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SMALL MOLECULE THERAPY FOR GENETIC DISEASE 

This book summarizes the substantial work that has been accomplished 
with simple molecules in the treatment of inborn errors of metabolism. 
These agents are discrete, often of natural origin, and provide pre
dictable therapeutic responses. As such, they avoid many of the practi
cal difficulties associated with gene and protein therapies. 

This book will enable interested clinician/scientists and others to 
rapidly survey the field, thus ascertaining what has been done as well 
as future directions for therapeutic research. Its important introductory 
chapters discuss the infrastructure of the field. These chapters focus 
on an introduction to pharmacokinetics and pharmacodynamics, a 
description of the FDA Office of Orphan Products, and a summary of 
the operation of the National Institutes of Health Office of Rare Dis
eases Research. The remainder of the book is devoted to a review of 
small molecule therapy for genetic diseases. The book closely analyzes 
the cofactors used to augment the function of defective enzymes and 
the compounds that are able to use an alternative pathway to avoid 
the consequences of the metabolic block present in the patient. Among 
other therapies, the authors discuss the use of zinc and tetrathiomolyb
date to treat Wilson disease and the use of cysteamine to treat nephro
pathic cystinosis. 

Dr. Jess G. Thoene is currently Director of the Biochemical Genetics 
Laboratory in the Division of Pediatric Genetics at the University of 
Michigan in Ann Arbor and an Active Emeritus Professor of Pediatrics. 
He has held positions in numerous organizations, including Director of 
the Hayward Center for Human Genetics at Tulane University Health 
Sciences Center; Fellow and Medical Director of the Joseph P. Kennedy 
Jr. Foundation; member of the Board of Directors of Copley Pharmaceu
ticals; and Chairman of the Board of Directors of the National Organi
zation for Rare Disorders. He has authored numerous articles on inborn 
errors of metabolism, holds three U.S. patents, and is certified in pedi
atrics and clinical biochemical genetics. 
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1 O Alternative waste nitrogen disposal agents 
for urea cycle disorders 

Gregory M. Enns 

NATURAL HISTORY OF UREA CYCLE DISORDERS 

PATHOPHYSIOLOGY 

INHERITANCE 

EARLY EFFORTS AT HYPERAMMONEMIA THERAPY 

ALTERNATIVE PATHWAY MEDICATIONS 

MECHANISM OF ACTION 

Urea cycle intermediates 

Amino acylation products 

Pharmacokinetics of Ammonul 

DOSAGE 

SIDE EFFECTS 

U.S. FOOD AND DRUG ADMINISTRATION STATUS -- - - - - - - - - - -- - -· · • --
RES UL TS OF THERAPY 

FUTURE DEVELOPMENTS 

REFERENCES 

NATURAL HISTORY OF UREA CYCLE DISORDERS 

135 

136 

139 

140 

140 

140 

141 
142 
144 

145 

146 

147 

147 

149 

150 

Urea cycle disorders (UCDs) are inborn errors of metabolism characterized by 

episodic, life-threatening hyperammonemia secondary to partial or complete 

inactivity of enzymes responsible for eliminating nitrogenous waste. The urea 

cycle was initially elucidated by Krebs and Henseleit in 1932. 1 In 1958, argini

nosuccinic acid lyase deficiency became the first enzymatic defect of the urea 

cycle to be identified, and reports of all others, except N-acetylglutamate syn

thetase (NAGS) deficiency, followed in the 1960s.2 Ornithine transcarbamylase 

(OTC) deficiency is the most common UCD, followed by argininosuccinate syn

thetase (AS) deficiency (citrullinemia), carbamoyl phosphate synthetase (CPS) 

deficiency, and argininosuccinate lyase (AL) deficiency. NAGS deficiency was first 

described in 1981 and has been documented in only a few patients.·i Estimates of 

overall incidence of UCDs in the United States have ranged from approximately 

1 in 25,000 to 1 in 8,200 births. 4•5 

135 
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136 Gregory M. Enns 

Historically, mortality and morbidity have been high, with survivors com

monly showing devastating neurological sequelae.2 UCDs are the most common 

cause of neonatal hyperammonemia and typically present with symptoms of poor 

feeding, lethargy, hypotonia, irritability, seizures, respiratory distress, grunting, 

and hyperventilation . Other disorders common in neonates, such as sepsis, car

diac failure, and intracranial hemorrhage, are also in the differential diagnosis 

because similar clinical findings may occur in these conditions. Therefore, in 

all neonates presenting with nonspecific symptoms of distress, a plasma ammo

nium level should be obtained. If the level of ammonium is elevated, diagnostic 

evaluations and treatment should be started immediately. 

Although presentation in the neonatal period has been well-documented, 

patients who have a partial enzyme deficiency typically manifest after the neona

tal period. UCDs may strike at any age. Indeed, approximately two thirds of 

cases initially present after the neonatal period.5 Clinical features may be subtle 

in such late-onset cases, leading to delays in diagnosis. In addition to acutely 

altered mental status, later-onset patients may have episodic ataxia, psychiatric 

and behavioral symptoms, psychomotor delay, and gastrointestinal complaints, 

such as Joss of appetite and episodic emesis . 6 

Many survivors of the initial hyperammonemic episode undergo recurrent 

attacks of hyperammonemia requiring hospitalization. Such episodes are typi

cally preceded by an illness, especially a viral syndrome. Other events that con

tribute to hyperammonemic episodes include dietary or medication noncompli

ance and major life events, such as surgery, gastrointestinal bleeding, accidents, 

school stress, or parturition. Catabolic stress from viral illnesses appears to be a 

more significant risk factor than is increased intake of dietary nitrogen for causing 

hyperammonemia. 5 • 
7 

A study of 260 UCO patients showed that onset of symptoms in the neonatal 

period results in the worst outcome (35%> survival approximately 11 years after 

the start of the study period), and patients who presented initially in late infancy 

have the best outcome (871X> survival; Figure 10-1). Percent survival to the final 

follow-up time point was highest for patients with AS deficiency (78%), followed 

by girls with OTC deficiency (74%), and CPS-I deficiency (61%).5 Boys with OTC 

deficiency have the lowest survival rate over time (53%), as well as the lowest 

survival rate following hyperammonemic crises (71 %).5 ·8 

Although alternative pathway therapy and other therapies, especially hemo

dialysis, for UCDs has led to improved patient survival, cognitive impairment 

remains a common finding, especially in patients who have neonatal-onset dis

ease.9 

PATHOPHYSlOLOGY 

Ammonia is present in all body fluids and exists mainly as ammonium ion at 

physiologic pH . Hyperammonemia is defined as a blood ammonia concentration 

greater than approximately 100 µmol / L in neonates or 50 µmol/L in children 
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Figure 10-1: Kaplan-Meier survival by age at first episode of hyperammonemia. Survival time 
was calculated as the amount of time between the discharge date of the last episode and the 
admission date from the first episode. Only 350/o of patients who presented with the first hyper
ammonemic episode during the neonatal period were still alive at the final follow-up time point 
(approximately 11 years after the start of the study period).5 Reproduced with permission from 
Acta Paediatrica . 

and adults (precise cutoffs vary depending on individual laboratory normative 

ranges). A five- to tenfold increase in blood ammonium levels is usually toxic 

to the nervous system. 10 Acute hyperammonemia causes astrocyte swelling and 

global cerebral edema, which affects brain white matter selectively. Changes 

involving the deep insular and perirolandic sulci may be reversible .11 In cases 

of severe hyperammonemia, however, permanent changes occur. Neuropatho

logical findings in patients who have neonatal-onset proximal UCDs consist of 

gross cerebral atrophy, ventriculomegaly, delayed myelination, the appearance 

of Alzheimer type II astrocytes, ulegyria, and spongiform degeneration of the 

cortex, gray-white matter junction, and deep gray nuclei, including the basal 

ganglia and thalamus.11 

Hyperammonemia also causes increased cerebral cortical glutamine content, 

activation of astrocytic glutamine synthetase, and astrocyte swelling. Ammo

nia diffuses freely across the blood-brain barrier and is rapidly incorporated 

into glutamine via glutamine synthetase. Glutamine synthetase, a cytosolic 

enzyme primarily localized to the astrocyte in the brain, catalyzes the following 

reaction : 

NHj + L-Glutamate +ATP__, L-Glutamine +ADP+ Pi . 

This reaction, therefore, represents a short-term means of buffering excess plasma 

ammonium. In theory, glutamine also may be an organic osmolyte that increases 

intracellular osmolarity. Such an increase in osmolarity would lead to increased 

cellular volume, as water enters the astrocyte, and subsequent cytotoxic cerebral 

edema.9· 12 

.,-----------·- :--- ~I 

I 

137 
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138 Gregory M. Enns 

Although the "glutamine hypothesis" has been a leading explanation for 

the development of cerebral edema, other research has focused on glutamine

independent mechanisms to explain the pathogenesis of hyperammonemic 

encephalopathy. In particular, the role of impaired brain oxidative metabolism 

in causing cerebral dysfunction associated with hyperammonemia is an area 

of active investigation. Acute hyperammonemia causes a decrease in brain 

metabolic rate and high-energy phosphate concentration and increased produc

tion of toxic reactive oxygen species (ROS) by brain mitochondria. I.! Glutamine 

also enters mitochondria through a histidine-sensitive carrier. This process is 

potentiated by ammonia. Phosphate-activated glutaminase is located in the inner 

mitochondrial membrane and cleaves glutamine into glutamate and ammonia. 

Because of this localized production of ammonia, intramitochondrial ammonia 

levels have the potential to become high, leading to induction of mitochondrial 

permeability transition (MPT), increased oxidative and nitrosative stress, and 

astroglial dysfunction. The production of ROS and reactive nitrogen species and 

the induction of MPT have been hypothesized to initiate a cascade of events that 

includes activation of mitogen-activated protein kinases (MAPKs) and resultant 

failure of astrocytes to regulate their intracellular volume. 1 ~ 

In addition, ammonium ions have a multitude of effects on mammalian neu

rotransmitters, including systems involving cholinergic, serotonergic, and gluta

matergic neurotransmission. The increased seizure predisposition in some UCO 

patients may be explained, in part, by increased brain concentrations of the 

excitatory amino acid neurotransmitters glutamate and aspartate. Increased lev

els of these amino acids are present in the sparse-fur (spf) mouse, a model of 

OTC deficiency.15 Tryptophan, a precursor of serotonin, and quinolinic acid, 

an N-methyl-D-aspartate (NMDA) receptor agonist known to produce selec

tive striatal cell loss, are similarly increased in sp( mice and in rats follow

ing portacaval anastomosis. Ammonia also inhibits high-affinity transport of 

glutamate in astrocytes. This inhibition results in increased extracellular con

centration of glutamate.16 These biochemical and pathological findings sug

gest that NMDA-mediated excitotoxic brain injury may be occurring in UCD 

patients. 17 Ammonium ions also depress postsynaptic o:-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated currents. 16 AMPA 

receptors mediate fast synaptic transmission and are involved with learning and 

memory. 

Chronic hyperammonemia activates the L-system carrier, which results in a 

loss of NMDA receptor densities and increased uptake of tryptophan into the 

brain. 1(' Serotoninergic symptoms, such as anorexia, altered sleep patterns, and 

disorders of motor coordination, may be related to the increased brain turnover 

of serotonin observed in hyperammonemic states.11 The adaptive changes in 

NMDA receptors that occur in chronic hyperammonemia result in a decrease in 

excitatory neurotransmission and impaired production of nitric oxide and cyclic 

guanosine monophosphate (cGMP) . Decreased cGMP production may inhibit 

long-term potentiation (LTP) in the hippocampus. Because L TP is a Jong-lasting 

I 
...... 
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Table 10-1. Molecular genetics of the UCDs 

Cellular Chromosomal Molecular 
Disorder compartment Gene location characteristics 

NAGS deficiency Mitochondrial matrix NAGS 17q21.31 7 exons, spans ~5 Kb, ORF* 
~ 1.6 Kb, 534 amino acids 

CPS deficiency Mitochondrial matrix CPSl 2q35 38 exons, spans - 201 Kb, ORF 
~5.8 Kb, 1,500 amino acids 

OTC deficiency Mitochondrial matrix OTC Xp21.l 10 exons, spans ~94 Kb, ORF 
~ 1.7 Kb, 354 amino acids 

AS deficiency Cytosol ASSl 9q34.1 15 exons, spans ~57 Kb, ORF 
(citrullinemia) ~ 1.9 Kb, 412 amino acids 

AL deficiency Cytosol ASL 7cen-ql 1.2 1 6 exons, spans "'79 Kb, ORF 
~ 1.9 Kb, 464 amino acids 

Arginase Cytosol ARG 6q23 8 exons, spans - 37 Kb, ORF 
deficiency ~ 1.4 Kb, 322 amino acids 

' ORF: open reading frame. 
Note: Molecular characteristics of the UCDs are shown. Data were obtained from the National Center for 
Biotechnology Information (NCBI) Web sites (www.ncbi.nlm.nil1.gov/IEB/Research/Acembly/index.html !Ace View); 
www.ncbi.nlm.nih.gov/nuccore IEntrez Nucleotrde); www.ncbi.nlm.nig.gov/omim IOMIMJ). 

enhancement of synaptic transmission efficacy, considered to be the basis for 

some forms of learning and memory, this effect of hyperammonemia may 

be related to the abnormal cognitive function observed in patients who have 

UCDs. 18 Abnormal axonal growth, accompanied by decreased creatine and phos

phocreatine levels (creatine is essential for axonal elongation) and alteration of 

brain cytoskeletal elements, are also observed in hyperammonemia. Glial fib

rillary acidic protein (GFAP) is an important astrocytic protein involved in a 

multitude of cellular functions. GFAP is reduced, and microtubule-associated 

protein-2 (MAP-2) and neurofilament protein (NF-M) exhibit decreased phospho

rylation, possibly through abnormal MAPK function caused by hyperammone

mia.19 Although the precise interrelationship between these proposed patho

genetic mechanisms is unclear, it is reasonable to suspect that these processes 

play at least some role in the mental impairment observed in UCD patients. 

INHERITANCE 

Urea cycle defects, with the exception of OTC deficiency, are inherited as autoso

mal recessive traits. OTC deficiency is X-linked and, therefore, typically manifests 

more severely in males. Approximately fifteen percent of females with OTC defi

ciency display symptoms, such as protein intolerance, cyclical vomiting, behav

ioral and neurologic abnormalities, and even hyperammonemic coma, and are 

termed "manifesting heterozygotes." The severity of symptoms in such females 

is related to random X-inactivation and allelic heterogeneity, as well as to degree 

of environmental stress. Further details regarding the molecular genetics of the 

UCDs are provided in Table 10-1. 

-
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1 40 Gregory M. Enns 

EARLY EFFORTS AT HYPERAMMONEMIA THERAPY 

A number of different therapies aimed at removing accumulated ammonia in 

cases of hyperammonemic encephalopathy have been attempted, including lac

tulose (reduces the production or absorption of the end products of bacterial 

nitrogen metabolism in the colon), exchange transfusion, peritoneal dialysi s 

(PD), hemodialysis, and supplementation with nitrogen-free analogues of essen

tial amino acids. Although children treated with a-keto amino acid analogues 

showed some clinical improvement, such as improved seizure control attention 

span and weight gain, death in infancy was still common. Exchange transfusions 

are ineffective in managing hyperammonemia. PD has shown variable efficacy 

in treating hyperammonemia but, in general, is far inferior to hemodialysis. The 

early use of these treatments prolonged survival in some cases, but overall efficacy 

has been disappointing.20 

ALTERNATIVE PATHWAY MEDICATIONS 

In 1914, Lewis demonstrated that sodium benzoate could divert urea nitrogen 

to hippurate (HIP) nitrogen in two normal subjects . After ingestion of sodium 

benzoate, blood urea nitrogen and ammonia levels fell and urine HIP excretion 

rose markedly, with little change in total urine nitrogen excretion .21 Shiple and 

Sherwin later showed that oral administration of phenylacetate results in sub

stitution of phenylacetylglutamine (PAGN) nitrogen for urea nitrogen in urine . 

Coadministration of benzoate and phenylacetate resulted in as much as 601l1i 

of urine nitrogen being excreted as HIP and PAGN. 22 Subsequently, the enzymes 

responsible for these reactions (acyl-coenzyme A [CoA] :glycine and acyl-CoA glu

tamine N-acyltransferases) were identified and localized to both kidney and liver 

in humans and primates. Synthesis of HIP (from conjugation of glycine with ben

zoate) and PAGN (from conjugation of glutamine with phenylacetate) requires 

adenosine triphosphate (ATP) and CoA. Pharmacogenetic factors partly deter

mine the activity of enzymes responsible for formation of HIP and PAGN and, 

therefore, play a role in determining the individual rate of nitrogen removal. 2
·
1 

MECHANISM OF ACTION 

In 1979, Brusilow and colleagues suggested that the use of endogenous biosyn

thetic pathways of non-urea waste nitrogen excretion could substitute for defec

tive urea synthesis in patients who have UCDs. By promoting the synthesis of 

non-urea nitrogen-containing metabolites (the excretion rates of which are high 

or may be augmented), in theory, total body nitrogen load could be decreased 

despite abnormal urea cycle function. 24 The two classes of alternative pathway 

metabolites are (1) urea cycle intermediates (citrulline and argininosuccinate) 

and (2) amino acid acylation products (I llP and PAGNJ . 
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Figure 10-2: The urea cycle and alternative pathway therapy. Nitrogen flux through the urea 

cycle may be decreased by excretion of HIP and PAGN, molecules which contain one and two 

waste nitrogen atoms, respectively. In addition, citrulline (which contains one waste nitrogen 
atom) or argininosuccinate (which contains two waste nitrogen atoms) can serve as a vehicle 

of waste nitrogen excretion, depending on the location within t11e urea cycle of the deficient 

enzyme. For example, in AL deficiency, there is a block in argininosuccinate conversion to arginine. 

Supplementing AL deficiency patients with arginine increases production of argininosuccinate, 

which is then excreted in the urine along with its waste nitrogen. ARG: arginase. Reproduced with 

permission from NeoReviews, Vol. 7, page e490, Copyright © 2006 by the AAP. 

Urea cycle intermediates 

In AL deficiency, argininosuccinate accumulates and is excreted in the urine. 

Because argininosuccinate contains two waste nitrogen atoms, production of this 

metabolite can be exploited to excrete waste nitrogen in AL deficiency, provided 

that an adequate amount of ornithine is present to supply the necessary carbon 

skeletons for argininosuccinate biosynthesis. By administering pharmacologic 

doses of arginine, ornithine is synthesized by the action of arginase. Citrulline 

and argininosuccinate are then produced in turn by the sequential action of OTC 

and AS. In AL deficiency, argininosuccinate cannot be further metabolized and 

is excreted in the urine, along with waste nitrogen (Figure 10-2) .-1 

Similarly, as long as sufficient arginine is supplied, citrulline can serve as 

a vehicle for waste nitrogen excretion in AS deficiency (citrullinemia; Figure 

10-2) . When compared to argininosuccinate, however, citrulline has two major 
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Figure 10-3: Mechanism of nitrogen scavenging by sodium benzoate and sodium pl1enylacetate: 
HIP and PAGN are formed by conjugation of benzoate witl1 glycine and pl1enylacetate witil glu
tamine, respectively. Tl1ese reactions are performed by specific liver and kidney N-acyltransferases. 
HIP contains one waste nitrogen atom, and pl1enylacetylglutamine contains two waste nitrogen 
atoms. Botil HIP and PAGN are excreted in tile urine, effectively decreasing nitrogen flux t11rougil 
t11e urea cycle. ''Nitrogen atoms excreted. Reproduced witil permission from NeoReviews, Vol. 7, 
Page e490, Copyrigl1t C' 2006 by t11e AAP. 

disadvantages: (1) It contains only one waste nitrogen atom, and (2) a high per

centage of filtered citrulline is reabsorbed, so urine excretion is relatively poor. 4 •23 

Amino acylation products 

Because of high renal clearance (five times the glomerular filtration rate), HIP is 

easily excreted by the kidneys. HIP biosynthesis, by conjugation of benzoate with 

glycine, is accomplished by the action of mitochondrial matrix enzymes (ben

zoyl thiokinase and a glycine-specific N-acyltransferase; Figure 10- 3). Similarly, 

PAGN is formed by sequential action of phenylacetyl thiokinase and a glutamine

specific N-acyltransferase. Because phenylacetate has the ability to conjugate glu

tamine, forming PAGN (a compound that contains two waste nitrogen atoms), its 

nitrogen-scavenging ability was hypothesized to be twice as effective as benzoate 

(which contains one nitrogen atom). 24 

Brusilow and colleagues suggested using combined therapy with sodium 

phenylacetate and sodium benzoate (Ammonul; Ucyclyd Pharma, Inc., Scotts

dale, AZ) along with intravenous arginine HCl for treating hyperammonemic 

coma. Ammonul, a combination of sodium phenylacetate (10'V.i) and sodium 

benzoate (10% ), is an intravenously administered drug used as adjunctive ther

apy for the treatment of acute hyperammonemia and associated encephalopathy 

in patients with UCDs (Table 10- 2) .24 The concomitant use of Ammonul with 

protein restriction, high caloric nutrition, arginine HCl, adequate hydration, and 

.,. 
c 
a. 
~ 
c .... c 
c 
a. 
E g; 
rt: 
c 
rt: 

E 
~ 
c 
<( 

r-J 
I c 

LUPIN EX. 1003 
17 of 27



.... ~
 

~
 

&
 ~
 

7 
s 

~·
 

tr" 
s 

r
l
-
:
:
;
:
c
r
o
-
.
<
~
 

(t
i 

V
)
 

I 
1 

.._
 

1 
.....

. 
-· 

::r
 

"' 
-

. 
t

Ll
 

"' 
.... 

'"' 
' 

T
ab

le
 1

0
-2

. 
A

cu
te

 m
a

n
a

g
e

m
e

n
t 

o
f 

pa
tie

nt
s 

w
ith

 U
C

D
s 

C
om

po
ne

nt
s 

o
f 

in
fu

si
o

n
 s

o
lu

tio
n

 

A
rg

in
in

e 
H

C
I 

A
dm

in
!S

tr
at

io
n 

A
m

m
o

n
u

l 
in

je
ct

io
n,

 1
 0

%
 

P
a

tie
n

ts
 w

e
ig

h
in

g
 0

-2
0

 k
g

 

Lo
ad

in
g 

do
se

: 
ov

er
 9

0
--

1
2

0
 m

m
_ 

2.
5 

m
U

kg
 

6
,0

m
U

k
g

 

M
ai

nt
en

an
ce

 d
os

e:
 o

ve
r 

24
 h

 
2.

5 
m

U
kg

 
6.

0 
m

U
kg

 

Lo
ad

in
g 

do
se

: 
ov

er
 9

0
-1

2
0

 m
in

 
2.

5 
m

U
kg

 
6.

0 
m

U
kg

 
M

ai
nt

en
an

ce
 d

os
e:

 o
ve

r 
2

4
 h

 
2.

5 
m

U
kg

 
6.

0 
m

U
kg

 

Lo
ad

in
g 

do
se

: 
ov

er
 9

0
-1

2
0

 m
in

 
2.

5 
m

U
kg

 
2.

0 
m

U
kg

 

M
ai

nt
en

an
ce

 d
os

e:
 o

ve
r 

24
 h

 
2.

5 
m

U
kg

 
2.

0 
m

U
kg

 

Lo
ad

in
g 

do
se

: 
ov

er
 9

0
-1

2
0

 m
in

 
2

.5
 m

ll
kg

 
2

.0
 m

U
kg

 
M

ai
nt

en
an

ce
 d

os
e:

 o
ve

r 
2

4
 h

 
2.

5 
m

U
kg

 
2

.0
 m

U
kg

 

P
a

tie
n

ts
 w

e
ig

h
in

g
 >

2
0

 k
g

 

Lo
ad

in
g 

do
se

: 
ov

er
 9

0-
-1

2
0

 m
in

 
55

 m
ll
m

' 
6.

0 
m

U
kg

 
M

ai
nt

en
an

ce
 d

os
e:

 o
ve

r 
2

4
 h

 
55

 m
u

m
' 

6.
0 

m
U

kg
 

Lo
ad

in
g 

do
se

: o
ve

r 
9

0
-1

2
0

 m
in

 
5

5
 m

u
m

' 
6.

0 
m

U
kg

 
M

ai
nt

en
an

ce
 d

os
e:

 o
ve

r 
2

4
 h

 
55

 m
u

m
' 

6.
0 

m
U

kg
 

Lo
ad

in
g 

do
se

: o
ve

r 
9

0-
1

2
0

 m
in

 
55

 m
U

m
2 

2.
0 

m
U

kg
 

M
ai

nt
en

an
ce

 d
os

e
'. o

ve
r 

24
 h

 
55

 m
u

m
' 

2.
0 

m
U

kg
 

Lo
ad

in
g 

do
se

: o
ve

r 
9

0-
1

2
0

 m
in

 
55

 m
U

m
2 

2.
0 

m
U

kg
 

M
ai

nt
en

an
ce

 d
os

e
'. o

ve
r 

2
4

 h
 

5
5

 m
U

m
2 

2
0

 m
U

kg
 

~
~
~
-
~
 
~
-
~
~
 

D
os

ag
e 

pr
ov

id
ed

 

D
ex

tr
os

e 
S

od
iu

m
 

S
od

iu
m

 
A

rg
in

in
e 

H
C

I 

In
je

ct
io

n,
 1

 0
%

 
ph

en
yl

ac
et

at
e 

be
nz

oa
te

 
In

je
ct

io
n,

 1
0

%
 

AL
 d

ef
ic

ie
nc

y 

25
 m

U
K

g 
2

5
0

 m
g/

kg
 

2
5

0
 m

g/
kg

 
6

0
0

 m
g/

kg
 

2
5

 m
U

kg
 

2
5

0
 m

g
/k

g
 

2
5

0
 m

g/
kg

 
6

0
0

 m
g/

kg
 

AS
 d

ef
ic

ie
nc

y 

25
 m

U
kg

 
2

5
0

 m
g/

kg
 

2
5

0
 m

g/
kg

 
6

0
0

 m
g/

kg
 

25
 m

U
K

g 
2

5
0

 m
g/

kg
 

2
5

0
 m

g/
kg

 
6

0
0

 m
g/

kg
 

CP
S 

de
fic

ie
nc

y 

25
 m

U
K

g 
2

5
0

 m
g/

kg
 

2
5

0
 m

g/
kg

 
2

0
0

 m
g/

kg
 

25
 m

U
kg

 
2

5
0

 m
g/

kg
 

2
5

0
 m

g
/k

g
 

2
0

0
 m

g/
kg

 

O
TC

 d
ef

ic
ie

nc
y 

25
 m

ll
k
g

 
2

5
0

 m
g

/k
g

 
2

5
0

 m
g

/k
g

 
2

0
0

 m
g/

K
g 

25
 m

ll
k
g

 
2

5
0

 m
g/

kg
 

2
5

0
 m

g/
kg

 
20

0 
m

g/
kg

 

AL
 d

ef
ic

ie
nc

y 

2
5

 m
U

kg
 

5.
5 

gJ
m

' 
5.

5 
g

im
2 

6
0

0
 m

g
/k

g
 

25
 m

U
kg

 
5.

5 
g

im
2 

5.
5 

gt
m

2 
60

0 
m

g/
kg

 

AS
 d

ef
ic

ie
nc

y 

25
 m

U
kg

 
5.

5 
g

im
2 

5.
5 

g/
m

2 
6

0
0

 m
g/

kg
 

25
 m

U
kg

 
5

.5
 g

/m
2 

5.
5 

g/
m

2 
6

0
0

 m
g/

K
g 

CP
S 

de
fic

ie
nc

y 

25
 m

ll
k
g

 
5.

5 
g/

m
2 

5.
5 

g/
m

2 
2

0
0

 m
g/

kg
 

25
 m

U
kg

 
5.

5 
g

im
2 

5.
5 

g/
m

2 
2

0
0

 m
g/

kg
 

O
TC

 d
ef

ic
ie

nc
y 

25
 m

U
kg

 
5.

5 
g/

m
2 

5.
5 

g/
m

2 
2

0
0

 m
g/

kg
 

2
5

 m
U

kg
 

5.
5 

g
tm

' 
5.

5 
g/

m
2 

2
0

0
 m

g/
kg

 

N
ot

e
: A

pp
ro

pr
ia

te
 d

os
in

g 
o

f a
lte

rn
at

iv
e 

pa
th

w
ay

 t
he

ra
py

 m
ed

ic
at

io
ns

 f
o

r 
pa

tie
nt

s 
w

e
ig

h
in

g
 u

p 
to

 2
0

 k
g 

an
d 

gr
ea

te
r 

th
an

 2
0

 k
g

 is
 s

ho
w

n
. A

rg
in

in
e 

H
C

I 
m

ay
 b

e 
m

ix
ed

 d
ir

ec
tly

 w
ith

 A
m

m
o

n
u

l 
o

r 
in

fu
se

d 
vi

a 
a 

se
pa

ra
te

 l
in

e.
 A

 c
en

tr
al

 l
in

e 
is

 r
ec

om
m

en
de

d 
fo

r 
de

liv
er

y 
o

f 
A

m
m

o
n

u
l 

an
d 

ar
gi

ni
ne

 H
CJ

. 
be

ca
us

e 
se

rio
us

 b
ur

ns
 h

av
e 

re
su

lte
d 

fr
o

m
 e

xt
ra

va
sa

tlo
n 

fr
om

 a
 p

er
ip

he
ra

l 
ca

th
et

er
. 

T
he

 l
o

a
d

in
g

 d
os

e 
in

fu
si

on
 s

ho
ul

d 
be

 g
iv

en
 i

n 
1 0

0/
o 

gl
uc

os
e 

at
 2

5
-3

5
 m

l/
k
g

 (
or

 i
n 

1 0
0/

o 
gl

uc
os

e 
at

 4
0

0
-6

0
0

 m
U

m
2 

in
 o

ld
e

r 
pa

tie
nt

s)
. 

O
da

ns
et

ro
n 

m
a

y 
be

 g
iv

en
 (

0.
1 

5 
m

g/
kg

) 
ov

er
 t

he
 f

irs
t 

1 
5 

m
in

ut
es

 o
f 

th
e 

p
ri

m
in

g
 in

fu
si

on
 t

o
 d

ec
re

as
e 

th
e 

ris
k 

o
f 

em
es

is
.4 

M
ed

ic
al

 m
an

ag
em

en
t 

of
 U

C
D

s 
ha

s 
th

e 
po

te
nt

ia
l 

to
 d

ec
re

as
e 

pl
as

m
a 

a
m

m
o

n
iu

m
 le

ve
ls

; 
ho

w
ev

er
, 

in
 c

as
es

 a
ss

oc
ia

te
d 

w
ith

 
ex

tr
em

e 
h

yp
e

ra
m

m
o

n
e

m
ia

, a
 fo

rm
 o

f 
he

m
od

ia
ly

si
s 

o
r 

h
e

m
o

fil
tr

a
tio

n
 is

 t
yp

ic
a

lly
 n

ee
de

d.
 A

lth
ou

gh
 i

ns
tit

ut
io

n 
o

f a
lte

rn
at

iv
e 

pa
th

w
ay

 t
he

ra
py

 a
nd

 a
pp

ro
pr

ia
te

 c
al

or
ic

 s
up

po
rt

 s
ho

ul
d 

be
 s

ta
rt

ed
 

w
it

h
o

u
t 

de
la

y,
 t

he
 p

os
si

bi
lit

y 
o

f 
tr

an
sf

er
ri

ng
 t

he
 n

eo
na

te
 t

o
 a

 s
pe

ci
al

is
t 

ce
nt

er
 w

ith
 h

em
od

ia
ly

si
s 

ca
pa

ci
ty

 s
ho

ul
d 

be
 e

xp
lo

re
d 

co
nc

ur
re

nt
ly

 i
f 

th
e 

in
iti

al
 p

oi
nt

-o
f-

ca
re

 f
a

ci
lit

y 
Ja

ck
s 

ap
pr

op
ria

te
 

re
so

ur
ce

s 
to

 p
er

fo
rm

 u
rg

en
t 

di
al

ys
is

. 

l.J 

LUPIN EX. 1003 
18 of 27



1 44 Gregory M. Enns 

Table 10-3. Chronic management of patients witl1 UCDs 

UCO 

CPS or OTC deficiency 

AS deficiency 

AL deficiency 

Sodium pilenylbutyrate 

Citrulline or arginine (free base) 

Sodium pl1enylbutyrate 

Arginine (free base) 

Arginine (free base) 

g/kg/ d 

0.45-0.60 
0.17 
0.45-0.60 
0.40-0.70 
0.40-0.70 

g/ m 2 / d 

9.9-13.0 
3.8 
9.9- 13.0 
8.8- 15.4 
8.8- 15.4 

Note: Long-term care of UCD patients requires careful evaluation of nutritional status and provision of adequate 
protein (including essential amino acid formulas), calories, and essential vitamins and nutrients to promote 
growth, in addition to appropriate medications. Tl1e g/kg/d dosing is used for patients weighing up to 20 kg, 
and t11e g/m 2 /d dosing is used for older patients weigl11ng more !flan 20 kg. Tablets or powder sl1ould be taken 
in equally divided amounts witll eacll meal or feeding (i.e., three to six times daily). Patients sl1ould be followed 
by a center skilled in management of inborn errors of metabolism. 

hemodialysis in acute hyperammonemia associated with altered mental status 

helps to increase waste nitrogen excretion through the formation of HIP and 

PAGN by the two different pathways discussed earlier in text (Figures 10-1 and 

10-2). Hemodialysis is recommended in cases of severe hyperammonemia or if 

ammonium levels are not significantly reduced within four to eight hours after 

starting Ammonul.4 

Sodium phenylbutyrate (Buphenyl; Ucyclyd Pharma, Inc.) is a prodrug of 

sodium phenylacetate that is used for chronic management of UCDs. Buphenyl, 

administered enterally in tablet or powder form, is used as adjunctive therapy, 

along with appropriate dietary management, for outpatient treatment of CPS, 

OTC, and AS deficiencies (Table 10- 3). 4 A clinical trial has started to evaluate 

whether Buphenyl, in conjunction with decreased arginine dosing, will be bene

ficial in treating AL deficiency, especially with respect to liver function. Sodium 

benzoate in powder form is also sometimes used, either alone or in conjunction 

with Buphenyl, for chronic management of UCO patients. 

Pharmacokinetics of Ammonul 

Both phenylacetate and benzoate demonstrate saturable, nonlinear elimination, 

with a decrease in clearance with increased dose. Therefore, following established 

treatment protocol dosing guidelines is important to avoid an overdose. A sec

ond bolus infusion is not recommended if plasma ammonium levels do not 

drop significantly after the initial bolus. 4 Brusilow and colleagues studied the 

pharmacokinetics of intravenous sodium phenylacetate and sodium benzoate in 

two children (five months old and one year old) with CPS deficiency. The peak 

levels of phenylacetate and benzoate occurred at the same time (approximately 

two to three hours following closing), and the benzoate level decreased faster. 

Phenylacetate levels were initially higher than benzoate levels and remained 

so throughout the period of study. HIP reached a peak earlier than PAGN but 

PAGN levels remained high for a longer period when compared to HIP in both 

patients. Urinary HIP nitrogen (18-5 7'V.i of waste nitrogen) and urinary PAGN 
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Alternative waste nitrogen disposal agents for urea cycle disorders 

nitrogen (15-53% of waste nitrogen) combined accounted for approximately 

60% of "effective" urinary waste nitrogen. 25 

There are no published pharmacokinetic studies on Ammonul performed exclu

sively in neonates . Green and colleagues, however, monitored the disposition of 

intravenous sodium benzoate alone in hyperammonemic newborn infants (11 = 
4) following administration of 460 mg/kg/d in four divided doses. An eightfold 
range in serum benzoate concentrations between treated neonates was noted. The 

elimination half-life of benzoate was 2.8 ± 3.1 hours. The total plasma clearance 

of benzoate was 1.00 ± 0.61 mg/kg/min, the majority being attributed to glycine 

conjugation in three of four neonates . The excreted total of benzoate and HIP 
was 84% (±31 lYc>) of the administered benzoate. One neonate with reduced renal 

clearance excreted only 12<Jlo of benzoate as HIP. In this case, PD was the major 

route of benzoate clearance.26 Intravenous infusions of benzoate and phenylac

etate (given on different days) were administered to five children with lysinuric 

protein intolerance who were clinically stable during the period of study. Plasma 

benzoate levels peaked at 6.0 mmol/L (range 5.2-7.0 mmol/L) two hours after 

the start of the infusion (2 .0 mmol/kg over 90 minutes) and decreased linearly 

with a mean half-life of 273 minutes. Plasma HIP levels peaked 120 minutes 

after the start of the infusion at 0.24 mmol/L (range 0.14-0.40 mmol/Lm) and 

remained stable for three hours. Less than 2% of the administered dose of ben

zoate appeared unchanged in the urine. Plasma phenylacetate levels also peaked 

at 120 minutes and decreased similarly to benzoate (t 112 = 253 minutes), although 

peak levels were lower (4.8 mmol/L, range 3.7-6.1 mmol/L). Plasma PAGN lev

els peaked at 270 minutes with a mean concentration of 0.48 mmol/L (range 

0 .22- 1.06 mmol/L). Forty percent (range 15-110%) of infused phenylacetate was 

excreted as PAGN in 24 hours .27 

Both sodium phenylacetate and sodium benzoate are low-molecular-weight 

molecules with poor protein binding. Hemodialysis and hemofiltration result in 

significant dialytic and convective clearances of Ammonul, respectively, although 

therapeutic plasma levels of Ammonul may still be obtained despite high extra

corporeal clearance. 28 

DOSAGE 

Infants and young children (weighing up to 20 kg) with CPS deficiency, OTC defi

ciency, or AS deficiency should be treated with Ammunol at a load of 250 mg/kg 

intravenously over a period of 90-120 minutes. Older children and adults (weigh

ing more than 20 kg) should be treated with Ammonul at 5.5 g/m2 as an intra

venous load over a period of 90-120 minutes (Table 10-2). After the loading dose, 

maintenance infusions of the same dose over 24 hours may be continued until 

the patient is no longer hyperammonemic and oral therapy can be tolerated.4 •8 

Specific guidelines for administering Ammonul are not provided for treatment of 

AL deficiency or arginase deficiency. AL deficiency may respond to intravenous 

,, 
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arginine HCl alone (although other interventions, including Ammonul use and 

hemodialysis, are needed in some cases), and arginase deficiency has only rarely 

been associated with significant hyperammonemia. Loading and maintenance 

infusions should contain arginine HCl (210 mg/kg for patients with OTC or CPS 

deficiency or 630 mg/ kg for patients with AS or AL deficiency). Ammonul is 

diluted in sterile 10% dextrose in both loading and maintenance infusions. Ten 

percent arginine HCl can be mixed in the same dextrose solution as Ammonul. 

Because of the saturable pharmacokinetics of phenylacetate, no more than one 

loading dose of Ammonul is recommended regardless of the initial level of plasma 

ammonium. The maintenance infusion can be continued until plasma ammo

nium levels are within normal limits. 4 Ammonul should be administered through 

a central line because extravasation may cause irritation, burns, and necrosis. 

Appropriate nutrition, temporary protein restriction, and adequate hydration 

must also be used in conjunction with Ammonul and arginine HCl to maximize 

clearance of plasma ammonium. Hemodialysis and/or continuous hemofiltration 

should be started without delay if alternative pathway therapy and other inter

ventions do not result in adequate control of plasma ammonium levels . Central 

access is critical to provide high-dextrose fluids and fat emulsion (Intralipid), 

with the goal of administering approximately 100-120 kcal/kg/d to neonates . An 

insulin drip is often needed to control hyperglycemia and promote anabolism.2~ 

In older patients and adults, a nutritional regimen providing 80 kcal/kg/d is area

sonable initial goal. 7 Protein should be withdrawn immediately and then slowly 

reintroduced after 24-48 hours .29 

SIDE EFFECTS 

Because of the difficulty in distinguishing symptoms related to hyperammonemia 

from symptoms caused by a reaction to medication, side effects are similarly dif

ficult to attribute directly to alternative pathway therapy. Oral benzoate therapy 

has been associated with nausea and vomiting, but overall toxicity appears to be 

low as long as standard dosing guidelines are followed.-1n The use of benzyl alco

hol as a bacteriostatic agent in neonatal intensive care units has resulted in severe 

metabolic acidosis, lethargy progressing to coma, seizures, and death. Benzoate 

and HIP, breakdown products of benzyl alcohol, were identified in the urine 

of these neonates.-i 1 A theoretical concern related to benzoate use in neonates 

is its potential ability to displace bilirubin from high-affinity albumin binding 

sites. There are no known cases of significant hyperbilirubinemia or kernicterus 

attributable to benzoate use, however. 

No side effects, other than an unpleasant odor, were reported in normal 

human subjects and two patients with urea cycle defects receiving between 1 

and 10 grams of phenylacetate. i2 Buphenyl use is associated with body odor 

caused by the metabolite phenylacetate, and patients have reported an aversion 

to the medication because of its bad taste . Abdominal discomfort and gastritis 

may also occur. 
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Alternative waste nitrogen disposal agents for urea cycle disorders 

The most common adverse reaction reported to be associated with Ammonul 

is vomiting, occurring in approximately 91Yci of patients. 3·i In a study of healthy 

adults, MacArthur and colleagues reported nausea, vomiting, and somnolence fol

lowing administration of Ammonul in doses used to treat hyperammonemia .-14 In 

a report documenting responses to Ammonul in 299 UCO patients, adverse events 

were reported in a little more than 50%1 of treated patients. Most adverse events 

were likely related to the underlying primary disease or patient clinical status and 

were reported during treatment for hyperammonemia. Metabolic (hypokalemia, 

hyperammonemia, hyperglycemia, acidosis), nervous system (seizures, cerebral 

edema, mental impairment), and respiratory system abnormalities (respiratory 

distress or failure, hyperventilation) were reported most frequently and occurred 

in 22%, 18%, and 14% of patients, respectively. 8 

The most significant side effects and toxicity related to Ammonul use have 

occurred in cases of inadvertent overdose. Continuous intravenous infusion rates 

that result in plasma phenylacetate levels that saturate the capacity of conver

sion of phenylacetate to PAGN result in rapid phenylacetate accumulation and 

subsequent toxicity. Three patients (two to six years old) who were given inap

propriately high doses of intravenous Ammonul (915 mg/kg over 12 hours, 1,750 

mg/kg over 18 hours, and 750 mg/kg over 10 hours) had plasma benzoate and 

phenylacetate levels of approximately 10 mmol/L four hours after infusion and 

developed altered mental status, Kussmaul breathing, metabolic acidosis, cere

bral edema, and hypotension. Two of the three patients died; one survived after 

hemodialysis.-15 Other signs of intoxication with Ammonul include hyperna

tremia, hyperosmolarity, and cardiovascular collapse.4 Clearly written medical 

prescriptions and cross-checking of drug dosage are important safeguards. 

U.S. FOOD AND DRUG ADMINISTRATION STATUS 

Ammonul received U.S. Food and Drug Administration (FDA) new drug approval 

on February 17, 2005. Data collected over approximately 25 years of clinical 

investigation by a multitude of investigators throughout the country was used 

as a basis for the FDA decision. Ammonul is labeled a Category C drug, so it is 

not known whether Ammonul can cause harm to the fetus when administered 

to a pregnant woman or if reproduction capacity can be affected. Therefore, 

Ammonul use in pregnancy is recommended only if the medication is clearly 

needed. Caution should also be exercised if Ammonul is administered to pregnant 

women because it is unknown whether excretion in breast milk occurs. Buphenyl 

received FDA new drug approval on April 30, 1996 and is also a Category C drug. 

RESULTS OF THERAPY 

Treatment with Ammonul results in decreased plasma ammonium levels and 

improved neurological status in most cases, although, if severe hyperammonemia 
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Figure 10-4: Hyperammonemic episodes survived according to peak ammonium levels. Patient 

survival of l1yperammonemic episodes depends on peak plasma ammonium level, with signif· 
icantly improved survival for patients wl10 experience l1yperammonemic episodes wit11 a peak 

plasma ammonium level of up to 500 pM (p < 0.001 ). Neonates wit11 a peak plasma ammonium 

level greater t11an 1,000 ~1M are least likely to survive a l1yperammonemic episode (survival, 380/o; 

p < 0.001 ).8 From Enns et al. Survival after Treatment with Phenylacetate and Benzoate for Urea 

Cycle Disorder, Til e New England Journal of Medicine, F2. 2007, Massacl1usetts Medical Society. 
All rights reserved. 

is present, alternative pathway therapy may be insufficient to have any apprecia

ble effect. Early reports of alternative pathway therapy use in relatively small 

cohorts documented improved survival compared to that in historical con
trols .2 i. z5 ,zri, .tr, A large study reported the outcome of 299 UCD patients who 

were treated with Ammonul. Patients sustained 1, 181 episodes of hyperammone

mia over a 25-year period with an episode survival rate of 96% (neonates: 731Y.i; 

patients older than 30 days: 981i11) and overall patient survival of 841711
1 

a clear 

improvement when compared to historical data. Survival was also related to the 

peak plasma ammonium level and patient age. Nearly all episodes in which the 

ammonium level did not rise above 500 µmol/L resulted in survival, with sur

vival decreasing as ammonium levels increased (Figure 10-4).8 Because patients 

were primarily treated by metabolic centers with experience in caring for acute 

hyperammonemia caused by UCDs, the high survival rate in this study may in 

part reflect the expertise available at treating institutions. The improved outcome 

following use of alternative pathway medication is also apparent when compari

son is made to outcome data detailed in a European report of 217 UCD patients 

who did not receive alternative pathway therapy for acute management of hyper

ammonemia. Only 16'M1 of patients with neonatal-onset disease survived overall, 

and patient survival in late-onset disease was 72%.'' 

Although alternative pathway therapy in conjunction with other therapies, 

especially hemodialysis, has led to improved UCD patient survival, cogni

tive impairment remains a common finding, especially in patients who have 
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Alternative waste nitrogen disposal agents for urea cycle disorders 

neonatal-onset disease. The age at which the first symptom is noted, however, is 
not necessarily predictive of outcome in individual cases, because patients who 
have neonatal-onset disease may still have a normal long-term outcome. A study 
of 26 children who survived neonatal hyperammonemia was discouraging with 
respect to neurological outcome; the overwhelming majority (79%) had one or 
more developmental disabilities at 12-74 months of age. IQ correlated with the 
depth of coma, but not the peak plasma ammonium level over a range of 351-

1,800 µmoJ/L. ·13 

Other studies have found a correlation between the peak plasma ammonium 
level and cognitive outcome, although Ammonul was not used in these reports. 
When the concentration of plasma ammonium exceeded 350 µmol/L at the 

time of the first episode of hyperammonemia, patients either died or had severe 
neurological deficits in a Japanese study of 108 UCD patients.37 In a European 
questionnaire study, no surviving UCD patients with an initial plasma ammo
nium level greater than 300 µmol/L or a peak plasma ammonium level greater 
than 480 µmol/L had normal psychomotor development.38 

Neonatal-onset OTC deficiency is particularly devastating with respect to neu
rological outcome. Prospective neonatal therapy following prenatal diagnosis by 
deoxyribonucleic acid (DNA) or biochemical analysis, however, decreases the risk 
of neonatal hyperammonemia. Infants at risk for hyperammonemia caused by 
UCDs based on family history may be treated with Ammonul prospectively to 
prevent hyperammonemic coma. If such proactive therapy is instituted, neonates 
have a more favorable outcome compared to patients who are rescued from hyper

ammonemic coma. The brief period of prospective treatment while confirmatory 
diagnostic studies are pending does not appear to have any adverse effect on the 
growth and development of those infants who turn out to be unaffected.36 

The use of Ammonul to treat other conditions that can cause neonatal hyper
ammonemia, such as organic acidemias, fatty acid oxidation disorders, and tran
sient hyperammonemia of the newborn, has not been studied in detail. These 

conditions may be difficult to distinguish from UCDs on initial presentation in 
some instances. Clinicians have used Ammonul to treat non-UCD conditions, 
such as organic acidemias or transient hyperammonemia of the newborn, with 

variable efficacy. 

FUTURE DEVELOPMENTS 

The National Institutes of Health has sponsored the formation of a Rare Disease 
Clinical Research Center network for UCDs. This establishment of a network 
of specialized centers with expertise in providing state-of-the-art treatment for 

metabolic disorders has the potential to improve neurologic outcomes. A multi
center longitudinal study has been initiated and has already provided new infor
mation about the natural history of these disorders.39 The prospective treatment 

of children at risk for hyperammonemic coma and other therapeutic modalities, 
especially liver transplantation, also play significant roles in the management of 
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patients with UCDs and may improve outcome. Although hepatocyte transplan

tation is a promising new approach for the treatment of liver-based metabolic 

disorders, only limited success has been reported to date. 40 Gene therapy also 

holds promise for the treatment of these disorders, but significant technical hur

dles need to be overcome, as is clear following the fatal occurrence of systemic 

inflammatory response syndrome in an OTC patient following adenoviral gene 

transfer. 41 Until the aforementioned technologies can be developed for wider 

application, liver transplantation is currently the only definitive therapy for these 

patients. 

A new oral medication is being developed for hyperammonemia control 

and is currently in clinical trials . Glycerol phenylbutyrate [glyceryl tri-(4-

phenylbutyrate)] is an investigational agent that is a prodrug of sodium phenyl

butyrate (currently marketed as Buphenyl). Like sodium phenylbutyrate, glycerol 

phenylbutyrate is metabolized in the liver to phenylacetate, which in turn con

jugates to glutamine and forms PAGN. Glycerol phenylbutyrate is a triglyceride 

containing three molecules of 4-phenylbutyric acid joined via ester linkage to 

glycerol. Glycerol phenylbutyrate is an organic liquid (oil) with little odor or taste 

that delivers the same amount of phenyl butyrate in a compact form (e.g., --- 17.4 

milliliters of glycerol phenyl butyrate la little more than one teaspoon three times 

daily] delivers the same amount of phenylbutyric acid as do 40 tablets of sodium 

phenylbutyrate). Pharmacological data from Cynomolgus monkeys, which have 

the capacity to metabolize phenylacetate to form PAGN, suggest that glycerol 

phenylbutyrate acts as a slow-release product which may be converted to PAGN 

more efficiently than sodium phenylbutyrate.4~ Ten adult UCD subjects were 

switched to glycerol phenylbutyrate from sodium phenylbutyrate. Compared 

to treatment with sodium phenylbutyrate, glycerol phenylbutyrate treatment 

resulted in approximately 30'J.fi lower plasma ammonium values (as assessed by 

time-normalized area under the curve, findings not statistically significant), sim

ilar plasma PAGN and amino acid levels, and similar urinary excretion of PAGN. 

Somewhat fewer adverse events were reported during the glycerol phenyl butyrate 

period of this trial (21 adverse events in seven subjects during sodium phenyl bu

tyrate treatment compared to 15 adverse events in five subjects during glycerol 

phenylbutyrate treatment), and the only two hyperammonemic events during 

this study occurred in subjects on sodium phenylbutyrate.4·1 Given the difficulties 

facing urea cycle patients with respect to daily pill burden and the noxious taste 

of sodium phenylbutyrate, glycerol phenylbutyrate has the potential to improve 

compliance and chronic plasma ammonium control if the promise of the initial 

small trial results is confirmed in larger-scale studies. 

REFERENCES 

1. Krebs HA, Henseleit K. Untersuchungen iiber die harnstoffhildung im tierkorper. 

lfoppe-Sc:yler's Z i'li)'siol C/le111. 1932;210:325- 332 
2. Shih VE. Hereditary urea-cycle disorders. S. Grisolia, R. Baguena, F. Mayor, eds. Tile 

Ure11 Cycle, John Wiley, New York, 367- 414, 1976 

LUPIN EX. 1003 
25 of 27



n

lic 

so 
lf

liC 

n.e 

er 

se 

ol 
4-

r l

ol 
n
je 

to 

te 

.4 

es 

m 
ve 
ol 

N 

re 

~d 

1t 

>y 
n-
-J. 

te 
l

Jl 

tg 
~s 

te 
re 

al 

r. 

1e 

Alternative waste nitrogen disposal agents for urea cycle disorders 

3. Morizono H, Caldovic L, Shi D, Tuchman M. Mammalian N-acetylglutamate synthase. 
Mot Genet Metab. 2004;81(Suppl l):S4-S11 

4. Brusilow SW, Maestri NE. Urea cycle disorders: Diagnosis, pathophysiology, and ther
apy. Adv Pediatr. 1996;43:127-170 

5. Summar ML, Dobbelaere D, Brusilow S, Lee B. Diagnosis, symptoms, frequency and 
mortality of 260 patients with urea cycle disorders from a 21-year, multicentre study 
of acute hyperammonaemic episodes. Acta Paediatr. 2008;97(10):1420-1425 

6. Nassogne MC, Heron B, Touati G, Rabier D, Saudubray JM. Urea cycle defects: Man
agement and outcome. f Inherit Metab Dis. 2005;28(3):407-414 

7. Summar ML, Barr F, Dawling S, Smith W, Lee B, Singh RH, Rhead WJ, Sniderman 
King L, Christman BW. Unmasked adult-onset urea cycle disorders in the critical care 
setting. Crit Care Clin. 2005;2l:Sl-S8 

8. Enns GM, Berry SA, Berry GT, Rhead WJ, Brusilow SW, Hamosh A. Survival after 
treatment with phenylacetate and benzoate for urea-cycle disorders. N Engl f Med. 
2007;356(22):2282-2292 

9. Enns GM. Neurologic damage and neurocognitive dysfunction in urea cycle disorders. 
Semin Pediatr Neurol. 2008;15(3):132-139 

10. Colombo JP, Peheim E, Kretschmer R, Dauwalder H, Sidiropoulos D. Plasma ammonia 
concentrations in newborns and children. Clin Chim Acta. 1984;138(3):283-291 

11. Gropman AL, Summar M, Leonard JV. Neurological implications of urea cycle disor
ders./ Inherit Metab Dis. 2007;30(6):865-879 

12. Brusilow SW. Hyperammonemic encephalopathy. Medicine (Baltimore). 2002;81(3): 
240-249 

13. Norenberg MD, Jayakumar AR, Rama Rao KV, Panickar KS. New concepts in the mech
anism of ammonia-induced astrocyte swelling. Metab Brain Dis. 2007;22(3-4):219-234 

14. Albrecht J, Norenberg MD. Glutamine: A Trojan horse in ammonia neurotoxicity. 
Hepato/ogy. 2006;44(4):788-794 

15. Ratnakumari L, Qureshi IA, Butterworth RF. Regional amino acid neurotransmitter 
changes in brains of spf/Y mice with congenital ornithine transcarbamylase deficiency. 
Metab Brain Dis. 1994;9(1):43-51 

16. Butterworth RF. Glutamate transporter and receptor function in disorders of ammonia 
metabolism. Ment Retard Dev Disabil Res Rev. 2001;7(4):276-279 

17. Robinson MB, Hopkins K, Batshaw ML, McLaughlin BA, Heyes MP, Oster-Granite ML. 
Evidence of excitotoxicity in the brain of the ornithine carbamoyltransferase deficient 
sparse fur mouse. Brain Res Dev Brain Res. 1995;90(1-2):35-44 

18. Monfort P, Munoz MD, Felipo V. Molecular mechanisms of the alterations in NMDA 
receptor-dependent long-term potentiation in hyperammonemia. Metab Brain Dis. 
2005;20(4):265-274 

19. Bachmann C, Braissant 0, Villard AM, Boulat 0, Henry H. Ammonia toxicity to the 
brain and creatine. Mui Genet Metab. 2004;81(Suppl l):S52-S57 

20. Niemi AK, Enns GM. Sodium phenylacetate and sodium benzoate in the treatment of 
neonatal hyperammonemia. NeoReviews. 2006;7(9):e486--e495 

21. Lewis HB. Studies in the synthesis of hippuric acid in the animal organism. / Biol Chem. 
1914;18:225 

22. Shiple GJ, Sherwin CP. Synthesis of amino acids in animal organisms I. Synthesis of 
glycocoll and glutamine in the human organism./ Am Chem Soc. 1922;44(3):618-624 

23. Batshaw ML, MacArthur RB, Tuchman M. Alternative pathway therapy for urea cycle 
disorders: Twenty years later./ Pediatr. 2001;138(1 Suppl):S46-S54; discussion S54-S55 

24. Brusilow SW, Valle DL, Batshaw M. New pathways of nitrogen excretion in inborn 
errors of urea synthesis. lancet. 1979;2(8140):452-454 

25. Brusilow SW, Danney M, Waber LJ, Batshaw M, Burton B, Levitsky L, Roth K, McK
eethren C, Ward J. Treatment of episodic hyperammonemia in children with inborn 
errors of urea synthesis. N Engl f Med. 1984;310(25):1630--1634 

26. Green TP, Marchessault RP, Freese DK. Disposition of sodium benzoate in newborn 
infants with hyperammonemia. / Pediatr. 1983;102(5):785-790 

151 

LUPIN EX. 1003 
26 of 27



1 52 Gregory M. Enns 

27. Simell 0, Sipila I, Rajantie J, Valle Dl., Brusilow SW. Waste nitrogen excretion via 
amino acid acylation: Benzoate and phenylacetate in lysinuric protein intolerance. 
l'ediatr Iles. 1986;20(11):111 7-1121 

28. Bunchman TE, Barletta GM, Winters JW, Gardner JJ, Crumb TL, McBryde KD. Pheny
lacetate and benzoatc clearance in a hyperammonemic infant on sequential hemodial
ysis and hemofiltration. l'edic1tr Nepilml . 2007;22(7) :1062-1065 

29. Singh RH, Rhead WJ, Smith W, Lee B, King LS, Summar M. Nutritional management 
of urea cycle disorders. Crit Cc1n• C:lil1. 2005;21 (4 SupplJ:S27-S35 

30. Batshaw ML, Brusilow SW. Evidence of lack of toxicity of sodium phenylacetate 
and sodium benzoate in treating urea cycle enzymopathies. J /11/1erit Metab Dis. 
1981;4(4):231 

31. Gershanik J, Boecler B, Ensley H, McCloskey S, George W. The gasping syndrome and 
benzyl alcohol poisoning. N E11gl J Med. i 982;307(22): 1384-1388 

32. Thibault A, Samid D, Cooper MR, Figg WD, Tompkins AC, Patronas N, Headlee DJ, 
Kohler DR, Venzon DJ, Myers CE. Phase I study of phenylacctate administered twice 
daily to patients with cancer. C 1111tw . 1995;75(12):2932-2938 

:B. Batshaw ML, Brusilow S, Waber L, Blom W, Brubakk AM, Burton BK, Cann HM, Kerr 
D, Mamunes P, Matalon R, Myerberg D, Schafer IA. Treatment of inborn errors of 
urea synthesis: Activation of alternative pathways of waste nitrogen synthesis and 
excretion. N Engl} Med. 1982;306(23):1387- 1392 

34. MacArthur RB, Altincatal A, Tuchman M. Pharmacokinetics of sodium phenylacetate 
and sodium benzoate following intravenous administration as both a bolus and contin
uous infusion to healthy adult volunteers. Mo/ Cle11et 1"11'111b. 2004;81 (Suppl 1 ):S67-S73 

35. Praphanphoj V, Boyadjiev SA, Waber LJ, Brusilow SW, Geraghty MT. Three cases of 
intravenous sodium benzoate and sodium phenylacetate toxicity occurring in the 
treatment of acute hyperammonaemia. / /11/ic!rit Metab Vis. 2000;23(2):129- 136 

36. Maestri NE, Hauser ER, Bartholomew D, Brusilow SW. Prospective treatment of urea 
cycle disorders./ l'ediatr. 1991;119(6):923-928 

37. Uchino T, Endo F, Matsuda I. Neurodevelopmental outcome of long-term therapy of 
urea cycle disorders injapan. / /11/ierit Metab Dis. 1998;2l (Suppl 1):151-159 

38. Bachmann C. Outcome and survival of 88 patients with urea cycle disorders: A retro
spective evaluation . Eur/ l'ediotr. 2003;162(6):410-416 

39. Tuchman M, Lee B, Lichter-Konecki U, Summar ML, Yudkoff M, Cederbaum SD, Derr 
DS, Dias GA, Seashore MR, Lee H-S, Mccarter RJ, Jeffrey P, Krischer JP, Batshaw ML. 
Cross-sectional multicenter study of patients with urea cycle disorders in the United 
States. Mui Clc11et 1'vletab. 2008;94:397-402 

40. Enns GM, Millan MT. Cell-based therapies for metabolic liver disease. Mo/ Genet Metab. 

2008;95(1-2):3- 10 
41 . Raper SE, Chirmule N, Lee FS, Wive! NA, Bagg A, Gao GP, Wilson JM, llatshaw ML. Fatal 

systemic inflammatory response syndrome in a ornithine transcarbamylase deficient 
patient following adenoviral gene transfer. Mo/ Cl1'11et Metab. 2003;80(1 -2):148-158 

42. John BA, Taylor LM, Johnson S, Lees MJ, Johns P, Gargosky S, Dickinson K. The disposi
tion of HPN-100, a novel pharmaceutical under development for potential treatment 
of hyperammonemia, in Cynomolgus monkeys. Presented at American College of 
Medical Genetics Annual Meeting 2009; Abstract 66. 

43. Lee B, Mian A, Shchelochkov 0, Martinez T, Mokhtarani M, Scharschmidt B, et al. 
Phase 2 study of a novel ammonia scavenging agent in adults with urea cycle disorders . 
l're;ented at American College of Medical ( ienetics Annual Meeting 2009; Abstract 17. 

---LUPIN EX. 1003 
27 of 27


