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Urea cycle disorders (UCDs) are a group of rare conditions, possibly life-threatening and without
definitive cure besides liver transplantation. Traditional biochemical analyses/biomarkers cannot
reliably determine changes in the UC-function from baseline to post-intervention. We describe a
UHPLC-HRMSmethod to assess ureagenesis in plasma and dried blood spots for [15N]urea and [15N]
amino acids, using [15N]ammonium chloride as tracer. [15N]enrichment of urea and amino acids was
studied in controls (n = 22) and patients (n = 59), the latter showing characteristic ureagenesis
variations according to their underlying metabolic defect. Follow-up of therapies was successful, as
weobserved restoration of [15N]urea production and lowering of [15N]glutamine. Therewere no adverse
events, and onlyminimal amounts of tracer and samples requiredwith a short sample preparation time
and analysis. Thus, the method proved to be safe and efficient to monitor UCD patients of variable
severity pre- and post-therapy, being suitable as physiological endpoint for development of therapies.

Ureagenesis is the process of urea production through the urea cycle (UC),
which is the main pathway in humans for ammonia detoxification1.
Impairment of ureagenesis can lead to hyperammonemia, a life-threatening
condition that can affect patients at any age andmay lead to encephalopathy
and to irreversible brain damage depending on the extent and duration of
the elevated ammonia levels2–4. There are inprinciple twounderlying causes:
“primaryhyperammonemia”due tourea cycledisorders (UCDs), a groupof
rare inherited metabolic diseases (1:35,0005), in which one of the six
enzymes or two transporters that are directly involved in UC function are
impaired; “secondary hyperammonemia” due to several inherited or
acquired conditions with indirect impact on UC function such as rare
inherited metabolic disorders, for instance organic acidemias or fatty acid
oxidation defects, or, more commonly, acute or chronic liver failure of
various origin6.

UCDs exhibit highly variable biochemical and clinical traits7–9.
Although plasma ammonia and amino acids, and urinary orotic acid values
are useful for diagnostic purposes of UCDs, they lack reliability to monitor
treatment and to test the efficacy of new therapies10,11. For instance, although
an increased ammonia concentration is a general indicator of the overallUC
function, this parameter is not reliable for a short- or long-term assessment,
since blood ammonia concentrations largely fluctuate and depend on var-
ious circumstances, including the feeding state12,13. Since novel therapies are
urgently needed for UCD patients and in fact are already in development,
precise measurement of the UC function is a prerequisite for testing their
efficacy rendering necessary to establish a simple, low-invasive, accurate
assay to assess ureagenesis. Novel treatment approaches forUCDs currently
in pre-clinical assessment include gene addition and gene correction as well
as cellular therapies14–22.
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As single ammonia determinations are not ideal as endpoint of
interventional studies and for monitoring of novel therapies, the use of
stable isotopes to quantify ureagenesis as means of the flux through the UC
canbe apromising alternative.As amainadvantageof stable isotopes foruse
in biochemical and metabolic studies, they exhibit essentially the same
characteristics as the endogenous molecule, do not emit radioactivity, and
are detectable at lowest concentrations by mass spectrometric techniques23.
For in vivo ureagenesis studies using a single oral bolus dose, 2 isotopes have
beenusedas tracers: 13C and 15N, in the formof [1-13C]- or -[13C2]acetate and
15NH4Cl (ammonium chloride), respectively1,23–27. Although the experi-
mental design is the same for these tracers (collection of a pre-ingestion
baseline sample and subsequent sample collections at different time points),
each isotope is measured by different techniques and has advantages and
disadvantages.

13C tracers are measured by isotope ratio mass spectrometry (IRMS)
and assess the UC function indirectly. The main advantage of this tracer is
that it’s considered safe since no extra nitrogen is given to patients that are
prone tohyperammonemia26. The labeled acetate isfirst rapidlymetabolized
through the tricarboxylic acid cycle to 13CO2, subsequently to [13C]

bicarbonate (H13CO3
−) by carbonic anhydrase (variant Va, CAVA) and

only then it will be incorporated to [13C]carbamoylphosphate, via carba-
moylphosphate synthetase 1 (CPS1, EC 6.3.4.16), the first and committing
step of the UC (Fig. 1A). As a result, and possibly great drawback of this
method, >99%of the tracer is excreted as 13CO2 inbreath, and<1%will enter
the UC to produce [13C]urea28. Although IRMS has a high sensitivity and
accuracy in isotopic determinations, it requires that the analytes are isolated,
purified and oxidized (combusted) to CO2 prior to measurement. This
means that [13C]urea is not directly analyzed; only after a laborious sample
preparation (requiring around 4 h), where [13C]urea is finally decomposed
to 13CO2 via urease, the gases (

13CO2/
12CO2) are measured26,28. Moreover,

IRMS requires relatively large amounts of sample (around 500 µL of plasma
for each timepoint),whichcanbe limitingwhenconsidering infantpatients.
In addition, for accurate interpretation of the measurements in blood, it is
necessary to quantify the formation of 13CO2 in breath28.

15NH4Clwas the first tracer used to assess ureagenesis in UCDpatients
in 199629. The labeled urea was analyzed by gas chromatography coupled to
mass spectrometry (GC-MS). This method allows the rapid separation of
analytes through a chromatographic column, before entering in the MS,

Fig. 1 | The biochemical background of ureagen-
esis determination. A Fate of 15NH4

+ tracer after
oral ingestion; the exogenous labeled tracer mole-
cule (in red) here shown as “NH4

+” at entry of the
urea cycle and as “NH2” in intermediate urea cycle
metabolites and urea. B Design of the ureagenesis
assay used in this study. ARG: arginase 1; ASAT:
aspartate aminotransferase; ASL: argininosuccinate
lyase; ASS argininosuccinate synthetase, CAVA
carbonic anhydrase VA, CTRN citrin (mitochon-
drial aspartate glutamate carrier 2), CPS1 carba-
moylphosphate synthetase 1, GDH glutamate
dehydrogenase, GLYS glycine synthase (in order to
simplify the pathway and focus only in main
ammonia metabolism, the glycine cleavage system
was omitted here), GS glutamine synthetase, NAGS
N-acetylglutamate synthase, ORNT1mitochondrial
ornithine transporter 1, OTC ornithine
transcarbamylase.
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requiring therefore smaller sample volumes (around 100 µL)29. GC-MS is
several orders of magnitude less sensitive than IRMS in detecting isotopic
abundance. Moreover, it is necessary to transform urea in a volatile and
thermostable product using derivatizing agents29. The lack of sensitivity of
the GC-MS is overcome by the nature of the tracer as >46% of the [15N]
ammonium ions are directly incorporated in the UC as [15N]carbamoyl-
phosphate and subsequently to [15N]urea (Fig. 1A)30.

With the advent of newer and more sensitive high-resolution mass
spectrometers coupled to liquid chromatography (LC-HRMS), we decided
for 15NH4Cl as a tracer, hereby using a very low dose without any risk to
UCD patients. In fact, the dose tested in this study is 10 times lower of what
was used in 1996 by Yudkoff and colleagues (2mg/kg, 0.037mmol/kg
versus 20mg/kg, 0.37mmol/kg) and represents only around 0.55% of the
total daily nitrogenallowance for a severeUCDpatient29,31. Furthermore, we
focused on a fast and simple sample preparation, using a low sample volume
(20 µL per time point), which would pose no problem of multiple blood
draws even in newborns or infants. In addition, we included the analysis of
[15N]amino acids to have a broader understanding of subtle changes in the
UCandadjacentmetabolic pathways and also tested the feasibility of theuse
of dried blood spots (DBS). We present here the validation results in dif-
ferentmatrices (plasma,DBS) and the applicationof thismethod in controls
and UCD patients, and propose this newly developed ureagenesis assay as
reliable, sensitive, and low-invasive and therefore as an excellent tool for
evaluating emerging novel UCD therapies.

Results
Ureagenesis assay using 2 mg/kg 15NH4Cl is safe
No adverse events were observed in 39 investigations in 22 healthy subjects
and in 74 investigations in any of the 59 patients on the course of the assay.
Moreover, the 15NH4Cl tracer, in the used dose,was considered safe since no
significant alterations in ammonia (Fig. 2) between baseline and measure-
ments during the test were observed.

Tracer recovery
The tracer recovery was calculated as the amount of metabolized tracer
observed as the sumof enrichment (areas under the curve) of urea, arginine,
citrulline, glutamine, glutamate and glycine divided by the total amount of
tracer administered. The tracer recovery in healthy controls after ingestion
of 2mg/kg (~0.037mmol/kg) of the tracerwas 51 ± 10.7%, being in linewith
what was described by Patterson and colleagues in 1995, where they
observed46%of the tracer in theUC30. Patients, dependingon the severityof

the disease, had a variable tracer recovery (Suppl. Table 2). Bodymass index
(BMI) seemed to have no influence in tracer absorption in controls and
patients and no pattern was observed per disease (Suppl. Fig. 1A, B).

Ureagenesis analysis of healthy subjects and patients
The relative ureagenesis function (RUF) is a measure that quantifies the
proportion of an isotopic tracer metabolized through the urea cycle,
allowing for comparisons between patients and controls. The reference
range of the RUF (79–121%) was calculated as the average RUF ± SD from
controls. Intra-individual variation for theRUFwas between 3.4–17.0% and
was tested in 5 healthy subjects, in which the assay was repeated at least
2 times. It was observed that patients with high plasma ammonia at diag-
nosis (over 500 µmol/L)would have lowerRUF,while ammonia levels up to
500 µmol/L are not automatically correlated with low RUF values (Fig. 3A).

Patients with a severe neonatal onset had lower RUF when compared
to symptomatic and asymptomatic patients (Fig. 3B). The symptomatic
group was very heterogeneous in terms of RUF (Fig. 3A), especially coming
from the ornithine transcarbamylase (OTC) deficient male group. The two
symptomatic unrelatedOTCDmale patients with the highest RUF (Fig. 3B)
share the same OTC variant (c.264A > T, p.(Lys88Asn)) with two other
siblings, where the RUF varies from 49 to 129% and all present with mild
symptoms. It is important to note that symptoms were reported as free text
from the different centers of this multicenter study without using standar-
dized disease nosology terms, therefore patient group classification may
include some subjectivity.

Transporter defects andother relatedmetabolic disorders didnot show
a RUF significantly different from controls but numbers are small for those
subgroups (Fig. 3C). CPS1 deficiency and argininosuccinate synthetase
(ASS) deficiency groups were also not significantly different from controls,
but again likely due to lownumber of patients (n = 3 and 4, respectively) and
the broad range of RUF values (from close to 0 to over 70%). Three of the
ASSD patients had the same ASS1 variant c.535T > C, p.(Trp179Arg) in at
least one allele (being one homozygous) - all were mild in their symptoms
and their RUF ranged from 45.35 to 67%.

After classifying the patient variants as mild, intermediate or severe
according to their impact on the mutated protein, and plotting along with
values of RUF and ammonia at diagnosis – hereby including patients with
enzymatic defects in the UC but excluding symptomatic and asymptomatic
OTCD females because of the unpredictable effect of X-inactivation—we
could observe that patients with mild variants had the highest RUF and
lowest ammonia while patients carrying severe variants would have the
lowest RUF and the highest ammonia at diagnosis (Fig. 3D). The dis-
criminative power of the ureagenesis analysis can be visualized by [15N]urea
enrichment curves from patients compared to controls, enabling the
observation of disease-specific patterns (Fig. 4).

It was possible to differentiate controls from UCD patients with lower
dose of the tracerbased on the percentage of [15N]urea and [15N]amino acids
enrichment. Male OTC deficient patients in this study cohort were exclu-
sively affected by non-severeOTC variants. This reflects the fact that many
severe OTC deficient patients die early in life32,33, and are therefore not in
regular clinical follow-up. Regarding the symptomatic OTCD females, the
RUF values were significantly lower from controls and asymptomatic
groups (Fig. 5). Observing the %[15N] enrichment curves and their
respective area under the curve (AUC), it was possible to differentiate
symptomatic from asymptomatic females and from controls (Fig. 5). The
elevated glutamine in the asymptomatic group is in agreement with studies
in this group of patients that had demonstrated that biochemical alterations
can be detected in apparently asymptomatic OTCD females (2008,
2010)34,35.

An interestingobservation thatneeds further investigationwas the very
low [15N]glycine enrichment in all citrin deficient patients (<10% of the
control group, Suppl. Fig. 2). It’s important to notice that the respective
patients were not taking any sodium benzoate that could otherwise explain
the low plasma glycine. A possible explanation of the decrease in glycine
concentration is the known reduction of mitochondrial NADH in citrin

Fig. 2 | Ammonia difference from basal sample during ureagenesis assay. Results
are expressed asmean ± standard deviation for the healthy controls (●) and patients
(▲) groups. Ammonia wasmeasured by routine clinical chemistry laboratory at the
site where the assay was performed. Since this was a multi-center study, not all time
points were measured for ammonia and not all patients had any ammonia
measurement.
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deficiency hampering the formation of glycine through glycine synthase,
which refers to the glycine cleavage system when operating in the reverse
direction.

Fromall the patients analyzed, only four had enzyme activitymeasured
as part of their diagnostic work-up. Patients ASSD_1 (no ASS activity
detected) and OTCD_14 (41% OTC activity of controls) had their enzyme
activity measured in liver biopsies while patients OTCD_22 and OTCD_23
had their OTC activity measured in plasma (68% and 37% of the median of

female controls, respectively)36. Interestingly, theRUF for these patientswere
in agreement with the aforementioned enzyme studies (ASSD_1: 2.62%,
OTCD_14: 41.4%, OTCD_22: 51.7 and OTCD_23: 57.5%, respectively).

Monitoring the efficacy of treatments in UCD patients
In our patient cohort, liver transplantation was performed in six patients
affected by different disorders, who all underwent ureagenesis analysis
before the procedure and thereafter at different time points. In five patients,

Fig. 3 | Relative ureagenesis function. A Ammonia at diagnosis and RUF (relative
ureagenesis function) for all patients; results are shown for individual patients using
different geometric symbols for each single disease. Control range for RUF is indi-
cated as a light gray box. Plasma ammonia control range is shown as thickened light
gray line at the bottom. B RUF from patients according to severity and presence
(Sympt) or absence (Asympt) of symptoms. Only patients with an enzymatic defect
in the urea cycle were included. Boxes show the median, and the minimum and
maximum values for each group; C RUF values per disease of all patients. Not
significant comparisons were omitted from the graph for clarity purposes; D 3D
graph of mutation severity, maximum ammonia at diagnosis and RUF. Mutations
were classified mild (1 in light pink) intermediate (2 in pink) or severe (3 in blue).
This graph only includes patients with an enzymatic UCD defect (n = 27). OTC

females were excluded due to X-inactivation making the classification of mutation
not useful (graph was made using plotly: https://chart-studio.plotly.com). ARGD:
arginase 1 deficiency; ASLD: argininosuccinate lyase deficiency; ASSD: arginino-
succinate synthetase deficiency; CTND: citrin deficiency; CPS1D: carbamoylpho-
sphate synthetase 1 deficiency; HHH: hyperornithinemia, hyperammonemia and
homocitrullinuria. OTCD_M: ornithine transcarbamylase deficiency in males,
OTCD_F_SYMPT: OTCD females symptomatic; OTCD_F_ASYMPT: OTCD
females asymptomatic. The “Others” group includes: dihydrolipoamide dehy-
drogenase deficiency, hepatic encephalopathy and chronic liver disease, lysinuric
protein intolerance, propionic acidemia, and transmembrane protein 70 deficiency.
All the results here obtained were from plasma samples. ****p < 0.0001,
***p < 0.001, *p < 0.05, ns: not significant.
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we could confirm the restoration of UC function (Figs. 6 and 7). In one
patient, the post-therapy samples could not be analyzed due to unsatisfac-
tory pre-analytical sample processing. One patient underwent enzyme
replacement therapy (ERT) for arginase deficiency and also showed
improvement of the RUF values despite the fact that the ERT was mainly
targeting plasma arginine cleavage and not hepatic arginase restoration37;
this finding may indicate that the ornithine liberated by plasma arginase
action provides substrate to the hepatic OTC reaction, an observation
expanding our understanding of nitrogen metabolism.

As a general outlook of therapy efficacy monitoring in UCDs,
enrichments of [15N]urea should be studied comprehensively together with
[15N]glutamine and disease-relevant labeled amino acids, as it is possible to
observe the urea production increase and the change in other amino acids
enrichment post-therapy in all patients (Fig. 6). Studies of enrichment of
citrulline and arginine were useful depending on the metabolic defect; for
instance, in the arginase deficiency case, it was possible to observe the
reduction in the enriched arginine already after 1h of enzyme replacement
therapy. Moreover, in ASS and argininosuccinate lyase (ASL) deficient
patients, itwas possible to observe thedecrease in [15N]citrulline enrichment
post-therapy (Fig. 6). Likewise, it is possible to observe the increase in RUF

(Fig. 7A) and the increase in tracer recovery post-therapy (Fig. 7B). Finally,
as an interesting outlook of the ureagenesis assay here studied, it was pos-
sible to follow-up the post-therapy efficacy by the increase of the 15N label
beingmetabolized through theUC and the decreased diversion of the tracer
into alternative pathways (such as glutamine production) (Fig. 7B).

Discussion
UCDs are rare or even ultra-rare inherited metabolic conditions currently
treated with dietary interventions (mainly low-protein diet plus supple-
mentation of essential amino acids) and/or drugs (mainly nitrogen sca-
vengers) for enhancing the excretion of potentially neurotoxic nitrogenous
compounds31. Despite improvements in the outcome of patients, both
regarding survival and quality of life, neonatal onset patients or those suf-
fering severe metabolic crises later in life have an overall poor
prognosis32,33,38–40. Therefore, there is a clear urgent need for novel therapies.
Fortunately, due to joint and parallel efforts from academia and industry,
there are several novel therapies planned, including for example,messenger
RNA (mRNA) therapy (ClinicalTrials.gov Identifiers: NCT05526066 and
NCT06488313) and recombinant adeno-associated virus (AAV) therapy
(ClinicalTrials.gov Identifier: NCT05345171, NCT02991144 and

Fig. 4 | [15N] enrichment for urea and selected amino acids for each urea cycle
disorder. Curves of %[15N] enrichment for urea and selected amino acids for each
urea cycle disorder. Control curves (in black) are shown as average ± 3x standard
error of themean. Disease groups are shown as average ± standard error of themean.
ARGD arginase 1 deficiency, ASLD argininosuccinate lyase deficiency, ASSD argi-
ninosuccinate synthetase deficiency, CTND citrin deficiency, CPS1D

carbamoylphosphate synthetase 1 deficiency, HHH hyperornithinemia, hyper-
ammonemia and homocitrullinuria. OTCD_M ornithine transcarbamylase defi-
ciency in males, OTCD_F_SYMPT OTCD symptomatic females,
OTCD_F_ASYMPT OTCD asymptomatic females. All the results here obtained
were from plasma samples.
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Fig. 5 | [15N] enrichment for urea and selected amino acids enrichment for
symptomatic OTCD females, asymptomatic OTCD females and controls.
Average ± standard error of themean of [15N]urea and [15N]amino acids enrichment
in plasma for symptomatic females (OTCD_F_SYMPT, n = 10) and asymptomatic
females (OTCD_F_ASYMPT, n = 8). Control curves (in black) are shown as aver-
age ± 3x standard error of the mean. Area Under the Curve (AUC, %[15N]

enrichment per minute) per group graphs are represented below the respective
enrichment curves. In the box above the graphs, RUF values are displayed per group;
superscript symbols are a comparison to controls and the “*” (depicted after "/")
represents the comparison between symptomatic and asymptomatic females.
****p < 0.0001, ***p < 0.001, *p < 0.05.
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NCT05092685) for OTC deficiency. As expected from recent pre-clinical
publications describing the use of novel CRISPR Cas9-based gene
editing41–43, clinical trials applying these approaches are also emerging for
UCDs (ClinicalTrials.gov Identifier: NCT06255782). However, accurate
measurement of the efficacy of these interventions remains challenging.
Traditional biochemical analyses and biomarkers cannot reliably determine

the change inUC function frombaseline to post-intervention, whichwould
be highly attractive and could even serve as a clinicallymeaningful endpoint.
To achieve this, we aimed at developing a fast, sensitive, and low-invasive
stable isotope-based assay, which directlymeasuresUC function in vivo and
can be used for diagnostics and monitoring, and for clinical studies such as
novel therapy development.

Fig. 6 | [15N] enrichment of urea and selected
amino acids of patients pre- and post-therapy.
Curves of %[15N] enrichment of urea and selected
amino acids in plasma of patients pre- and post-
therapy. Full lines represent pre-therapy and dashed
lines post-therapy results. Time post-therapy is
showed in the graph as hours (h), days (d), months
(m) or years (y) for each patient. ARGD arginase 1
deficiency, ASLD argininosuccinate lyase deficiency,
ASSD argininosuccinate synthetase deficiency,
CPS1D carbamoylphosphate synthetase 1 defi-
ciency, ERT enzyme replacement therapy, LTx liver
transplantation. Control (CTRL) curves are shown
as average ± 3x standard error of the mean for [15N]
urea and [15N]amino acids enrichment.
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The method here presented to evaluate in vivo ureagenesis exhibits
several advantages when compared with previous ones; it uses the separa-
tion capacity through chromatography, which requires lower sample
volume, and HRMS, which increases sensitivity. The small sample volume
becomes extremely relevant when performing the assay in infants and gives
thepossibility of the repetitionof the assay after a short timeperiod.Another
advantage is the fast sample preparation time; from one sample, after a
simple plasma precipitation with solvent, the same supernatant is used for a
direct analysis of urea, without requiring derivatization, and for amino acids
analysis after derivatization with 6-Aminoquinolyl-N-hydroxysccinimidyl
carbamate (AQC) to increase detection capacity. The overall sample pre-
paration time is <30min and total run time around 15min all in a 96 well-
plate, which allows a high sample throughput. Moreover, the possibility of
using DBS facilitates collaboration with distant centers from any part of the
world. If studies aim at monitoring individual patients pre- and post-
intervention or for general follow-up, we recommend the use of the same
matrix, since, despite a good correlation between plasma and DBS, the
assessment would be more precise.

The rationale for the [15N]ammoniumchloride tracer selection, instead
of [1-13C] or [13C2]acetate, was that the high incorporation of the 15N label
into the UC (~51% in our study) associated with the use of an extremely

sensitivemass spectrometry techniquewould allow a substantial tracer dose
reduction. Indeed, it was possible to reduce the dose 10 times of what was
usedbefore29, also requiring less sample,withno adverse effects. It’sworth to
mention that the amount of tracer used represents approximately to 0.55%
of the protein per kg that UCD patients are allowed to consume per day31,44.
In addition, this dose reduction considerably attenuated theunpleasant taste
of the tracer and very few complaints about taste and even no gagging were
observed, which is different fromdescribed before29.Moreover, ammonium
chloride is a substance used in several common therapeutic products such as
expectorant formulas, diuretics, as a food acidifier and as food additive.
Another concern towards the use of [15N]ammonium chloride, raised by
Tuchmanandcolleagues28, is thepossible dilutionof the tracer in the already
large pool of nitrogen of UCD patients, potentially confounding compar-
isons with control data. However, this issue was mitigated by correcting for
the endogenous levels of the specific metabolites analyzed, rather than the
total nitrogen.

There was also a concern that the use of nitrogen scavengers would
reduce the availability of the 15N label and therefore show a spurious low
ureagenesis function. Usually, nitrogen scavengers are given in 3 to 4 doses
throughout the day. Yudkoff and colleagues in 1996, found no influence in
ureagenesis of a 250mg/kg/day dose of phenylbutyrate (PB) 30min prior

Fig. 7 | Follow-up of therapies in patients showing.
A RUF (%) pre- and post-therapy and (B). total
tracer recovered and % of the tracer in the urea cycle
and in alternative pathways in patients pre- and
post-therapy. The time post-therapy is described on
top of the bar. ERT: enzyme replacement therapy.
Time post-therapy is shown in the graph as hours
(h), days (d), months (m) or years (y) for each
patient. Control (CTRL) values are shown as average
± standard deviation. All the results here obtained
were from plasma samples. ARGD arginase 1 defi-
ciency, ASLD argininosuccinate lyase deficiency,
ASSD argininosuccinate synthetase deficiency,
CPS1D carbamoylphosphate synthetase 1
deficiency.
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the assay, although it was not discarded that higher doses could have an
effect. Therefore, itwas suggested that ahighPBdosebefore the assay should
be suppressed29. Lee and colleagues also assessed the effect of nitrogen
scavengers (sodium phenylacetate/benzoate) although performing an
alternative and complex assay infusing intravenously [5-15N]glutamine and
[18O]urea for 8 h24. In this case, they observed a decrease in ureagenesis, but
this was likely due to the capacity of the tracer to react directly with phe-
nylacetate, and form labeled phenylacetylglutamine. As these nitrogen
scavengers affect isotopically labeled as well as unlabeled metabolites
similarly, the isotopic enrichment of the measured metabolites should
however not be affected.

We aimed to provide a fast, sensitive, and low-invasive analysis of the
UC function in vivo to be used for diagnostics and monitoring, and for
clinical studies such as novel therapy development. This latter point seems
to be of superior importance forUCDpatients, since pure clinical endpoints
such as “number of metabolic crises” are dependent on various factors and
thus challenging to validate and use as study endpoints. Likewise, levels of
classical UCD biomarkers (plasma ammonia and amino acids) are fluctu-
ating and dependent on various factors including diet, fasting times or
activity levels. All these concerns are dispensable with the here proposed
objective and comprehensive quantification of the urea cycle function and
adjacent metabolic pathways. The ureagenesis analysis will be useful for
determination of the efficacy of novel interventions such as gene addition or
editing approaches. In the past, these studiesmainly relied on a combination
of partly unspecific clinical and biochemical endpoints, or required invasive
sample collection, for instance liver biopsies. Moreover, the method seems
very well-suited for monitoring and to detect a possible drop in therapy
success, for instance in case of liver growth and the resulting dilution of gene
addition through hepatic cell division.We therefore propose thismethod as
primary endpoint for many of the upcoming studies into mRNA therapy,
recombinant adeno-associated virus (AAV) therapy, or CRISPR Cas9-
based gene editing.

The functional test proposed here is of particular interest for the eva-
luation of OTCD females, which are a notoriously difficult to diagnose
patient subgroup45,46. Enzyme analysis for OTC deficiency usually requires
obtaining a liver biopsy sample31. In most cases, this is done by transcuta-
neous ultrasound-guided needle biopsy and often 2 or 3 biopsies are col-
lected from different parts of the liver. It is well documented in female
patients that this procedure results in quite variable levels of residual OTC
enzyme measurements. This has even been systematically studied in single
patients in whom high variability between 5% and 25% OTC activity was
found in the same individual47. More recently, use of OTC enzyme mea-
surement by determination of the reverse reaction in plasma samples has
been proposed as an alternative for the highly invasive liver biopsy36.
However, there is no report on the correlation between the OTC liver and
plasma activity.While theOTC assay in plasma is very reliable inmales, the
assay cannot distinguish between symptomatic and asymptomatic OTC
females. The alternative to enzyme studies would be genetic analysis of the
OTC gene, which has a known success rate of only 80%48, and additional
tests can reduce but not entirely close this diagnostic gap49,50. Hence, func-
tional testing with the here proposed ureagenesis analysis could be an
attractive alternative, and it is important to note that our test can distinguish
symptomatic from asymptomatic OTCD females and therefore offers
advantages if compared with both liver and plasma OTC enzyme analysis.
Unfortunately, with two different methods (liver and plasma OTC activity)
and the low the number of patients (n = 4) who underwent enzymatic
testing, we were not able to establish a proper correlation between the
respective RUF values and enzyme activities.

An aspect that should be noticed is the extremely low RUF for the 2
youngest patients at the time of the assay, both at neonatal age
(OTCD_23, 28 days and HHH_1A,B 7 and 9 days). When the assay was
repeated, there was a significant increase in the RUF values in both
patients (Suppl. Table 2).We cannot discard the possibility that the lower
values in RUF could be due to immaturity of the UC. It is known that in
mice, glutamine synthetase is overexpressed in liver at neonatal age, while

someUCenzymes are lowly expressed11.Our control groupunfortunately
did not include such young subjects and data from age-matched neonatal
human controls will likely always be inaccessible. Therefore, at least
caution with result interpretation in patients in the first few weeks should
be taken.

Another area of required future studies is the possible impact of the
fasting time on the ureagenesis function. Fasting times are possibly
relevant either because they may directly impact on the enteral passage
and uptake of the tracer, and/or due to the possible stimulation of the urea
cycle caused by dietary protein content51. In this study, we requested a
minimum fasting of 4 h (2 h in patients <2 years of age) as this is the
clinical practice for meaningful amino acid determination, however,
patient fasting times varied when compared to controls (11.6 ± 1.6 h in
controls and 6.9 ± 4.8 h in patients older than 2 years) so no inferences
can bemade on the impact of this parameter on ureagenesis function. The
main reason for the larger variability of the total fasting times were the
different test situations of the patients, such as outpatient clinics, day-care
clinics, inpatients on normal ward, inpatients on the intensive care unit,
while control subjects uniformly underwent the test in the early morning
after an overnight fast.

In summary, the stable isotope-based quantification of UC function
proved to be a simple, fast and efficient tool for ureagenesis evaluation,
hereby serving as a future “biochemical benchmark” that is more mean-
ingful than current biochemical parameters, usually plasma ammonia and
amino acids, in patients with impaired ureagenesis. This new test will spe-
cifically provide a basis formonitoring the effect of current therapies as well
as those hopefully soon being tested in clinical trials.

Methods
Material
[15N]ammonium chloride ( ≥ 99% isotope enrichment), [15N2]urea ( ≥ 98%
isotope enrichment) and [15N2,

18O, 13C]urea ( ≥ 98% isotope enrichment,
used as internal standard) were obtained from Cambridge Isotopes
(Tewksbury,MA,USA).AccQ-TagUltraDerivatizationKit for aminoacids
analysis was purchased fromWaters (Baden, AG, Switzerland).

Urea (certified reference material, 99.4 ± 0.1%), methanol (analytical
grade), acetonitrile (ACN, analytical grade), and water containing 0.1% of
formic acid were purchased from Sigma-Aldrich (Buchs, SG, Switzerland).
Ultrapure water was used for analysis with a conductivity of 18.2 mΩ x cm
at 25 °C.

Subjects
This study was registered at ClinicalTrials.gov (Identifier: NCT05671666).
Patients were from different centers across the world. The control group
consisted of healthy subjects living in Switzerland (13 females and 9 males,
ranging from19 to 58 years). Sexwas not considered as a biological variable.
Genotype severitywas classified into 3 categories: “mild” for genetic variants
on at least one allele known to allow some relevant residual function of the
respective gene product; “severe” for genetic variants on both alleles known
to result in complete loss of gene product function; “intermediate” for all
genotypes not qualifying for category “mild” or “severe”. A concise
description of the main characteristics of patients is provided in Table 1
(more complete patient data is described in Suppl. Table 1).

Study approval
This study was approved by Swissethics (BASEC-No. 2019-01352). All
procedures were in accordance with the Declaration of Helsinki of 1975, as
revised in 2000. Written informed consent from all patients and/or legally
authorized representatives was obtained prior inclusion in the study.

Ureagenesis assay design in humans
The study was performed as follows (Fig. 1B): prior to the procedure, there
was for healthy subjects and patients an age-dependent fasting time of at
least 4 h if ≥2 years and of at least 2 h if <2 years. To start the test, an
indwelling venous catheter was placed and a blood basal sample was
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collected in lithium-heparin tube. Afterwards, controls or patients received
an oral dose of 2mg/kg (0.037mmol/kg) of 15NH4Cl diluted inwater. In the
cases where oral administration was not possible, for instance in neonatal
patients on the intensive care unit, the solution was given via a nasogastric
tube, or could have been given via percutaneous endoscopic gastrostomy
tube if already in place. Each 0.5 mL blood samples were collected at 15, 30,
45, 60, 90, and 120 min after tracer administration. Each blood sample was
immediately spotted on a filter paper card and allowed to dry at room
temperature for around 4 h. Plasma samples were obtained by centrifuga-
tion at 2000 × g for 5 min at room temperature.

Concomitantmedication as requiredby thepatientwas allowedduring
the assay. The only exception would have been carglumic acid, an allosteric
activator of the first UC enzyme CPS1, which would have been stopped for
24 h prior to the test but this drug was not taken by any of the patients
included in this study.

Plasma sample preparation for UHPLC-HRMS analysis
Twenty µL of plasma was mixed with 10 µL of internal standard mix
(1.0mM [15N2,

18O, 13C]urea, 40 µM [d5]phenylalanine in methanol) and
70 µL cooled methanol, and was subsequently vortexed and centrifuged
(15,000 × g) for 10min at 4 °C. For urea enrichment analysis, a 10 µLaliquot
of supernatant was added to a vial with insert (or 96-well plate well) con-
taining 190 µLof 96%ACN/0.1% formic acid. For the amino acid analysis, a
20 µL aliquot of the same supernatantwas evaporated, resuspended in 40 µL
of borate buffer and vortexed. 10 µL of the AQC reagent in acetonitrile was
added the reaction mixture was vortexed and placed on a 55 °C heating
block for 10min (according to Waters protocol). Ten µL of this mixture
were added to 190 µL 4% ACN/ 0.1% formic acid. The rest of the super-
natant was stored at −80 °C.

Dried blood spot sample preparation for UHPLC-HRMS analysis
One 3mm diameter punch was placed in a tube containing 45 µL of water
and 35 µL of ISmix. After vortexing, samples were sonicated for 10min in a
water bath. Subsequently, 270 µL of methanol were added to the samples,
followed by vortexing and cooling at 4 °C for 10 min. Samples were cen-
trifuged (15,000 × g) for 10min at 4 °C. For urea enrichment analysis, a
40 µL aliquotwas added to a vialwith insert containing 160 µLof 96%ACN/
0.1% formic acid. For the amino acid analysis 180 µL of the same super-
natantwas added to a vial and evaporatedunderN2 streamat 55 °C. 40 µLof
borate buffer, was added and briefly vortexed and then 10 µL of the AQC
reagent was added and samples were once more vortexed. Samples were
allowed to react at 55 °C for 10min and 20 µL of the reactionmixwas added
to 180 µL of 4% ACN/ 0.1% formic acid.

Non- and labeled-urea and amino acids measurement by
UHPLC-HRMS
Analyses were performed using a liquid chromatograph (LC; Dionex
UltiMate 3000, Thermo Fisher, Switzerland) coupled to a high resolution
mass spectrometer with electron spray ionization source (QExactive hybrid
quadrupole-Orbitrap, Thermo Fisher, Switzerland) using Acquity BEH
Amide column (100mm x 2.1mm ID, 1.7 µm dp, Waters, USA) for urea
analysis and an Acquity HSS T3 Amide column (150 mm x 2.1mm ID,
1.8 µm dp, Waters, USA) for amino acid analysis. The mobile phase A was
water 0.1% formic acid and the mobile phase B was 95% ACN/water 0.1%
formic acid. The gradient program for urea analysis was: start at 80%Buntil
100% B at 1.4min, then hold until 2.39min with a flow of 200 µL/min at
2.4min 100% A and flow was increased to 400 µL/min and hold until
5.0min; at 5.1min the flow was reduced back to 200 µL/min and 80% B
until 7.0 min. Column compartment temperature was kept stable at 30 °C
and injection volumewas 2 µL. For the amino acid analysis the gradientwas:
with aflowof 400 µL/min, start at 4%Buntil 0.5min then increase to 10%B
until 2.5min, then to 28% B until 5.0min; at 5.1 min increase to 95% and
hold for 1min and at 6.2 return to 4%andB andhold until 7.5min.Column
compartment temperature was 30 °C and injection volume was 10 µL. The
ESI-HRMS data were recorded in the positive ion mode with capillary

voltage of 3.47 kV, with capillary and auxiliary gas heater temperature of
350 °C. Nitrogen was used as a nebulizing (100 L/h) and a drying (450 L/h)
gas. For urea, the full scan rangewas set to 50.0 –100.1m/z and spectra were
recorded in the profile spectrum data at a scan rate of 0.1 s/scan (maximum
injection time:0.1 s) andat a resolutionof 70,000 (FWHM).ProtonatedNL-
urea (non-labeled) and [15N]urea, [13C]urea, [15N2]urea and [

15N2,
18O, 13C]

urea were identified through comparison of accurate mass with the exact
mass (Suppl. Table 12). For amino acids analysis, the full scan range was set
from 100.0–500.1m/z and spectra were recorded in profile spectrummode
at a scan rate of 0.1 s/scan (maximum injection time: 0.1 s) and at a reso-
lution of 140,000 (FWHM).

Data processing
Peak integration was achieved using the Xcalibur™ software package
with mass-to-charge and retention time peak detection windows of
0.005m/z and 60 s for urea and 0.007m/z and 100 s the amino acids,
respectively.

Data preprocessing included missing value imputation and normal-
ization, where integrated peak areas were scaled according to the respective
IS response. To detect aberrant peak integrations, outliers among the tri-
plicatemeasurements were defined as runs which show a deviation of >30%
compared to the other two runs of the respective triplicate andwere omitted
from further analysis.

Method validation
While the data on howmuch the stable isotope has been incorporated or
metabolized (isotopic enrichment) was used for the final analysis, this
report mainly focuses on measuring the ratios of different isotopes to
accurately evaluate the technical performance and robustness of the
method. This ensures that the method can reliably distinguish and
measure the different isotopes. Themethodwas validated regardingmass
accuracy, linearity andworking range, precision and accuracy, lower limit
of quantitative differentiation (LLOQD), sample and storage stability, as
well as carry-over.

Mass accuracy
The method ought to display sufficient mass accuracy to distinguish
between differently isotopically labeled metabolites ([15N] versus [13C],
Suppl. Fig. 3). To determine the mass accuracy, the difference of the mea-
sured mass to the theoretical monoisotopic exact mass was calculated for
three isotopologues (unlabeled, [13C]- and [15N]-labeled). The mass differ-
ence was calculated in 24 distinct sample runs for unlabeled urea, [13C]urea,
[15N]urea and [15N2,

13C, 18O]urea as well as unlabeled citrulline, [13C]
citrulline, [15N]citrulline and [D5]phenylalanine as examples for the amino
acid method. Results are given as the mean difference in ppm± rms.

The mass accuracy was determined to be at least 1.49 ± 0.06 ppm for
urea and −3.71 ± 0.53 ppm for amino acid isotopologues (Suppl.
Tables 3 and 4).

Linearity and working range
As no commercially available standard for single [15N]-labeled urea is
available, human hepatocyte cell cultures derived from induced pluripotent
stem cells (iPSCs) were incubated with three different amounts (0mM,
1mMand2mM)of the 15NH4Cl tracer for 24 h and the [

15N] isotopic ratios
in the supernatant were measured52.

Due to the use of a cell model, the isotopic enrichment observed
exceeds the maximum isotopic enrichment in human control subjects and
satisfactory linearity is displayed for urea, citrulline and glutamine. No
significant isotopic enrichment could be detected in glycine and glutamate
as they are part of an alternative (i.e. non-urea cycle) nitrogenmetabolizing
route and the cells used for this experiment do not have impaired urea-
genesis function. The unsatisfactory linearity of arginine originates in the
low isotopic enrichment in cell experiments and the comparatively large
variation in arginine measurements in general (Suppl. Fig. 4). However, as
arginine enrichment only accounts for a small fraction in the calculation of
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the relative ureagenesis function (~0.1%) the general linearity and working
range are deemed satisfactory.

Precision and accuracy
The precision was determined as the coefficient of variation (CV) in the
[15N] isotope ratio from four different time-points (0, 5, 8, 30min) from a
healthy subject before and after tracer ingestion, simulating four different
isotope enrichment states over the expected test range, with baseline natural
abundance at pre tracer ingestion and maximum enrichment after 30min.
Intra-experiment precision was calculated from six individual preparations
for each time point, measured as technical triplicates on one day. Inter-
experiment precision was calculated from six individual preparations for
each time point, measured as technical triplicates on six different days over
the course of 5 weeks.

The intra-experiment CV in plasma is <10% for all time-points and all
metabolites with a maximum CV of 1.6% for urea and 6.2% for arginine
(Suppl. Table 5). In DBS, all time-points for arginine as well as the baseline
sample for citrulline exhibit a CV slightly above 10% (Suppl. Table 6). Inter-
experiment variability in plasma was <10% for all metabolites, whereas two
time-points for arginine exhibited a CV >10% in DBS (Suppl.
Tables 7 and 8).

Lower limit of quantitative differentiation (LLOQD)
The isotope ratios that are measured with this method contain an intrinsic
baseline in the natural abundance of the respective stable isotope, which
abolishes the need for the determination of a lower limit of detection
(LLOD). The LLOQD of these highly abundant metabolites was, therefore,
defined as the smallest change in isotope ratio that can reliably be dis-
tinguished from thenatural abundance. TheLLOQDwas calculated as three
times the standard deviation (i.e. critical difference) of the isotopic ratio at
baseline level (before tracer intake), ascertained from the intra-experiment
precision.

The LLOQD for urea is 0.0384% and 0.0594% enrichment for plasma
and DBS, respectively (Suppl. Table 9). Arginine and citrulline from DBS
show the highest LLOQD (0.9009% and 0.4329%), whereas the LLOQD for
all other amino acids is <0.3% enrichment.

Carry-over
Carry-over was assessed as the percentage of metabolite detected in a blank
run directly after sample injections (six injections). No carry-over was
detected in any blank run following sample injection with the highest
calibration standard (n = 6).

Sample stability
As samples were measured over the course of 5 weeks for the assessment
of inter-experiment variability, it can be concluded that plasma sample
stability is sufficient for at least up to 1 month, as the % CVwas <10% for
all metabolites. Additionally, long-term stability was determined by
comparing isotopic enrichment in samples from three different healthy
subjects at several time points before and after tracer ingestion, measured
immediately and after 1 year storage at −80 °C (Suppl. Fig. 5 and Suppl.
Table 10). Glutamate enrichment levels are decreased by 12% on average
after 1 year of sample storage. All othermetabolites show a differencewell
below 10%.

Pre-analytical stability
Potential differences from deviations in sample processing have been
investigated by comparing the [15N]-isotope ratio of identical samples,
processed immediately (centrifugation and freezing on dry ice) and after 15
and 30min at room temperature. Delayed sample processing of up to
30min shows an average difference of <5% (Fig. 6 and Suppl. Table 11).

Comparison between DBS and plasma samples
In order to compare the twomatrices, blood samples from the same subject,
at the same time points, were collected as described above. After collection,

sampleswere spotted on thefilter card and the remainingwas centrifuged to
obtain plasma. Not all patients and controls had DBS collected. We could
observe that there was a correlation of 0.91 (Pearson) between the two
matrices (Suppl. Fig. 7A, B).

Isotopic enrichment and relative ureagenesis calculation (RUF)
Isotopic enrichment (IE) is defined as the fraction of metabolite in the
sample that has become isotopically labeled and is calculatedmodified from
Patterson and colleagues30, i.e.

IE ¼ 100 � ðFt � F0Þ ð1Þ

where Ft and F0 represent the isotope ratio of labeled over total (i.e. labeled
plus unlabeled) signal (e.g. 15N/(14N+ 15N)) of a given time point (Ft) and
the pre-injection base line (F0).

Isotopic enrichment curves from patient samples are compared to
previouslymeasured controls and interpreted graphically (Suppl. Fig. 8A) as
well as arithmetically for urea, arginine, citrulline, glutamine, glycine and
glutamate. Enrichment curveswere normalized to account for differences in
tracer concentration (i.e. deviation from 2mg/kg of tracer given per body
weight, Suppl. Fig. 8B) as well as endogenous metabolite concentration
(Suppl. Fig. 8C) by normalization to mean control values of the unlabeled
metabolites. Furthermore, the relative ureagenesis function canbe estimated
by quantitative comparison of the enrichment curves according to the fol-
lowing equation:

RUF ¼ 100 � RP � TP
�RC � �TC

ð2Þ

Where RUF is the relative ureagenesis function, R is the relative amount of
tracer that ismetabolized through theurea cycle andT is the relative amount
of absorbed and metabolized tracer over the duration of the experiment
compared to the total administered amount for patients (RP, TP) and con-
trols (RC, TC). R is calculated in Eq. 3, whereA is the area under the isotopic
enrichment curve for the respective metabolite over the duration of the test
(120min). T is calculated in Eq. 4, where Tmeasured is the amount of meta-
bolized tracer observed as the sum of enrichment (areas under the curve) of
urea, arginine, citrulline, glutamine, glutamate and glycine, and Ttheoretical is
the total amount of tracer administered.

R ¼ ðAUrea þ ACit þ AArg Þ
ðAUrea þ ACit þ AArg þ AGln þ AGly þ AGluÞ

ð3Þ

T ¼ 100 � Tmeasured

Ttheoretical
ð4Þ

Metabolites in which the total metabolite concentration shows a high
variation over the duration of the test (CV > 10%) are excluded from semi-
quantitative analysis and will only be interpreted graphically (Suppl.
Fig. 8D).

Statistics
Results in patient group comparisons are presented as mean ± standard
deviation. For multiple group comparisons, 1-way ANOVA followed by
multiple comparison testing was performed. For comparisons between 2
groups, an unpaired, 2-tailed t-test was used. Statistical analyses were per-
formed using GraphPad Prism 10. Differences were considered statistically
significant at p-values of <0.05.

Data availability
Supporting data for all values underlying the data presented in the graphs
are provided in the Supporting Data Values file.
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