi-
ciency in patients with UCD undergoing NaPB treatment [14]. 

2. Materials and methods 

2.1. Ethics statement 

This study was approved by the institutional review boards at the 
University of Tokyo, Fujita Health University School of Medicine, and 
Juntendo University, and was performed in accordance with the 1964 
Declaration of Helsinki and its later amendments or comparable ethical 
standards (as revised in Edinburgh 2000). Informed consent was ob-
tained from all subjects before enrollment in the study. The study was 
registered in the UMIN Clinical Trials Registry at http://www.umin.ac. 
jp/ctr/index.htm (UMIN000025627). 

2.2. Patients 

Five Japanese patients who had a confirmed diagnosis of UCDs and 
had been receiving a stable dose of NaPB (190–220 mg/kg/day) were 
enrolled. This patient group was aged 2 years to 23 years and comprised 
two ornithine transcarbamylase-deficient females, two carbamoylphos-
phate synthetase I-deficient females, and one citrullinemic (arginino-
succinate synthetase-deficiency) female (Table 1). Liver transplant, 
hypersensitivity to drugs and additives, clinically significant laboratory 
abnormalities, or any condition that could affect ammonia levels were 
major exclusion criteria. 

2.3. Study design 

To examine the effect of meals on the PK and amino acid (AA) 
availability of NaPB in patients with UCDs, a single-center, open-label, 
four-period, single-dose study of NaPB was conducted at the Fujita 
Health University School of Medicine. The four periods consisted of four 
treatment regimens: pre-breakfast oral administration of NaPB 
(Buphenyl; OrphanPacific, Tokyo, Japan) at 75 mg/kg/dose (high dose, 
HD); post-breakfast oral administration of NaPB at 75 mg/kg/dose (HD); 
pre-breakfast oral administration of NaPB at 25 mg/kg/dose (low dose, 
LD); and post-breakfast oral administration of NaPB at 25 mg/kg/dose 
(LD). HD is a common dose in current clinical usage when used three 
times a day, whereas LD is below the lower limit of the approved dose 
[5]. PK and PD were assessed by serial measurement of plasma PB and 
glutamine, respectively. Safety was assessed through plasma levels of 
BCAA as well as standard laboratory tests, physical examinations, and 
monitoring of adverse events including common signs and symptoms 
associated with UCDs or NaPB therapy. 

Five eligible participants as described above were enrolled by the 
physicians in this study between December 2017 and August 2019. The 
patients fasted overnight and were given NaPB orally, either HD or LD, 
15 min before breakfast or just (<10 min) after breakfast. They were 
each treated with the four treatment regimens with NaPB (Supplemental 
Fig. 1). All patients were given their typical diet to control dietary intake 
of protein and energy before and during this study (Table 1) and pro-
hibited from ingesting any food for at least 4 h after NaPB administra-
tion. The diet therapy, mainly protein restriction, for each patient 
depended on developmental needs, age, body weight, and disease 
severity. The patients remained on their prescribed diet, which included 
identical amounts and types of protein and supplements, throughout the 
study. Treatment with other drugs was maintained during participation 
in the PK study (Table 1). 

Blood samples were collected through a catheter placed in a forearm 

Table 1 
Demographic data of UCD patients.   

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 

Clinical presenation      
Age 2y 6y 15y 10y 23y 
Sex Female Female Female Female Female 
Dignosis CPS1D OTCD OTCD ASSD CPS1D 
Age of onset 2d 1y 2y 1y 4d 
Weight 10.5 kg 24 kg 25 kg 22.6 kg 47 kg 
Hight 103 cm 116 cm 135 cm 130 cm 145 cm 
Feeding Mainly oral, Gastrostomy Oral Mainly gastrostomy, Oral Oral Oral 
Deveolopment Mild mental retardation Normal Bedridden Normal Intellectual and physical diability 

Prescribed dietary intake      
Energy (% of RDA*) 100 83 76 100 79 
Protein (% of RDA*) 93 110 90 160 70 

Treatment      
Benzoate Yes Yes Yes No Yes 
Arginine Yes Yes Yes Yes Yes 
Citrurine Yes Yes Yes No Yes 
Lactulose Yes Yes Yes No Yes 
EAA Yes No Yes No Yes  

* RDA is recommended values for in the guideline, FAO/WHO/UNU 2007 safe levels of protein intake an energy requirement of children [17, 24]. 
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vein into an EDTA-2Na+-pretreated tube before dosing and at 0, 15, 30, 
60, 90, 120, 180, and 240 min after drug administration. Blood samples 
were placed at 4 ◦C immediately after collection and centrifuged for 15 
min at 1700 ×g to prepare plasma. The prepared specimens were stored 
at − 80 ◦C until assay. 

2.4. Quantification of concentrations of PB and AAs in human plasma 

Blood levels of PB and 9 AAs (glutamine, leucine, isoleucine, valine, 
threonine, methionine, histidine, phenylalanine, and lysine) were 
measured as described previously [6,7]. 

2.5. Pharmacokinetic analysis 

The maximum plasma concentration (Cmax) and the time to reach 
Cmax (Tmax) of PB were determined directly from the observed data. The 
area under the plasma concentration–time curve from time 0 to 4 h after 
the administration of NaPB (AUC0–4) of PB was calculated using the 
linear trapezoidal rule. The elimination rate constant (Kel) of PB was 
estimated using least-squares regression analysis from the terminal post- 
distribution phase of the concentration–time curve. 

The incremental area under the curve from time 0 to 4 h after 
breakfast (iAUC0–4) for each AA was defined as the change in plasma AA 
value from baseline and calculated for each subject using the linear 
trapezoidal rule. 

2.6. Statistical analysis 

Data are shown as means ± standard deviation (SD), unless other-
wise indicated. Statistical analyses were performed using Prism software 
(v. 6; GraphPad Software, La Jolla, CA) and Pingouin, a free statistics 
library of Python (v. 3.6). The differences between the treatment regi-
mens in Cmax, AUC0–4, Tmax, and Kel of PB, and iAUC0–4 of AA were 
evaluated with one-way Welch analysis of variance and subsequent 
Games–Howell test considering unequal variances [15,16]. 

3. Results 

Five patients were enrolled, and four patients completed the defined 
protocol (Supplemental Fig. 1). The demographic characteristics of the 
patients are outlined in Table 1. One patient dropped out after 
completing two treatment regimens, pre-breakfast and post-breakfast 
oral administration of NaPB at HD, because of personal reasons. Her 
data were included in the analysis of PK of PB (Fig. 1) and plasma AAs 

(Fig. 2). No clinically undesirable signs or symptoms attributable to the 
administration of NaPB were detected during the study. 

3.1. PK of PB 

The mean plasma concentration–time curves of PB after a single oral 
dose of NaPB for each regimen were plotted (Fig. 1) and used to 
calculate the PK parameters of PB (Table 2 and Supplemental Tables 1 
and 2). At both HD and LD, although more prominent at LD, post- 
breakfast administration markedly reduced the plasma concentration 
of PB. The Cmax values of PB for post-breakfast administration were 
lower than those for pre-breakfast administration by 2.26 times (P =
0.028) at HD and 3.45 times (P = 0.009) at LD, respectively. For both 
doses, breakfast timing affected the Tmax and Kel of PB. The Tmax of PB 
after post-breakfast administration was later than that after pre- 
breakfast administration. Breakfast intake before administration of 
NaPB significantly decreased the Kel of PB by 2.19 times (P = 0.001) at 
HD and 2.50 times (P = 0.001) at LD, respectively. 

3.2. Effect of NaPB on plasma AAs 

Fig. 2A to C shows the mean values of changes in plasma glutamine, 
BCAA, and the other essential AAs, respectively, at each time point after 
breakfast for the four treatment regimens of NaPB. To evaluate the effect 
of NaPB on AA intake from breakfast, an iAUC value during the period 
after breakfast to lunch (iAUC0–4) was calculated for glutamine, BCAA, 
and the other essential AAs (Fig. 2D to F and Supplemental Tables 3 and 
4). 

NaPB attenuated the iAUC0–4 of glutamine at both HD and LD, and its 
effect was more pronounced in the pre-breakfast than post-breakfast 
regimens (Fig. 2D). The iAUC0–4 of glutamine for pre-breakfast admin-
istration of NaPB was lower than that for post-breakfast administration 
of NaPB by 2.03 times (P = 0.001) at HD and 1.73 times (P = 0.15) at LD. 
Pre-breakfast LD administration had a greater effect on the iAUC0–4 of 
glutamine than post-breakfast HD administration (Fig. 2D). NaPB 
reduced the iAUC0–4 of BCAA, but food and NaPB dose had no evident 
effect on its value (Fig. 2E). There was no significant difference in the 
iAUC0–4 of the other essential AAs among the NaPB regimens (Fig. 2F). 

4. Discussion 

NaPB has been established as standard adjunctive therapy for long- 
term management of UCDs [17]. Administration during or immedi-
ately after a meal is the approved usage of NaPB. However, the optimal 
regimen for NaPB therapy has never been fully examined in UCDs. This 
study examined the impact of the timing of food intake on PK and PD of 
PB after a single oral administration of NaPB in five patients with UCDs 
at two doses, 75 mg/kg/dose, a common dose in current clinical usage 
when used three times a day, and 25 mg/kg/dose, a dose below the 
lower limit of approved labeling [5]. For both doses, breakfast intake 
before NaPB administration markedly reduced the systemic exposure to 
PB and thereby its potency to sequester plasma glutamine (Figs. 1 and 
2D). Compared with post-breakfast HD administration, pre-breakfast LD 
administration of NaPB significantly attenuated the iAUC0–4 of gluta-
mine. The food effect was not observed in safety measures including 
BCAA deficiency, a possible cause of several adverse events in UCD 
patients undergoing NaPB therapy [18–20] (Fig. 2E). These findings are 
consistent with our previous study to evaluate PK, efficacy, and safety of 
NaPB in 20 healthy adults and seven pediatric patients with intrahepatic 
cholestasis [6,7]. 

It has been suggested that, after intestinal absorption, PB is mainly 
taken up by hepatocytes and converted to PA through β-oxidation 
[21,22]. PA forms PAG through conjugation with glutamine and is then 
excreted into the urine [23]. The longer time until Tmax observed with 
post-breakfast administration of NaPB (Table 2) suggests that the 
reduction in PB systemic exposure as a result of food intake is 

Fig. 1. Effect of food on the systemic exposure of PB after oral administration 
of NaPB in patients with UCDs. 
NaPB (75 mg/kg/dose (HD) or 25 mg/kg/dose (LD)) was given orally to pa-
tients with UCDs either 15 min before or just (<10 min) after breakfast 
following an overnight fast. Plasma concentrations of PB were determined at 
the times shown. Data are shown as means ± SD (HD, N = 5; LD, N = 4) of the 
plasma concentrations. BF, breakfast; HD, high dose; LD, low dose. 
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attributable to inhibition of the intestinal absorption of PB as well as the 
ionization of PB by changes in the gastric pH and/or protein binding. 
Understanding the molecular mechanisms responsible for the food effect 
on PK of PB will make it possible to gain greater insight into the PK/PD 
relationship of NaPB and prescribe NaPB based on genetic variability, 
drug–drug interactions, and drug–nutrient–food interactions [6]. 

Our study involved only a small number of participants. However, 
food effect on PK and efficacy to sequester glutamine were similar to the 
results in our previous study in healthy adults [6]. It is conceivable that 
the findings in this study apply to UCDs. Another limitation of this study 
was that the therapeutic efficacy and safety of NaPB was not assessed. 
The influence of meal timing on therapeutic efficacy and safety of NaPB 
should be examined in future clinical trials with more patients with 
UCDs than was possible in the current study. 

In conclusion, we showed that food intake before the administration 
of NaPB markedly reduced systemic exposure to PB and its efficacy to 
sequester glutamine in patients with UCDs. The unpleasant odor and 
taste, high pill burden, and the high economic cost of NaPB prompt poor 
medication compliance and worsen the therapeutic outcome [13]. 
Therefore, if the food effect is confirmed in terms of therapeutic efficacy 
and safety of NaPB, preprandial administration may become the stan-
dard usage instead of the current approved prandial or postprandial 
administration, in patients who take NaPB orally. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ymgmr.2021.100799. 
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Table 2 
Plasma PK parameters of PB in UCD patients administered with NaPB.  

Dose HD LD 

Usage Before BF After BF Before BF After BF 

Cmax (μg/mL) 160.1 73.4 93.2 27.3 
[114.4–205.8] [54.3–92.6] [64.4–121.9] [20.5–34.1] 

Tmax (h) 0.50 1.00 0.25 1.25 
[0.25–1.00] [0.5–2.0] [0.25–0.25] [0.25–2.0] 

AUC0–4 (μg×h/mL) 183.1 126.9 66.7 32.9 
[121.0–245.1] [77.0–176.7] [38.0–95.3] [20.0–45.7] 

Kel (/h) 0.0298 0.0136 0.0420 0.0168 
[0.0265–0.0332] [0.0111–0.0162] [0.0368–0.0472] [0.0117–0.0220] 

Data are shown as mean (95% confidence interval); Tmax data are shown as median (range). BF, breakfast. 
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