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Abstract
Sodium phenylbutyrate and glycerol phenylbutyrate mediate waste nitrogen excretion in the form
of urinary phenylacetylglutamine (PAGN) in patients with urea cycle disorders (UCDs); rare
genetic disorders characterized by impaired urea synthesis and hyperammonemia. Sodium
phenylbutyrate is approved for UCD treatment; the development of glycerol phenylbutyrate
afforded the opportunity to characterize the pharmacokinetics (PK) of both compounds. A
population PK model was developed using data from four Phase II/III trials that collectively
enrolled patients ages 2 months to 72 years. Dose simulations were performed with particular
attention to phenylacetic acid (PAA), which has been associated with adverse events in non-UCD
populations. The final model described metabolite levels in plasma and urine for both drugs and
was characterized by (a) partial presystemic metabolism of phenylbutyric acid (PBA) to PAA and/
or PAGN, (b) slower PBA absorption and greater presystemic conversion with glycerol
phenylbutyrate, (c) similar systemic disposition with saturable conversion of PAA to PAGN for
both drugs, and (d) body surface area (BSA) as a significant covariate accounting for age-related
PK differences. Dose simulations demonstrated similar PAA exposure following mole-equivalent
PBA dosing of both drugs and greater PAA exposure in younger patients based on BSA.
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Urea cycle disorders (UCDs) constitute a collection of inherited enzyme and transporter
deficiencies that impair the synthesis of urea, the body’s vehicle for waste nitrogen removal
via the urine.1–4 UCD patients experience elevated levels of ammonia in blood and brain,
which can cause illness ranging from subtle mental abnormalities to coma and death.1–3

Control of hyperammonemia is the main objective of treatment and most UCD patients
require strict dietary protein restriction to decrease intestinal ammonia production.4,5

Sodium phenylbutyrate (trade name BUPHENYL® tablets or powder) is approved for the
treatment of UCD in patients whose symptoms cannot be managed by diet alone. Glycerol
phenylbutyrate, a triglyceride consisting of three molecules of 4-phenylbutyric acid (PBA)
joined to glycerol by ester linkage that was approved in 2013 for treatment of UCD patients
whose symptoms cannot be controlled by diet alone, has no sodium burden, and offers
palatability and pharmacokinetic (PK) advantages over sodium phenylbutyrate.6,7 It is
digested by pancreatic lipases, which release PBA.8 PBA delivered by either drug is
converted via beta oxidation to phenylacetic acid (PAA), which is then conjugated with
glutamine by enzymes in the liver and kidney to form phenylacetylglutamine (PAGN),9

which is excreted in the urine, thereby mediating excretion of waste nitrogen in UCD
patients.

The present modeling was undertaken to address two issues. First, PK results in healthy
adults demonstrated that plasma metabolite levels were several-fold lower following single
dosing with glycerol phenylbutyrate as compared with sodium phenylbutyrate, such that the
two compounds were not bioequivalent based on plasma levels even though mole-equivalent
PBA doses were administered.8 However, urinary PAGN (UPAGN) excretion, which
reflects nitrogen removal, was similar as would be expected based on mole-equivalent PBA
dosing.8 Further, studies in UCD patients showed that the correlation between dose and
plasma metabolite levels was weaker than that between dose and UPAGN, and the
proportion of PBA excreted in urine as PAGN was very similar for the two compounds
despite differing plasma profiles.6,7,10 These findings suggest that partial conversion of PBA
to PAA and/or PAGN may occur prior to its reaching the systemic circulation.

Second, age-related differences in systemic PAA exposure were identified during dosing
with glycerol phenylbutyrate compared to sodium phenylbutyrate. In adults, PAA following
sodium phenylbutyrate was significantly lower,11 and in pediatric patients ages 6–17 it was
higher (although not significantly).7 While statistical analyses showed no relationship
between PAA levels and adverse events (AEs),12 PAA exposure is of potential clinical
importance, as intravenous PAA infusion into cancer patients is reportedly associated with
reversible AEs (e.g., headache, nausea, vomiting somnolence) at plasma levels ranging from
499 to 1,285 mcg/mL.14,15

Since UCDs constitute an “ultra-orphan” population with an estimated United States patient
pool of 1,000 patients,3 popPK modeling and dosing simulations were performed to
understand the clinical pharmacology of the two compounds and predict PAA exposure in
pediatric and adult UCD patient populations.
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METHODS
Software

Nonlinear mixed-effects modeling with NONMEM (version 7.2, Icon Development
Solutions, Ellicott City, MD) using the differential equation solver ADVAN13 with FOCE-I
or Laplacian (for BQL modeling) estimation was used to develop a popPK model.
Parallelization of NONMEM runs using MPI (20 cores) was used to speed up model
development reducing the ~4-day runtimes to <6 hours. Processing of NONMEM output
was performed using Wings for NONMEM (WFN) software (version 7, Dr. Nick Holford,
University of Auckland, NZ). Simulation work was performed using NONMEM in
simulation mode. The PsN software (version 3.5.3)18 was used to perform the bootstrap
analysis on the final popPK model. NONMEM dataset construction, results processing, and
creation of plots were performed using S-PLUS (version 8.1, TIBCO, Palo Alto, CA).

Participants, Trial Design, and Pharmacokinetic Sampling
The data for analysis were derived from 79 UCD patients enrolled in four Phase II/III
clinical trials (protocols, UP 1204-003, HPN-100-005, HPN-100-006, and HPN-100-012),
the results of which have been previously reported.6,7,11,13 Patients collectively spanned
ages 2 months to 72 years and were estimated to represent approximately 20% of the UCD
patients in the US taking sodium phenylbutyrate (Table 1).

Prior to study start, patients were taking sodium phenylbutyrate at breakfast, lunch, and
dinner with infants and very young children often receiving sodium phenylbutyrate more
frequently depending on feedings. Each clinical trial involved a switchover design, whereby
patients received a mole-equivalent PBA dose of glycerol phenylbutyrate taken with meals.
PK sampling was performed during steady state dosing with either sodium phenylbutyrate or
glycerol phenylbutyrate, and prior to switching to the alternate treatment.

Blood sampling was done as frequently as 0, 0.5, 1, 2, 4, 5, 6, 8, 10, 12, 16, 20, and 24 hours
following the first dose of the day, although only some of the sampling times were common
to all the trials. Each plasma sample was analyzed for PBA, PAA, and PAGN concentration.
Twenty-four hour output of urinary PAGN (UPAGN) was used as a surrogate measure of
effectiveness, assessed as waste nitrogen removal, that is, 1 mol of PAGN excreted in urine
removes 2 mol of nitrogen from the body. Because timed urine collections were not possible
for young pediatric UCD patients under the age of 6 (Table 1, protocol HPN-100-012),
UPAGN output was not available for this group.

Model Development
The purpose of the present work was to develop an integrated compartmental PK model
wherein plasma PBA, PAA, PAGN concentration-time, and urinary PAGN amount-time
data following treatment of pediatric and adult UCD patients with either sodium
phenylbutyrate or glycerol phenylbutyrate were analyzed simultaneously using nonlinear
mixed effects modeling. This approach of modeling different compounds and their data
simultaneously was needed to estimate the rates of conversion from prodrug to PBA, PBA to
PAA, PAA to PAGN, and PAGN to UPAGN, that is, parent-metabolite relationships.
Urinary PAGN data was used to close the mass-balance relationship between treatment dose
and final metabolite (PAGN) to improve parameter identifiability. Sodium phenylbutyrate
and glycerol phenylbutyrate doses are predominantly (~70%) eliminated as PAGN in the
urine.10,11

Compartmental structures evaluated during model development included 1-and 2-
compartment models for PBA, PAA, and PAGN considering both systemic disposition and

Monteleone et al. Page 3

J Clin Pharmacol. Author manuscript; available in PMC 2014 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



combined systemic and presystemic (conversion to downstream analytes occurs prior to
entry into the systemic circulation) disposition. Also tested were linear and saturable
formation and elimination processes for PAA and PAGN.

Because the number of parameters being estimated could become large (between 22 and 36)
among tested models, every attempt was made during model development to provide
sufficient parameter identifiability. In addition, pharmacokinetic measurements below the
lower limit of quantitation (BLQ) were included in the NON-MEM dataset and either
modeled19–21 or set to one-half the lower limit of quantitation for each analyte (1 mcg/mL).
Inclusion of BQL data afforded the model to account for structure based on support that
after certain time points for sodium phenylbutyrate and glycerol phenylbutyrate data was not
available.

Parameter values were assumed to have a log-normal distribution and between-subject
variability (BSV) was modeled as an exponential random-effect model to constrain the
individual parameter values to positive numbers. Residual error was tested using a statistical
model with additive and/or proportional components.

Some covariate analysis was performed using demographic covariates including body
surface area (BSA), body weight, and age; while, disease-specific covariates investigated
included plasma glutamine levels, dietary protein intake, and patient age when UCD was
diagnosed. These covariates were tested in developing the final model if relationships
between the covariate and variability for the PK parameters with BSV (for the base model)
showed a clear trend suggesting that inclusion of the covariate might reduce the amount of
BSV.

Because of the age range among the patients from the four trials, body size covariates (BSA
and body weight) were tested as part of the base model development. A maturation
parameter was not included in the modeling due to the sparseness of the data in young
patients. Additionally, inclusion of such a parameter to account for maturing metabolic
systems was felt unnecessary since initial modeling indicated that age-related changes in
conversion were adequately explained by changes in BSA and, presumably, BSA-related
changes in organ functional capacity. The effects of weight and BSA were evaluated on CL/
F, V/F, and presystemic parameters for PBA, PAA, and PAGN. The influence of body size
was tested using linear and power models with the individual’s covariate centered using the
typical population median for the covariate, that is, 70 kg for body weight and 1.67 m2 for
BSA. For body weight, the exponent is typically fixed to 0.75 for clearance parameters and
1.0 for apparent volume of distribution parameters. Similarly, for BSA, the exponent may be
fixed to 0.67. Models were also tested that allowed for the exponent to be estimated.

Model Evaluation
Model selection was based on mechanistic considerations, model parameter estimates,
assessment of goodness of fit plots, and statistical estimators. The minimum value of the
objective function is typically used to compare models and determine which model explains
the data better, but because both nested and non-nested models were tested, the Akaike
Information Criterion (AIC) was also used as a statistical estimator among the models being
tested. The AIC penalizes a more complex model by taking into account the difference in
number of estimated parameters between the compared models.

The final model was evaluated using visual predictive check (VPC) simulations to compare
model predicted PAA plasma levels with those observed in the trials. This was achieved by
plotting the calculated median and 90% prediction interval of the PAA concentration-time
simulated data and superimposing the observed data. In addition, a bootstrap analysis was
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performed to confirm the standard errors of the estimated model parameters. This was done
by creating 250 datasets from the original dataset using a bootstrap algorithm, and using
NONMEM to analyze each dataset. PsN was used to calculate the empirical standard error
and other summary statistics for each estimated parameter.

Dosing Simulations
In order to predict a range of PAA exposures expected during patient dosing, simulations
were performed using the final model and parameter estimates over a range of sodium
phenylbutyrate and glycerol phenylbutyrate doses and body sizes. Systemic PAA exposure
was assessed both as plasma 24-hour area under the curve (AUC) and as maximal PAA
concentration (Cmax). The exposure metrics were compared for different ages, that is, body
sizes, and glycerol phenylbutyrate doses as mole-equivalent doses of sodium
phenylbutyrate.

The final parameter estimates were used to generate distributions of PK parameters based on
population variability and residual measurement error. From these distributions, random
draws for simulated PK parameters and simulation scenario specific BSA and doses were
used to simulate the concentration-time profile for 1,000 virtual patients. From these
simulated data, PAA AUC and Cmax were calculated. Each simulation scenario was
comprised of treatment schedules, sampling times, a specified dose for sodium
phenylbutyrate and glycerol phenylbutyrate, and a BSA that reflected the age category being
explored.

The BSA covariate was simulated using the values from the four clinical trials and
additional data on body size in UCD patients from a longitudinal study sponsored by the
NIH-funded UCD Consortium.3,17 Assignment of BSA to age categories was done by
matching the simulated BSA with BSA ranges based on standard height and weight growth
charts (Height & Weight—website).16 Two different doses, including the PBA equivalent of
the highest labeled dose for sodium phenylbutyrate (13 g/m2), and a dose equivalent to half
the lower end of the labeled sodium phenylbutyrate range (4.9 g/m2) were used as the dose
range for simulating exposure.

RESULTS
Patient Demographics and NONMEM Dataset

A summary of the demographic characteristics of the data is presented in Table 1. A higher
percentage of female patients took part in three of the four studies. In the ≤6-year-old study
(HPN-100-012) the percentage of female patients was similar to male patients (47% vs.
53%). This gender distribution is consistent with the predominance among the older patients
of the ornithine transcarbamylase subtype, which is X-linked. The adult studies had mean
body weights above the 70 kg typical weight for male adults and the mean age for these
studies was >30 years of age. Because PK differences based on sex were not anticipated
given the metabolism path for glycerol phenylbutyrate and sodium phenylbutyrate, body
size covariates were used to reflect any changes due to females being smaller than males.
The predominant UCD subtype was OTC (>81%) for all but the ≤6-year-old study where the
ASL subtype (53%) was most common among patients.

The NONMEM dataset was created using dose, concentration, and covariate information
from 79 UCD patients ages 2 months to 72 years. The NONMEM dataset contained a total
of 3,942 plasma PBA, PAA, PAGN and urine PAGN data points with 3,214 measurable and
728 BQL levels from the sodium phenylbutyrate and glycerol phenylbutyrate treatments. A
detailed breakdown of sampling is presented in Table 1.

Monteleone et al. Page 5

J Clin Pharmacol. Author manuscript; available in PMC 2014 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Population PK Model
The model best describing the PK for plasma PBA, PAA, PAGN, and UPAGN levels for
glycerol phenylbutyrate and sodium phenylbutyrate is shown schematically in Figure 1. This
semi-mechanistic model represented each analyte as a one-compartment model
parameterized in terms of clearances and volumes. The systemic metabolism of PAA to
PAGN was described using a concentration-limited relationship while PBA to PAA
metabolism and elimination of PAGN were described using linear processes. Separate first-
order absorption parameters were used for each treatment. Because the extent of total dose
absorbed (recovery percentage), as reflected by UPAGN output, only varied slightly by
treatment and adult versus pediatric populations, the F for each treatment was fixed to mean
recovery values using results from studies HPN-100-005 (pediatric) and HPN-100-006
(adult). In addition, gastrointestinal absorption also used a presystemic submodel for
metabolism processes that allowed for intestinal/hepatic metabolism of PBA to PAA and
PAGN prior to PBA reaching the bloodstream. This submodel used two parameters (α and
β) to estimate presystemic conversion, where α estimates the distribution of PBA to plasma
and presystemic compartments, and β estimates the proportion of PBA that is converted
presystemically to PAA and then to PAGN. Separate α and β parameters were estimated for
each treatment.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

where PBAin, PAAin, and PAGNin are defined as

(8)

(9)
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(10)

Mass balance for plasma PBA, PAA, PAGN, and UPAGN was maintained by using three
expressions, one for each analyte in the plasma—PBA: (1 − αtrt), PAA: αtrt × (1 − βtrt), and
PAGN: αtrt × βtrt—and constraining 0 < α < 1 and 0 < β < 1. Figure 1 is represented
mathematically by a system of differential equations (Eqs. 1–10) that simultaneously track
changes in amount [A(n), where n is the compartment] of plasma PBA, PAA, PAGN, and
urinary PAGN for presystemic and systemic disposition processes.

Body size (expressed as BSA/1.73) was significant on parameters of clearance, volume, and
presystemic conversion (α and β) resulting in small BSA individuals having smaller PK
values for these parameters compared to individuals with larger BSA values. Thus, younger
patients would have lower CL and accumulate PAA more compared to adults. Covariate
models for body weight did not produce significant changes in objective function value or
AIC compared to covariate models using BSA. Exploratory plots of covariate versus
parameter BSV did not indicate significant trends for covariate modeling for the other
covariates.

A combined residual error model was used to describe measurement error and model
misspecification for measurable levels of each analyte. The additive component was fixed to
the BQL (1 mcg/mL) to reduce the number of estimated parameters. Because the percentage
of BQL values was high (Table 1), accounting for BQL data were also explored. PBA and
PAA following sodium phenylbutyrate treatment had a higher percentage of BQL data, a
finding consistent with the faster elimination of these analytes following sodium
phenylbutyrate treatment compared to glycerol phenylbutyrate treatment resulting in a
higher proportion of BQL measurements at later time points. Using the Beal M3 method
resulted in improved objective function values and AIC compared to treating BQL as fixed
to ½ BQL levels.

Model Evaluation
The VPC used an enriched dataset with the same number of individuals and doses as in the
original dataset, but plasma sampling was simulated every hour for 24 hours instead of the
sampling times used in the actual studies. This dataset was simulated 100 times to calculate
a 90% prediction interval based on the estimated noise from BSV and residual error. Figure
2 is the VPC for a 24-hour PAA concentration-time profile stratified by treatment and age
group; from UP 1204-003 and HPN-100-006 (Adult), HPN-100-005 (6–17 years), and
HPN-100-012 (0–6 years). The adult and 6-to 17-year-old panels capture the spread and
central tendency of the data well as seen by comparing the black and blue lines representing
median observed and simulated PK profiles; respectively. The VPC of the 0-to 6-year olds
also looks good given the data sparseness. The VPC in Figure 2 suggests the model
describes PAA levels across treatments and ages from 2 months to 72 years by accounting
for differences in absorption processes, amount of presystemic conversion that occurs, and
accounting for body size impact on disposition of these nitrogen-scavenging compounds.

Failure to produce a variance-covariance matrix made NONMEMcalculation of parameter
uncertainty impossible. Instead, the relative standard errorwas calculated empirically from a
bootstrap analysis using 250 samples of the original dataset. Table 2 compares the
NONMEM final parameter estimates with those calculated from the bootstrap analysis. The
low %CV for the bootstrap results suggests parameter uncertainty was small. The bootstrap
calculated %BSV was lower compared to what NONMEM estimated for the patient-to-
patient variability; and the NONMEM estimated and bootstrap calculated mean for the PK
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parameters were similar. The VPC and bootstrap parameter values both showed that the
model was a good description of the data.

PK Parameters
Table 3 compares PK differences between age groups (calculated from the empirical Bayes
estimates of each patient’s parameter values). The absorption rate for each treatment across
age groups showed that glycerol phenylbutyrate absorption rate (KA2) was always slower
compared to the sodium phenylbutyrate absorption rate (KA1). As expected with body-sized
adjusted PK parameters, the parameter estimate increased as the age increased. The
presystemic conversion across all age groups was greater following glycerol phenylbutyrate
compared to sodium phenylbutyrate treatment. The conversion from drug to analytes
presystemically and the slower absorption of glycerol phenylbutyrate is a likely cause for the
analyte plasma profiles following dosing with glycerol phenylbutyrate being lower
compared to the analyte plasma profiles following dosing with sodium phenylbutyrate. That
is, the slower absorption of PBA when delivered as glycerol phenylbutyrate “trickles” the
analytes into the systemic circulation compared to a “bolus-like” input of analytes into the
systemic circulation following sodium phenylbutyrate treatment.

The clearances and volumes for PBA and PAGN combined with the saturable formation of
PAGN (i.e., PAA clearance) impact the ability of a UCD patient to clear PAA from the
circulation. These PK processes are also scaled by body size and account to some degree for
the higher PAA levels seen in smaller patients, that is, smaller body size ~ less capacity to
convert PAA to PAGN. Even with these PK explanations of the differences seen in
exposures among the age groups, it is interesting to note that accumulation of PAA is not
appreciable among any of the age groups.9,11,13

Dosing Simulations
Figure 3 depicts the PAA exposure across 5 age categories, newborns through adults, dosed
at the PBA equivalent amount at the top of the labeled range (top panel) as well as at half the
lower end of the labeled range. Dosing at the PBA equivalent of one half of the lower end of
the sodium phenylbutyrate labeled range yields predicted median PAA exposure, assessed as
Cmax, which is similar for the two drugs and many-fold below the range (499–1,285 mcg/
mL) at which reversible AEs have been reported in cancer patients.14,15 Even the upper 95%
confidence interval for PAA Cmax for both drugs is below 200 mcg/mL. Dosing at the PBA
equivalent of the upper end of the range also yields median PAA exposure, which is similar
for the two drugs (albeit tending to be lower with glycerol phenylbutyrate) and generally
below 200 mcg/mL for all age groups. However, the upper 95% CI for Cmax frequently
extends above 500 mcg/mL in the pediatric age groups, particularly among the younger
patients and during dosing with sodium phenylbutyrate. The predicted urinary output of
PAGN for UCD patients ≥6 years of age agreed generally well with that measured by non-
compartmental analysis.6,7,12

DISCUSSION
The final model described the behavior of the two drugs using a presystemic model; that is,
a model allowing for first pass or presystemic conversion of PBA to PAA and/or PAGN.
The presystemic, first pass metabolismmost likely occurs in the liver, which is
enzymatically equipped both to convert PBA to PAA and/or PAGN.9

Presystemic conversion explains the unusual PK behavior of both drugs; that is, the
variability in plasma metabolite profiles and differences in systemic exposure despite similar
urinary excretion of PAGN.6,8,10 The model further demonstrates that PBA is absorbed
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(appears in the systemic circulation) more slowly when administered as glycerol
phenylbutyrate as compared with sodium phenylbutyrate. This difference in absorption rate
likely reflects the fact that unlike sodium phenylbutyrate, which is a salt that requires no
digestion, glycerol phenylbutyrate is a triglyceride, the digestion of which requires
pancreatic lipases and likely occurs largely after the drug has exited the stomach.8 This
difference in PBA absorption also explains the lesser fluctuation in plasma metabolite levels,
more even day versus night urinary excretion of PAGN as well as the better overnight
ammonia control during dosing with glycerol phenylbutyrate as compared with sodium
phenylbutyrate.6,7,11,13

This difference in PBA absorption rate also helps explain the difference in plasma
metabolite levels observed with single dose administration of the two drugs.8 That is, the
slower absorption of PBA when delivered as glycerol phenylbutyrate may better “meter”
PBA release into the splanchnic circulation such that the liver can more effectively
metabolize to PAA and/or PAGN as compared with “bolus-like” release of PBA which
occurs with sodium phenylbutyrate dosing.

The metabolite clearance rates and estimated apparent volumes of distribution for PBA and
PAGN combined with the saturable conversion of PAA to PAGN (i.e., PAA clearance)
affect the ability of a UCD patient to clear PAA from the circulation. The PAA to PAGN
conversion rate also scales with body size and helps account for the higher PAA levels seen
in smaller patients, likely because of smaller organs, in particular liver, and, therefore, lesser
metabolic capacity. Even with the slower PAA metabolism in children, it is interesting to
note that PAA reaches steady state in ~3 days with no further accumulation.

The dosing simulations are useful in predicting PAA exposure for various age groups, and,
in particular, assessing the potential for plasma PAA concentrations in the range reportedly
associated with transient AEs and overall PAA exposure, assessed as AUC. The saturable,
BSA-dependent conversion of PAA to PAGN is manifested as the generally higher PAA
exposure observed in smaller (lower BSA) patients during maximal dosing. While median
PAA levels are well below 500 mcg/mL, even at the maximal dose and in the youngest
patients, the upper 95% confidence intervals suggest the theoretical possibility that some
pediatric patients would be exposed to PAA values exceeding 500 mcg/mL. Although
interrogation of the clinical data from patients participating in the studies suggests no
relationship between PAA levels and these transient AEs,12 the nonspecific and common
nature of the AEs (e.g., headache, nausea) is such that it is difficult to exclude PAA as a
contributing factor to such AEs in an individual patient, and monitoring of PAA levels may
be appropriate during dosing of either drug in selected circumstances, for example,
compatible signs and symptoms of PAA toxicity in a pediatric patient receiving a high drug
dose which are not explained by elevated blood ammonia or other intercurrent illnesses.

Finally, the present work illustrates the utility of popPK modeling and dosing simulations to
understand drug behavior in “ultra orphan” populations, where large pharmacokinetic
studies are not feasible because of limited patient numbers.
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Figure 1.
Simultaneous modeling of parent and metabolite data in plasma and urine following
administration of two different treatments. The model approximated the biotransformation
of GPB and NaPBA; including the absorption of PBA, conversion of PBA to PAA via β-
oxidation, enzymatic conjugation of PAA with glutamine to form PAGN and the urinary
excretion of PAGN. Conversion of PAA to PAGN is concentration-limited, saturable and
described using a Michaelis–Menten relationship; whereas, the rate of β-oxidation of PBA to
PAA was hypothesized to be linear due to the widespread prevalence of the enzymes. One
hundred percent PBA to PAA conversion via β-oxidation was assumed, that is, no
alternative metabolic pathways were included. The elimination rate for PAGN (CLG/VPG)
was determined to be a linear process, consistent with renal elimination of PAGN. A delay
rate constant (K67) was used to adjust for the delay between appearance of PAGN in the
urine compartment and bladder emptying. This model incorporating partial presystemic
conversion of PBA to PAA and subsequently to PAGN best described the data.
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Figure 2.
Model qualification plots using visual predictive check for PAA and stratified by treatment
and age group (0–6 years, 6–17 years, and adults). The symbols in the plots represent the
study number from which the data were derived (3 = UP-1204-003, 5 = HPN-100-005, 6 =
HPN-100-006, and 12 = HPN-100-012; see Table 1). The blue solid line is the VPC median
profile and the thicker solid black line is the median profile from the study data contained in
the respective plot. The shaded region represents the 90% prediction interval. LLOQ = 1
mcg/mL and symbols below LLOQ are presented as ½ LLOQ for display purposes.
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Figure 3.
Simulated PAA exposure for different age groups. The top panel depicts dose (left panels) as
well as PAA exposure assessed as Cmax (middle panels), and PAA AUC (right panels) for
various age groups based on dosing at the PBA equivalent of the maximum labeled range for
NaPBA (13 g/m2/day). The bottom panel depicts side by side comparisons of PAA exposure
assessed as Cmax (left panels), and PAA AUC (right panels) at the PBA equivalents of half
the lower end of the labeled NaPBA range (4.98 g/day; top) and at the top of the NaPBA
labeled range (13 g/m2/day). The bottom and top of each box represents the 25th and 75th
percentiles for the distribution. The ends of the whiskers approximate the 5th and 95th
percentiles. The black dot is the median PAA Cmax and AUC for the conditions of the
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simulations. The dashed horizontal line represents a Cmax of 500 mcg/Ml HPN-100 =
Glycerol Phenylbutyrate.
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