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1 | INTRODUCTION

Barbara Siri® |

Carlo Dionisi-Vici?

Abstract

The pathway of ammonia disposal in the mammalian organism has been
described in 1932 as a metabolic cycle present in the liver in different compart-
ments. In 1958, the first human disorder affecting this pathway was described
as a genetic condition leading to cognitive impairment and constant abnormal-
ities of amino acid metabolism. Since then, defects in all enzymes and trans-
porters of the urea cycle have been described, referring to them as primary
urea cycle disorders causing primary hyperammonemia. In addition, there is a
still increasing list of conditions that impact on the function of the urea cycle
by various mechanisms, hereby leading to secondary hyperammonemia.
Despite great advances in understanding the molecular background and the
biochemical specificities of both primary and secondary hyperammonemias,
there remain many open questions: we do not fully understand the pathophys-
iology in many of the conditions; we do not always understand the highly vari-
able clinical course of affected patients; we clearly appreciate the need for
novel and improved diagnostic and therapeutic approaches. This study does
look back to the beginning of the urea cycle (hi)story, briefly describes the
journey through past decades, hereby illustrating advancements and knowl-
edge gaps, and gives examples for the extremely broad perspective imminent
to some of the defects of ureagenesis and allied conditions.
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urea cycle, a deficiency of argininosuccinate lyase (ASL),
was described in 1958.% Since then, defects in all the six

The process of urea production or ureagenesis was first
described in 1932,' in a paper that is still interesting to
read even today because it described many aspects of the
urea cycle that are still true and of relevance for our basic
understanding of this pathway. The first defect in the

enzymes as well as both transporters required for the flux
through the urea cycle have been identified and their
genes and proteins studied in depth.”"" In addition, sev-
eral proteins with supporting roles, for instance, for pro-
viding substrates have been identified."***
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Progress in patient management occurred on all levels,
from neonatal emergency treatment, for which extracorpo-
real detoxification became feasible, the development of
drugs such as nitrogen scavengers in various formulations,
the continued improvements of low-protein diets and
essential amino acid supplementation, finally to organ
replacement therapies.>* Despite all this, urea cycle dis-
orders (UCDs) belong to a group of inborn errors of metab-
olism with an overall still poor prognosis for many of the
patients, which is often the result of delayed diagnosis and
low awareness of healthcare professionals.”>* Therefore,
there is consensus on the necessity to improve early diag-
nosis in addition to novel therapeutic approaches, render-
ing necessary a continuous improvement of our basic
understanding of the involved biochemical and genetic
processes, the development of reliable biomarkers and
trustful model systems including digital prediction tools as
well as cellular and animal models. Finally, an engagement
of both academia and industry will be essential to translate
research findings into the clinical reality.

To bring together basic researchers exploring the
many unknown areas of urea cycle physiology and
pathology with clinicians who care for affected patients,
the “2™ International Conference on Ureagenesis Defects
and Allied Conditions. Novel Models and Treatment
Options” was held in Valencia, Spain, from 16 October
2022 to 20 October 2022. The Special Issue presented here
is the proceedings of this meeting, providing a cross-
sectional view on current developments in the field and
hopefully stimulating further research activities to com-
plete a journey that is already underway for 90 years.

2 | THE BEGINNING OF OUR
UNDERSTANDING OF THE
PROCESS OF UREA PRODUCTION

The urea cycle, as we know it today, has a history of
almost 90 years. This history started with a publication in
1932 by two German researchers.' The first author,
Dr. Hans Krebs (1900-1981) was at this time working as
a medical physician and researcher in Freiburg,
Germany; the second author in this publication was in
fact his doctoral fellow and coworker, Kurt Henseleit
(1907-1973). Hans Krebs was later (in 1953) awarded the
Nobel prize for physiology or medicine for the identifica-
tion and first description of the tricarboxylic acid cycle
(also called the “Krebs cycle”). In the year prior to this
major achievement, Hans Krebs and Kurt Henseleit per-
formed investigations into the production of urea in ani-
mals, hereby laying the ground for the description of the
“Krebs-Henseleit-cycle,” which we nowadays refer to as
the urea cycle.** When reading these papers today, it
becomes obvious how detailed the understanding of the

TABLE 1
mammalian urea production.

Main findings from the first publication on

« Urea production of up to 1.5 mol/day exceeds glucose
production of 0.6 mol/day

+ Ureagenesis from ammonia requires intact cells

« In cell homogenates, there is no production of urea from
ammonia

« In cell homogenates, urea can be produced from arginine

« Ornithine increases the amount of urea production twofold
to fourfold, but ornithine is not consumed in this reaction

« Ureagenesis in rats is twofold increased in the fed versus
fasting state

« Liver is the only organ able to produce urea

« Mammals can produce urea; birds do not produce urea since
they lack hepatic arginase

process of urea production (= ureagenesis) in the mam-
malian organism was already at this time.

Here follow some examples of the content of the first
publications dealing with ureagenesis about 90 years
ago."* In their publications, Hans Krebs and Kurt Hense-
leit reported a urea production in the animal body of up to
1.5 mol/day, an amount exceeding the glucose production
of 0.6 mol/day. It was inferred that the process of urea pro-
duction requires intact cells while cell homogenates were
not able to produce urea from ammonia. However, Krebs
and Henseleit described that cell homogenates are able to
produce urea from arginine. This can be seen as an early
understanding of the compartmentalization within the cell
that was later confirmed when all mitochondrial and cyto-
solic players of the urea cycle were elucidated. Another
interesting observation already made 90 years ago con-
cerns the metabolite ornithine, which was described to
increase the production of urea by twofold to fourfold,
while not being consumed in this reaction. As well, the
rate of ureagenesis in rats was found to be twofold
increased in fed versus the fasting state in those animals.
Finally, liver was described as the only organ able to pro-
duce urea in mammals, while birds were reported as being
not able to produce urea since they lack hepatic arginase.
Main findings from the first publications on mammalian
urea production are listed in Table 1.

3 | ABOUT THE YEARS THAT
HAVE PASSED SINCE THEN AND
CURRENT “UNKNOWNS”

Despite the many years that have passed since these
important discoveries by Hans Krebs and Kurt Henseleit
have been made, there remain many “Unknowns” in the
field of ureagenesis disorders.
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We do not fully understand the poor neurological out-
come in ASL deficiency, the first described UCD; we do
not understand why in this condition even in the absence
of hyperammonemia there is often a poor neurological
outcome.> *® The recent description of the expression of
ASL in some brainstem nuclei contributes to our under-
standing of the pathophysiology of this condition.’**
Nevertheless, there remain several open questions: What
is the contribution of argininosuccinic acid (ASA) to liver
and brain toxicity? Can nitric oxide donors compensate
for brain ASL deficiency? Do we need to redefine the role
of liver transplantation for this condition? Should gene
therapy target liver and brain? How toxic are accumulat-
ing guanidino compounds? Is there creatine deficiency
and does it matter?

Another example for the “Unknowns” in UCDs is
arginase deficiency. This condition often starts in early
childhood in a quite different form than other UCDs.*
Patients are affected by a global developmental delay,
progressive spasticity and often seizures, but have a low
risk of hyperammonemia.**** Elegant studies exploiting
a mouse model of this condition have recently suggested
that arginase deficiency is in fact a leukodystrophy of
brain and spinal cord. This leukodystrophy could to some
extent be rescued by neonatal AAV gene therapy target-
ing the liver.*” Still, open questions remain such as con-
cerning the function of arginase deficiency in the central
nervous system, specifically in neurons and glia; what
levels of arginine are nontoxic; finally, what is the role of
other guanidino compounds?

Yet another example for the “Unknowns” concerns the
hyperammonemia-hyperornithinemia—homocitrullinuria
syndrome (HHH) syndrome caused by defects in
SLC25A15, for which there are patients described with a
normal outcome and no additional metabolic decompensa-
tion after an early neonatal severe metabolic crisis.** One
possible explanation for this striking situation is the exis-
tence of an alternative ornithine transporter that possibly
allows a mild phenotype for some patients with HHH syn-
drome.*” Supporting this hypothesis is the knowledge about
an intronless gene encoding an alternative ornithine trans-
porter with high identity to the SLC25A15 gene. This alter-
native ornithine transporter has been known for 20 years
and is a possible explanation for the overall milder pheno-
type in this specific transport defect of ureagenesis.*® How-
ever, open questions remain such as concerning the
variable clinical phenotype and whether this correlates with
the function of the alternative ornithine transporter; can
this alternative transporter be induced by pharmacological
means; how toxic are ornithine related metabolites such as
pyrroline 5-carboxylate, polyamines, and NO; finally, is
there a secondary creatine deficiency due to ornithine inhi-
bition of the enzyme arginine:glycine amidinotransferase?

These were only three examples of the many
“Unknowns.” Further examples concern the culprits of
UCD neurotoxicity—Is it ammonia or glutamine®>'?
Why is the epidemiology of N-acetylglutamate synthase
deficiency so different in North America versus European
countries®>>*? How to explain the various phenotypes in
citrin deficiency, a condition in which some patients are
sick with a cholestatic liver disease as neonates and
infants, followed by a long silent period that may end in
a catastrophic deterioration during early adulthood>*>>?
This list could be expanded, but it should illustrate here
the high need for additional basic research. This should
ideally be performed in teams of people with transla-
tional ambition in order to meet the final aim of such
activities, which should always be the patient outcome.

In addition to areas where we lack understanding (the
“Unknowns”), we have learned on multiple levels about
conditions that are related to the primary defects of the
urea cycle. While the latter are classified as conditions
leading to primary hyperammonemia, there are several
conditions that impact on ureagenesis in a secondary way,
for instance by inhibition of urea cycle enzymes or by
impairing the abundance of substrates required for urea
cycle flux.>® In the following, we exemplify the field of
“Ureagenesis Defects and Allied Conditions,” topic of the
aforementioned International Conference, by providing an
overview and briefly diving into two diverse conditions.

4 | UREAGENESIS DEFECTS AND
ALLIED CONDITIONS:
SIMILARITIES AND DIFFERENCES,
SEARCHING FOR EXPLANATIONS

The UCDs comprise defects of any of the six enzymes or of
two amino acid transporters, which are primarily involved
in the process of ureagenesis from the priming molecules,
ammonia, ATP, and bicarbonate.”” All these genetically
determined diseases lead to hyperammonemia. However,
other conditions affecting biochemical pathways con-
nected with the urea cycle may impact on the ureagenesis
causing hyperammonemia.’® These so-called “Urea cycle-
related disorders” include conditions not genetically deter-
mined and several inborn errors of metabolism (Table 2).
Among the “non-metabolic” causes, hyperammonemia
can be observed in urinary infections caused by urease-
producing bacteria, in abdominal vascular malformations
with portosystemic shunts, or can be secondary due to use
of drugs—such as chemotherapy agents (e.g., L-asparagi-
nase), valproic acid, corticosteroids, tyrosine kinase inhibi-
tors and iron chelating agents as deferasinox—all of which
can result, albeit with different mechanisms, in a negative
effect on the urea cycle function.”® ®
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TABLE 2 Urea cycle-related disorders.

Inborn errors of metabolism

Organic acidurias
(PA, MMA, HMGCL, CAVA)

Fatty acid oxidation defects
(MCAD, VLCAD, LCHAD MTP, MAD)

Aminoacidopathies
(LPI, P5CS HSP, P5CS CL, OAT, HI-HAs, HHFS, GS)

Mitochondrial disease
(DLD, ATPase 6, ATPase 8, TMEM70, PC, SERACI1, ACAD9,
MTDPS13, PEPCK)

Not genetically determined
Drugs

Neoplasia

Infections

Vascular malformations

Acute/chronic illness

Note: Secondary urea cycle disorders causing hyperammonemia include both
inborn errors of metabolism and not genetically determined causes.
Abbreviations: ACADY, acyl-CoA dehydrogenase 9; ATPase 6, ATP synthase
6; ATPase 8, ATP synthase 8; CAVA, carbonic anhydrase Va; DLD,
dihydrolipoamide dehydrogenase; HMGCL, 3-hydroxy-3-methylglutaryl-
CoA lyase; LCADH MTP, long-chain3-hydroxyacyl-CoA dehydrogenase
mitochondrial trifunctional protein; MAD, multiple acyl-CoA
dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; MMA,
methylmalonic aciduria; MTDPS13, mitochondrial DNA depletion
syndrome 13; PA, propionic aciduria; PC, pyruvate carboxylase; PEPCK,
phosphoenolpyruvate carboxykinase, cytosolic; SERAC1, 3-methylglutaconic
aciduria with deafness, encephalopathy, and Leigh-like syndrome;
TMEM70, transmembrane protein 70; VLCAD, very long-chain acyl-CoA
dehydrogenase.

The list of inborn errors, which secondarily affect the
urea cycle, include disorders connected to nitrogen metab-
olism, such as organic acidurias and some aminoacidopa-
thies, or to energy metabolism, as the defects of fatty acid
oxidation or those involved in the generation of ATP.> In
organic acidurias, mainly in propionic and methylmalonic
aciduria, the direct toxicity of accumulated compounds on
proximal urea cycle enzymes, the reduced free-CoA avail-
ability, and the reduced ATP production, contribute to the
urea cycle dysfunction.®* Some of these pathomechanisms
play also a similar negative role in fatty acid oxidation
defects and in mitochondrial disorders, which affect the
ATP synthesis (e.g., TMEM70, ATPase deficiencies).®>** In
carbonic anhydrase Va (CAVA) deficiency, the intramito-
chondrial depletion of bicarbonate leads to a proximal
impairment of the urea cycle with reduced carbamylpho-
sphate production,®*°® while in some amino acid-related
disorders, such as pyrroline-5-carboxylate synthetase
deficiency (P5CSD)°”®® and glutamine synthetase
deficiency,”®”® the depletion of essential substrates for the
urea cycle may lead to hyperammonemia.>

Clinically, urea cycle-related disorders not only share
some similarities with primary UCDs, but also present
with peculiar manifestations, such as chronic inflamma-
tion in lysinuric protein intolerance (LPI),”" pulmonary
hypertension in TMEM70,”*> or spastic paraplegia in
P5CSD, as seen in HHH syndrome and in arginase defi-
ciency”? (Figure 1). Biochemically, besides hyperammo-
nemia, which represents the “fil rouge” linking primary
with secondary UCDs, the metabolic profiles are vari-
ables, often showing specific abnormalities, which are
guiding diagnostics, and which may be helpful in moni-
toring therapeutic interventions and/or the natural
course of the condition, as illustrated in Figure 1.

To shade a light on this complex scenario, we will
present two conditions as examples of the connection
linking different biochemical and cellular pathways to
the urea cycle.

5 | LYSINURIC PROTEIN
INTOLERANCE AND ITS RELATION
TO ARGININE METABOLISM

LPI is a recessive aminoaciduria caused by defective cat-
ionic amino acid transport in enterocytes, renal tubular
cells, and monocytes/macrophages, due to mutations in
SLC7A7, encoding for the y+LAT1 subunit of the y'L
amino acid transporter that transfers the cationic amino
acids lysine, arginine, and ornithine from the cell to the
extracellular space.”*”> Patients display a complex pheno-
type whose target organs are lung, kidney, bone, liver,
spleen, and the immune system.”®’” The transport defect
may explain only a minor part of the phenotype, and the
mechanisms linking the genetic defect to the clinical
manifestations are still obscure. Some of the most severe
clinical manifestations (i.e., lupus-like manifestations,
hemophagocytic lymphohistiocytosis, interstitial lung dis-
ease, and pulmonary alveolar proteinosis) highlight a
major involvement of mononuclear/phagocyte system.”*
The relapse of alveolar proteinosis after lung transplanta-
tion in an LPI patient, the success of allogenic hemato-
poietic stem cell transplantation on LPI-related immune
dysfunction, combined with ex vivo studies on LPI alveo-
lar macrophages supported the pivotal role of macro-
phages on the pathogenesis of this multifaceted
disease.”®® Macrophages may present with different
phenotypic subtypes (i.e., non-activated [MO], activated
pro-inflammatory [M1], and activated anti-inflammatory
[M2]), and an imbalance versus the pro-inflammatory
subtype may explain the deleterious impact on LPL**%
Consistent with a dysregulation of macrophages toward
the activated pro-inflammatory M1 phenotype, marked
elevation of plasma calprotectin has been found in
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Episodic lethargy/
coma

Acute liver dysfunction

Chronic liver disease

Protein aversion

Chronic inflammation

Kidney disease

Cardiomyopathy

Pulmonary
hypertension
Developmental delay/
Intellectual disabili
Seizures

Spastic paraplegia

Leigh-like lesions

Retinal degeneration

d

Hyperammonemia
Hypoglycemia
High lactate

High glutamine
Low glutamine

High citrulline

Low citrulline

High ornithine

Orotic aciduria

Abnormal organic acid B

FIGURE 1

Clinical symptoms (top) and biochemical abnormalities (bottom) of UCDs-related disorders. ACAD9, acyl-CoA

dehydrogenase 9; ARG, arginase; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; ATPase 6, ATP synthase 6 deficiency;

ATPase 8, ATP synthase 8 deficiency; CAVA, carbonic anhydrase Va deficiency; CL, Cutis laxa; CPS, carbamoylphosphate synthetase 1;

CTLN, citrullinemia type II; DLD, dihydrolipoamide dehydrogenase; GS, glutamine synthetase; HHF8, hyperinsulinemic hypoglycemia,

familial 8; HHH, hyperammonemia-hyperornithinemia-homocitrullinuria syndrome; HI-HA, hyperinsulinism-hyperammonemia; HMG,

3-hydroxy-3-methylglutaryl-CoA lyase aciduria; LCADH MTP, long-chain 3-hydroxyacyl-CoA dehydrogenase mitochondrial trifunctional

protein; LPI, lysinuric protein intolerance; MAD, multiple acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; MMA,
methylmalonic aciduria; MTDPS13: mitochondrial DNA depletion syndrome 13; NAGS, N-acetylglutamate synthase; OAT, ornithine
aminotransferase; OTC, ornithine carbamoyltransferase; PA, propionic aciduria; PC, pyruvate carboxylase; PEPCK, phosphoenolpyruvate

carboxykinase, cytosolic; PSCS HSP, 1-pyrroline-5-carboxylate synthetase, hereditary spastic paraplegia 9B; P5CS, 1-pyrroline-5-carboxylate

synthetase; SERACI, 3-methylglutaconic aciduria with deafness, encephalopathy, and Leigh-like syndrome; TMEM?70, transmembrane

protein 70; UCDs, urea cycle disorders; VLCAD, very long-chain acyl-CoA dehydrogenase.

patients with LPI, as seen in various inflammatory and
autoimmune conditions.**® In macrophages, arginine
metabolism is at the center of two opposite biochemical
pathways, which regulate the expression of M1 and M2
phenotypes.®*® M1 macrophages metabolize arginine
via nitric oxide synthase to NO and citrulline while M2
macrophages via arginase producing ornithine and
urea.®® Interestingly, studies have shown that LPI macro-
phages displayed a marked increase of arginine
content,® suggesting that increased intracellular arginine
availability may represent the key mechanism promoting
the abnormal activation of the (innate) immune system
in LPI. Consistent with this hypothesis is the elevation of
plasma NO-3 levels in an LPI patient with active
immune-dysfunction,” as an expression of increased NO
synthesis from the arginine-NO pathway.

6 | FIBROLAMELLAR
HEPATOCELLULAR CARCINOMA

Fibrolamellar hepatocellular carcinoma (FLHCC) is a
rare tumor that accounts for less than 1% of all primary

liver cancers, mainly affecting young adults below the
age of 40 years.”" Hyperammonemic encephalopathy is a
frequent problem in patients with FLHCC even when the
liver tissue is still functionally active and not massively
destroyed by the neoplasm. Hyperammonemia may
appear at disease onset, after chemotherapy treatment or
during disease course.”** The common metabolic
abnormalities associated to hyperammonemia in FLHCC
highlight a profile resembling the most common UCD,
ornithine transcarbamylase (OTC) deficiency, displaying
elevated plasma glutamine, reduced citrulline, arginine,
ornithine, and orotic aciduria.'® Interestingly, the patho-
mechanism causing the functional deficiency of the urea
cycle is independent of OTC variants and has been associ-
ated with a characteristic somatic heterozygous deletion
of chromosome 19, causing the chimeric fusion of
DNAJBI and PRKACA genes, observed in most FLHCC.
The resulting DNAJB1-PRKACA fusion protein increases
in tumor cells the expression of Aurora Kinase A
(AURKA), leading to the overexpression of c-Myc gene,
hereby, besides its effects on cell cycle progression, apo-
ptosis, and transformation, also upregulating ornithine
decarboxylase (ODC). The increased ODC activity
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consumes ornithine for polyamines synthesis, which in
turn causes a reduced ornithine bioavailability for the
urea cycle, thereby resulting in a functional deficiency of
the OTC enzyme due to lack of one of its substrates, and
finally leading to hyperammonemia.”>®’

These two aforementioned examples, LPI and
FLHCC, are not only entirely different in their
pathomechanistic characteristics, but are only the tip of
the iceberg of the widely heterogeneous panorama of
UCD-related disorders. Therefore, further basic research
studies combining bioinformatics with systems biology
techniques will help to identify new pathogenic mecha-
nisms and delineate the involvement of specific meta-
bolic pathways with possibly novel therapeutic strategies
in UCD-related disorders.
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